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We report results on the correlation between mushroom
tyrosinase inhibition kinetics and ionic liquid (IL) ion
effects predicted by the Hofmeister series. A
spectrophotometric assay was used to measure product
formation from which we extracted the kcat and Km
kinetic parameters. The kcat/Km ratio was calculated for
both the neat buffer solution and IL-modified solution,
which allowed us to determine the relative enzymatic
activity. The results show that tyrosinase activity was
inhibited by the presence of IL ions. Consistent with
Hofmeister predictions, the more kosmotropic cations
and chaotropic anions had the greatest inhibition effect.
Both ion identity and concentration contributed to overall
observed relative activity change in the systems studied
here, with an overall range of relative activity change
from ~1.0 to ~0.15 depending on the specific ions used.
[Imy1*] [NO3] showed the least effect on tyrosinase
activity over a wide concentration range (20-150 mM)
compared to when using an IL with a more chaotropic
anion, [Imy¢*] [Tf,N], where the enzyme activity was ~0.2
at all concentrations studied between 20-80 mM. The
inhibitory effect of [Tf,N7] was quite significant. We also
observed low relative activities (~0.15) in IL solutions that
used increasingly kosmotropic cations, [Im4;*] [CIT] and
[Img1*][CI7]. Again, concentration worked in parallel with
specific ion identities and the less kosmotropic cation
[Im41*] required higher concentrations (~¥80 mM, [Im,;*]
[CI-]) to achieve the same level of inhibition as only 40
mM of [Img,*] [CI']. The Hofmeister series for both cations
and anions used here appears to be a good predictor of
inhibition in our IL solutions. In addition, a reliable
measure of inhibition also followed increased anion
hydrophobicity and polarizability.

Keywords: Imidazolium; lonic liquid; Inhibition;
Tyrosinase; L-dopa; Biocatalysis; Hofmeister series

Introduction

The enzyme tyrosinase, found in melanocytes, plays an
important role in the biosynthesis of melanins and other
polyphenolic compounds [1]. Melanocytes are cells found in
the basal layer of the epidermis and are key in the production
of melanin, the pigmentation molecule responsible for skin
color and protection of skin cells and DNA from UV damage
[2]. Melanin is synthesized by tyrosinase and its formation is
rate-limited by the enzymatic reaction. Even when
melanocytes become cancerous the melanoma can still
produce melanin and it is of interest to note that the elevated
expression of the tyrosinase is found in melanoma cells [3] and
that the control of in vivo melanin production is regulated by
the inhibition of tyrosinase activity [4-7]. Moreover, previous
research highlights that a strategy of targeting with inhibitors
can be used to treat melanogenic disorder [4,5,7]. Thus,
understanding inhibitors effects and how tyrosinase is
influenced can have a significant impact on the diagnosis and
treatment of melanin related diseases. Another important
application of tyrosinase chemistry is that it plays a key role in
the browning of fruit skin. As a result, the agricultural and food
industries are continually seeking ways to reduce the impact of
food waste and are interested in identifying tyrosinase
inhibitors as a way to prevent over riping of fruit [8,9]. The
clear advantage of governing tyrosinase chemistry in this
application is increased product shelf life with the potential to
effectively increase agricultural yields while simultaneously
reducing the economic impact of waste. Tyrosinase is known
to catalyze the hydroxylation of phenolic substrates to
catechol derivatives, which in turn are able to further oxidize
into orthoquinone products [6,7,10,11]. Active sites are
enzyme specific and structurally the tyrosinase active site is
reported to consist of two oxygen-bridged Cu2* ions bound to
six histidines through electrostatic and cation-it interactions
[9,12]. Figure 1 shows the chemical structures for the
tyrosinase-catalzyed oxidation of L-dopa to dopaquinone. The
tyrosinase catalytic mechanism for the conversion of L-dopa
has been described in detail [9,12] and the importance of the
histidine-rich copper centers facilitates the necessary proton
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transfer sites. The ribbon structure of tyrosinase with L-dopa
incorporated in the active site is shown in Figure 1 and can be
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accessed through the RCSB protein data bank, structure 4PgS
[13].
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Figure 1A Formation of the dopaquinone oxidation product from L-dopa
N J
e ~ is important. A large number of reports have demonstrated

Figure 1B Amino acids that compose the binding pocket
(active site) for L-dopa (DAH305), image taken from PDB
structure 4PgS.
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As a class, ionic liquids (ILs) are thought to be
environmentally friendly solvents, because of favorable
properties such as low volatility. The IL physicochemical
properties can be fine-tuned simply by choosing specific
combinations of cations and anions. Miscibility of many ILs
with aqueous media may make them potentially good
candidates for biocatalytic reactions [14-21]. Agricultural
applications of ILs have been studied because of their
antimicrobial properties [22] and for potential use in herbicidal
applications  [23], including imidazolium ILs. When
incorporated into an enzyme, ILs have been reported to have
mixed effects on activity. In some cases ILs can enhance
enzymatic activity and selectivity as highlighted in a recent
mini-review by Goldfeder and Fishman [24]. In contrast, the IL
cations and anion can disrupt the amino acid interactions and
alter the enzyme conformation through alteration of the
hydrophobic effect (which governs secondary and tertiary
protein structure), hydrophobic hydration, surface tension,
and water-water interactions among other factors, all of which
induce a corresponding diminution of enzymatic activity [25].
Typically, these structural changes cause disruption to the
enzyme’s active site and performance can be compromised
[18,26]. Thus, the ability to predict the effect of ILs on activity

that activity effects in many IL systems can be predicted by the
Hofmeister series, wherein the relative kosmotropicity (order-
making or structure-making) or chaotropicity (disorder-
making) of the IL ions dictate the outcome of enzymatic
activity, particularly in bulk aqueous solutions where the IL
ions tend to be solvent separated [27,28]. Kosmotropes are
ions that tend to be small and highly charged, which results in
strong ion-water interactions that exceeds that of water-water
hydrogen bonding interactions. The overall solution entropy is
lower because of the increased organization around the
hydrated ion. Thus, charge density is a key factor in
considering Hofmeister effects. Conversely, chaotropes are
large ions with a low charge density and weak hydration
characteristics. For these ions there is a net increase in
solution entropy because of weaker ion-water interactions.
These general effects have been discussed at length in several
good reviews [24-26,28-32]. However, we hasten to point out
that more recently it has been suggested that the hydrogen-
bonded bulk water interactions (i.e., Hofmeister effects) may
not be the optimal perspective with which to view the
influence of IL ion-protein interactions because interpretations
based on this effect is at best imprecise [33]. Rather, the focus
may be better placed on local enzyme-water-ion interactions,
non-electrostatic interactions, and ion polarizabilites [34].

The literature contains the availability of only rudimentary
data on the Hofmeister effects that stem from IL ions. In order
to systematically assess Hofmeister predictions for tyrosinase
with respect to cation and anion effects of imidazolium ILs, we
measured the reaction kinetics between mushroom tyrosinase
and L-dopa in the presence of the seven imidazolium-based
ionic liquids, shown in Figure 2. These imidazolium ILs were
selected primarily because of their favorable miscibility with
aqueous solutions. We studied the effect of IL cation
hydrophobicity by increasing the alkyl chain substituent to
determine its impact on enzymatic activity. To elucidate the
effect of anion, we selected the [Imy;*] cation to use with
several anions anticipating that [Imy;*] would have
simultaneously the highest solubility and the weakest direct
impact on the enzyme hydrophobic interactions. In the
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presence of [Im,;1*] the anion effect on the resulting enzyme
stability and activity should be most clearly delineated. Since
anions are reported to have the greater impact on activity and
stability [26,33], we were particularly interested to determine
the effects of ion hydrophobicity, polarizability, anion size and
degree of fluorination on the tyrosinase activity.
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Figure 2 Chemical structures of the cations and anions used
in this work. Cations included 1-ethyl-3-methylimidazolium
[Imy1*], 1-butyl-3-methylimidazolium [Im4;*] and 1-hexyl-3-

methylimidazolium [Img;*]. Anions included chloride,
nitrate, methanesulfonate [MeS0O37],
trifluoromethanesulfonate [TFMST] and
bis(trifluoromethylsulfonyl)imide [Tf,N].

Materials and Methods

Mushroom  tyrosinase (50K  units) and L-3,4-

dihydroxylphenylalaine (L-dopa, 98%) were purchased from
Sigma-Aldrich. lonic liquids were purchased as follows: 1-
ethyl-3-methylimidazolium nitrate ([Im,;*][NO3], 97%) was
from Fluka; 1-ethyl-3-methylimidazolium methanesulfonate
([Imy1*1[MeS037], 98%), 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate ([Im,,*][TFMST], 98%), 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([Im5;*]
[Tf,N7], 98%), and 1-butyl-3-methylimidazolium chloride
([Imgq*1[CI7], 98%) were all from EMD; 1-butyl-3-
methylimidazolium methanesulfonate ([Im4;*][MeSO37], 95%)
was from loLiTec; and 1-hexyl-3-methylimidazolium chloride
([Img1*1[CI7], 97%) was from Solvent Innovation.

pH and ionic strength were controlled using a 50 mM
phosphate buffer solution adjusted to pH=6.8. A tyrosinase
concentration of 52 nM was used in all experiments, which
was determined by performing a series of independent
experiments to find the concentration that closely reached
Vmax. Enzyme solutions were prepared by massing an
appropriate quantity of tyrosinase and dissolving in 100 mL of
buffer using a volumetric flask. Freshly prepared solutions
were the afternoon prior to use and equilibrated and stored
overnight at 4°C. Typically, only enough solution was prepared
so that it was consumed after no more than two to three days
of use. To minimize any photolytic side reactions, the
volumetric flask was wrapped tightly in aluminum foil to
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protect the solution from ambient light. Similarly, the L-dopa
solutions were prepared at a concentration of 1.5 mg/mL L-
dopa and prepared using the same protocol as tyrosinase
solutions. Enzyme, substrate, and buffer solutions were always
stored in the absence of light at 4°C when not in use. lonic
liquids were stored in a desiccator when not in use.

The reaction between tyrosinase and L-dopa was
determined by tracking the formation of dopaquinone, the L-
dopa oxidation product (see Figure 1), using a Perkin-Elmer
Lambda 800 UV/VIS Spectrometer set at 475 nm. During
experiments, the enzyme and substrate solutions were placed
in a sand bath kept at 35°C to maintain equilibration prior to
measurement. Reactions were carried out in a quartz cuvette
by directly micropipetting solutions into the cuvette, shaking
for 2 sec and placing immediately into the spectrometer. A
blank solution composed of buffer and ionic liquid was used

for correcting the measured absorbance. IL solution
concentrations were prepared by micropipetting the
appropriate amount to prepare the desired solution

concentration. Inclusive of all systems measured here, the IL
concentrations ranged from as low as about 5 mM to upwards
of 150 mM IL.

Absorbance data were analyzed using the method of initial
rates to extract the initial reaction velocity by calculating the
change in absorbance during the first minute of reaction. The
data were scrutinized over several time window ranges to
choose a time range that insured a linear absorbance
response. The resulting kinetic data was analyzed using the
Michaelis-Menten kinetic model, by applying the Lineweaver-
Burk (L-B, double reciprocal) method to create plots as

7

1 Km 1 Km (1)
0 %4 [S] 1%
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Where Vj is the initial reaction velocity calculated from the
absorbance versus time data, Km is the Michaelis constant,
Vmax is the maximum reaction velocity, and [S] is the substrate
concentration [35]. Fits to the data by a linear model allowed
extraction of the slope (=Km/Vmakx), y-intercept (1/Vmax), and
x-intercept (=-1/Km). Then, assuming a two-step kinetic model,
the product formation rate constant (k2) was assumed to be
the limiting rate constant of the enzyme-catalyzed reaction
(kcat), where Vmax=k2[E] and [E] is the enzyme concentration
[35]. Using these recovered parameters we calculated the
ratio. We normalized the IL data by acquiring the kinetics for
two sets of solutions, the IL solution itself and the buffer
solution that was used to prepare the specific IL solution, to
calculate the relative activity ratio,

k k
cat cat
m /L m JBuffer
with which we could evaluate directly the ILs effects on the
reaction.

Results and Discussion

The time course of absorbance was measured at 475 nm for
a set of up to six L-dopa concentrations to produce a complete
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data set. Figure 3 presents an example set of absorbance data
for 26 mM [Imy44+][Cl-] in a bulk phosphate buffer at T=308.15
K and pH=6.8. The substrate volume was varied from 0.5-3.8
mM. These traces are representative for all of the IL/enzyme/
substrate systems studied here. Figure 4 shows an example of
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Figure 3 Absorbance traces for tyrosinase/L-dopa in 26 mM
[Im41*1[CI]T in bulk phosphate buffer at pH=6.8 and
T=308.15 K. The arrow shows added substrate
concentrations for 0.51 mM (solid line), 1.0 mM (long
dashes), 1.5 mM (medium dashes), 2.5 mM (short dashes)
and 3.8 mM (dotted line).
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Figure 4 Double reciprocal plot for 26 mM [Im,4;*][CI] in
bulk phosphate buffer at pH=6.8 and T=308.15 K. The
regression line show the fit to a linear model where
y=(0.453 £ 0.04,) x 103 5 [S]"1+(1.043 # 0.042) x 103 s mML,
r?=0.976.

The L-B (double reciprocal) plot that resulted the reaction of
tyrosinase/L-dopa in a 26 mM [Im,4;*][CI']/phosphate buffer
solution at pH=6.8 and T=308.15 K. As expected, the data were
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well described by a linear fit, r2~0.98. L-B plots are used to
reveal the effects of inhibitors on enzymatic reactions,
including the identification of inhibition type (competitive,
non-competitive, etc.) [35]. We have reported the details of
our inhibition calculations for these imidazolium ILs with
tyrosinase, along with a complete set of molecular docking
calculations elsewhere [36]. Figure 5 collects the resulting
relative activities determined in this way as a function of the
amount of IL. Without exception the data show that for any
cation/anion combination selected the relative enzymatic
activity consistently decreased with increased amounts of IL.
On closer inspection, the data reveals that the relative activity
follows a predictable dependence on the chemical structure of
the cation and anion. Our data shows that the relative activity
is dependent on the cation’s alkyl chain length and that an
increase from C, to Cg results in a significant increase of the IL
inhibitory effect on tyrosinase activity. At a constant IL
concentration, this behavior is generally independent of the
associated anion (for example, see Figure 5 at 30 mM IL) and is
particularly noticeable when the anion identity is held
constant ([MeSOj3], open circle and square symbols and [CI],
completely filled square and star symbols). We observed that
at about 15-18 mM IL, the relative tyrosinase activity
decreased by roughly 25% for ClI- when comparing [Im44*] [CI]
to [Img1*] [CI], a trend that repeats for [Imy;*] [MeSO;3] and
[Im41*] [MeSO3] solutions at 25 mM IL. On increasing the
amount of [MeSOj37] in solution to 65 mM IL we see a more
substantial drop in activity approaching about 50%. This clearly
shows that relative enzymatic activity decreases as the
imidazolium cation alkyl chain length increases and that
relative activity diminishes with larger amounts of these ILs.
We associate these observations with the increased
hydrophobic effect of the cation as carbon chain length
increases. Our data using tyrosinase/IL solutions agrees with
the observations of Yang et al. who also reported decreased
enzyme activity for penicillium expansum lipase in the
presence of imidazolium ILs. Further, based on other literature
discussions our results are also consistent with the idea that
increasing the kosmotropicity of the imidazolium cation
([Imy1*] [Img1*]) should yield decreased stability and enzyme
functionality [26,29,32,37-39]. Indeed, tyrosinase activity is
diminished in the expected cation order
[Imy1*]>[Im41*]>[Img;*] and we hypothesize that the reasons
stem from at least three likely contributions. First, van der
Waals interactions (that vary in proportion to cation’s
hydrophobic character) between tyrosinase and the longer
chain cations increase and thus displace water from the
protein’s hydration layer. Simultaneously, the increased
hydrophobic interactions induce stronger water-water
associations therefore the pattern here is consistent with
Hofmeister trends [25,26,28]. Additionally, it is reasonable to
assume that there are associated structural changes upon this
type of enzyme/IL association. Therefore, a second effect is
that cations with longer chains intercalate into the enzyme’s
structure perturbing the secondary and tertiary structures that
result in a denaturing of the enzyme, much like a typical
surfactant molecule [25,26,40]. Third, the isoelectric point of
tyrosinase is 4.5 [41] and thus under our experimental
conditions in phosphate buffer at pH=6.8 tyrosinase has a net

4 This article is available from: http://www.imedpub.com/insights-in-enzyme-research/
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negative surface charge. This in turn further concentrates
[Im,1*] at the enzyme interface and the result is an increased
probability of cation association, not only with the enzyme
surface but also with the enzyme’s active site [24,26,40].

fim,,"JINO, ]
[im,,"][MeSO0,’]
[Im,,"1[TFMS’]
[im,,"J(TEN)
[im,,"JICT']
[im,;"][MeSO,’]
[im,,"][CT"]

10F 1

Relative Activity
» Om © & 0 ©

fIL]/ mMm

Figure 5 Tyrosinase relative activity in the presence of
various ionic liquid solutions at 308.15 K. [Im,1*] based ILs
are shown with circles, [Im41*] ILs are squares, and [Img;*] is
the star symbol. The horizontal line indicates the 50%
activity level.

The sole exception to the observed cation pattern for these
enzyme/IL systems occurs with [Im,;*][Tf,N]. We point out
that [Im,4*] is considered to be a weakly chaotropic cation [28]
and that [Tf,N7] is a chaotropic anion, the combination of
which should have a mixed effect on enzymatic activity
[26,32]. From a Hofmeister perspective, a chaotropic cation
should favor stability and activity because of lower
hydrophobicity and therefore tendency to promote a water-
making structures resulting from ion hydration and thus
ultimately enhancing the enzyme’s hydrophobic effect
whereas a chaotropic anion through its high polarizability and
low water affinity tends to weaken the hydrophobic effect and
enhances entropic conformational change. Other factors also
contribute to the overall observed ion effects such as ion
affinity for water, surface tension effects, active site flexibility,
and specific ion effects all of which complicate the data
interpretation. Using only our present data we cannot
differentiate between the various contributions. However, for
example we note that the [Im,1*] [Tf,N] ions have significantly
different affinities for water and for [Tf,N°] the presence of
accessible, strongly hydrophobic amino acids in tyrosinase’s
active site (such as alanine, valine, methionine, see Figure 1)
increases the driving force for [Im,4*] [Tf,N7] to separate. This,
coupled with additional support from hydrogen-bonding
amino acids in the active site (as offered by histidines, see
Figure 1) suggests that the enzyme readily accommodates this
anion. Our recent molecular docking studies suggested that
both [Im,4*] and [Tf,N] preferentially locate in the tyrosinase
active site [36]. As a result of the favorable interactions
between tyrosinase and [Imy;*] [Tf,N7] the association
equilibrium constant for this IL should be small, and therefore
the number of ions in solution large, with the end result that
the overall effect of each ion is maximized. This would explain
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the observed activity, which shows [Imy;*] [Tf,NT] has a
strongly deleterious effect on the tyrosinase activity.
Moreover, since in general anions have a more active role in
enzyme (de-)stabilization through greater polarizability effects
relative to cations [26,42], it is not surprising that [Im;;*]
[Tf,N] destabilizes tyrosinase to a much larger extent than the
other [Im,4*] ILs.

While the influence of [Im,;*] cations on tyrosinase activity
is driven by the hydrophobic effect through the carbon chain
length variation, the effect of anions is more diverse. The
anion influence was assessed by examining anion size (volume
and ellipsoid radius), polarizability, degree of fluorination, and
tendency toward hydrogen bonding. To help isolate the anion
effect and minimize added contributions from the cation
structure, we measured several anions using [Imy;*]. When
considering only these ILs we noted that the tyrosinase
relative activity decreased in order of
[NO3]>[MeSO3]>[TFMS]>[Tf,N]. In an effort to describe this
observation we used Spartanl6® [43] to compute volume,
radius, polarizability, and solvent accessible surface area for
each anion used in this work using a polarizable continuum
water model to mimic the bulk aqueous phase. Except for
molecular mechanics and semi-empirical models, the
calculation methods used in Spartan have been documented
[44]. In this work, all calculations were performed at the
Hartree-Fock 3-21G level of theory for ions in water using the
SM8 [45] water model. The SM8 water model is an implicit
solvation model that estimates the electrostatic polarization of
a continuous medium using bulk solvent properties. We also
used DFT theory with the B3LYP functional and 6-31G* basis
set, which yielded hydrated ion energies that were <1%
different than the HF 3-21G method so a more sophisticated
level of theory was not needed for our purposes here. Table 1
summarizes the computed data and we note several features
from these data. The computed volumes provide a good
correlation to the relative activity suggesting that one cursory
metric to correlate relative activity for these systems is anion
volume. Figure 5 (circles) shows that for the [Im,;*] ILs, it is
[NO37] that had the smallest impact on the tyrosinase relative
activity response consistent with it being the smallest anion. At
20 mM IL the [NO;37] solution yields essentially the same
kinetics as the reaction in buffer solution and upon increasing
IL concentration the relative activity still remains high at >100
mM IL, decreasing by roughly 45% over the IL range studied
here. However, a more reliable correlation between relative
activity and anion chaotropicity is seen by the change in anion
solvation free energy, see Table 1, which shows that [NO3] is
the most hydrophilic anion of this group.

In correspondence with a description of enzyme activity
that follows the Hofmeister series, we also calculated the
anion polarizability in a water dielectric continuum using the
SM8 water model in Spartan®. Accordingly, Table 1 collects the
computed results for the polarizability and shows that the
values systematically increase. The effect of electrostatic
polarization by each of these anions becomes clear and
provides a basis for understanding why these anions become
more increasingly chaotropic toward tyrosinase. We tabulated
the calculated entropy and see that it too systematically
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increases for this set of anions, to the point where [Tf,N]
shows the same value as L-dopa. For the anions used here, the
molecular structure reveals an implicit connection to the
polarizability through the influence of anion fluorination. With
[TEMS] and [Tf,N7], the number of fluorine atoms increases
and it is these two anions that yield the lowest relative activity.
The [Imy;*] [Tf,N] relative activity is diminished substantially,
by about 80% compared to neat buffer, even with only about
20 mM IL added to solution. Thus, one means by which one
can assess the anion chaotropicity is by evaluating an ion’s
hydrophobicity. Our results show a consistent correlation
between anion hydrophobicity and a decreased relative
activity for tyrosinase. Another computed parameter that we
considered was the anion’s accessible surface area. [Tf,N7]
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shows a considerable increase in surface area compared to the
other ions used here owing to its larger size. For [Tf,N7], this
parameter is on par with that of L-dopa. Along with an
increased solvent accessible surface area comes the increased
probability that the extent of anion/enzyme interactions will
be greater and thus perturb the tyrosinase conformation,
offering another point that supports the observed increase in
inhibition behavior. From the above results and observations,
we can state that in solutions formed by using the [Im,¢*]
cation paired with the set of anions studied here the inhibition
of the tyrosinase/L-dopa reaction appears to reasonably follow
the predictions based on the Hofmeister rules for enzyme
activity.

Table 1 Computed Anion Parameters. 1. Parameters are computed using Wave function’s Spartan16® [43] at 298.15 K using the
SM8 water parameterization to represent the experimental aqueous phase. 2. Volumes are calculated from a space-filling (CPK)
model. 3. Ovality Represents deviation from spherical as the ratio of ellipsoid axes. 4. Radius is estimated by measuring the
distance across the minimized geometry between atoms at the distal ends of the structure. 5. Accessible surface area of an
electron density surface where “surface” is defined by an electron density of 0.002 electrons/au® and accessible corresponds to a

probe with a 1 A radius. 6. L-dopa is included for comparison.

Anion Volume/A3 Ovality Radius / A Polarizability Solvent Enthalpy Entropy Gibbs
Accessible kJ-mol"! J-mol-K"! Energy
Surface Area, kJ-mol’
A2
[cr 237 1.00 1.7 36.6 51.4 -457.6 161.6 -457.6
INO57] 41.1 1.13 2.1 41.1 56.2 2774 256.3 2774
[MeSO3-] 69.9 1.17 33 427 73.9 -658.4 288.2 -658.5
[TFMST] 83.6 1.22 3.7 436 733 -953.5 346.7 -953.5
[TF,NT 153.8 1.43 7.3 49.7 103.4 -1812 483.7 -1812
L-Dopa 187.6 1.35 10.1 537 147.6 -697.0 479.4 -697.0
In addition to indicators of chaotropicity such as solvation affect the relative activity. Our data suggest several

energy and polarizability, we find that in the systems
presented here the IL concentration also contributes to the
change in relative activity. The concentrations used in this
work (<200 mM IL) were chosen to minimize the potential for
IL aggregation. Critical micelle concentrations (CMC) of several
imidazolium bromide ILs in aqueous solution were reported to
have CMC values of ~2 to 170 mM as carbon chain length
decreased from Cqy to Cg [46], which is generally
representative of the imidazolium ILs as a class. Therefore, in
this work we expect that for C, to Cg imidazolium ILs studied
the CMC has not been exceeded so that the ILs exist as solvent
separated ions. Moreover, the ILs used vary in their relative
hydrophobicity with [NO3] as the more hydrophilic anion
compared to [Tf,N7], which is more strongly hydrophobic.
Thus, the degree of hydrophobicity may also play a role in the
degree of IL dissociation and therefore the concentration of
free ions in solution. So in addition to the parameters
discussed above, electrostatic interactions can also be
considered as a driver of the extent to which tyrosinase is
destabilized. We note that each of the IL/tyrosinase systems
show the same general trend, where increasing the IL
concentration decreases the tyrosinase relative activity. The
main difference is the extent to which the specific anions

correlations that include simple measures such as size to anion
polarization. While [MeSO3] is more similar to [NO37] in size,
[TEMS] and [Tf,N7] are approximately 2 and 4 times larger,
respectively, and with this increase in anion size the relative
activity drops significantly even at the smallest IL
concentration values (see [Im,4*] data at 20 mM), Figure 5. For
the larger anions, the charge density is decreased and so
electrostatic interactions presumably have a less prominent
role in reducing activity. In addition to simple anion volume,
we also tabulated the degree to which each of these anions is
non-spherical, as reported by the ovality. An ovality value of
1.00 represents a shape that is perfectly spherical and
deviations from 1.00 are an indication of the anion becoming
increasingly ellipsoidal. Given the molecular structure, we see
that [Tf,N7] has the most ellipsoidal shape with a semi-axis
ratio of about 1.4. Using the measuring tool in Spartan® we
estimated the major axis to be 7.3 A so not only is [Tf,N]
voluminous but it is also dimensionally the longest anion and
approaches the length of L-dopa (10.1 A). It is interesting to
note that the given each of the size related parameters the
[Tf,N7] anion has the greatest effect on tyrosinase activity. It
appears that anion size (and associated charge density) offers
an appealing, simple, intuitive correlation to describe the

6 This article is available from: http://www.imedpub.com/insights-in-enzyme-research/
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chaotropicity and hence the measured relative activity in the
tyrosinase/L-dopa system. We recently performed molecular
docking studies for each of the IL ions used here and in
summary those results showed that the cations all localized
exclusively in the tyrosinase active site, whereas the anion
results were more varied [36]. For example, [NO3’] dockings
were associated with residues that were outside of the active
site, which suggests that electrostatic interactions play a more
significant role for ILs with this anion. On the other hand, the
more hydrophobic [Tf,N] docking results all showed
preferential binding in the enzyme active site. So, although
electrostatic interactions between IL ions and tyrosinase do
play a role in the overall enzymatic activity, from these data
alone we cannot assign relative contributions to each effect.
However, based on our data here and the docking simulation
results it does appear that electrostatics do not exclusively
determine enzymatic stabilization or activity in the
tyrosinase/L-dopa reaction and that other parameters also
must be considered [25,33,34].

One final comparison that can be made from this data is by
more closely examining the [Im4*] and [Img;*] cation
solutions. In these cases, we used ILs that were based on the
CI" ion. With the CI" anion, [Img;*] clearly has a more
substantial effect compared to [Im4;*]. Not only are the
cations increasingly hydrophobic and therefore more
kosmotropic [25,33,47,48], but combined with the hardness of
Cl is apparently a particularly potent combination to diminish
enzymatic activity. This is made apparent by comparing the
two [Img1*] ILs. When [Im44*] is paired with CI" there is a
greater effect on relative activity over [MeSO3], although one
might expect the reverse behavior if the size difference or
polarizability alone is considered. This trend also appears to be
opposite to what would be predicted based on Hofmeister
arguments since CI™ is typically reported as an activating ion
[25,28,32,33,42,47]. Among all of the competing effects such
as ion pair structure, ion size, hydrophobicity, and polarizability
(in effect charge density) it is difficult to pinpoint one measure
that reliably predicts all IL behaviors. However, in agreement
with previous work [33]it does appear that polarization effects
are the more important contributions and is the better
criterion to use in assessing enzymatic stabilization. One
possible explanation as to why CI is more destabilizing than
[MeSO3] may lie in the size “advantage” of CI" which allows it
to penetrate into the active site where it can directly interact
with the Cu?* ions that regulate the enzymatic activity [12,13].

Conclusion

Tyrosinases are enzymes that have a principal role in
melanin biosynthesis and are important because they are
responsible for controlling skin and hair pigmentation in
mammals. In this work we focused on the type 3 [13] copper-
containing oxidase mushroom tyrosinase. We have
characterized the enzymatic activity of this enzyme using the
substrate L-dopa in phosphate buffer solution at pH=6.8 and in
buffer solutions that in turn included the presence of one of
seven alkylimidazolium ionic liquids. Using the Michaelis-
Menten kinetic parameters to determine the enzymatic
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activity, we calculated the relative activity as the ratio of
(activity in the presence of ILs) / (activity in buffer).

Our experimental results clearly showed increased
inhibition of the tyrosinase activity in the presence of aqueous
based solutions of the [Im,;*] ILs. Relative activity exhibited a
pronounced decrease with increasing length of the cation’s
alkyl chain substituent (increasing kosmotropicity) in the
sequence [Imy1*]>[Img1*]>[Img;*], consistent with literature
reports [25,27,33,47,48]. The observed behavior is clearly
connected to the increased cation hydrophobicity. We
observed increased inhibition as the anion was varied in
proportion to increasing size and polarizability. The extent of
halogenation, as it governs anion polarization changes, also
offers a convenient characterization of the experimental anion
order. From the anion results with the [Im,1*] cation, the
increasing  inhibition  trend was found to be
[NO31<[MeSO3]<[TFMS]<[Tf,N]. Our data further showed
that although the Cl- anion is usually viewed as an activity-
stabilizing anion, when paired with the kosmotropic cations
[Img1*] and [Img;*] the cation effect seems to play a more
dominant role in the overall inhibition of tyrosinase. Given the
progressions in the anion properties that were reported in
Table 1, with particular attention to the hydration energies
and ion polarizability coupled with the hydrophobicity of the
cations used here, a somewhat mixed effect on tyrosinase
activity. One further point bears mention here. We point out
that from this present data alone, we were unable to fully
deconvolute the individual ion effects for a specific IL. For
example, while [Im,41*] was used as a “constant” against which
we could evaluate anion contributions, chosen because it was
the least perturbing cation, it nonetheless contributed to some
fraction of activity decrease. That is, we have not yet been able
to quantify the degree to which any one specific ion, anion or
cation, either offsets or enhances the activity. However, what
was made clear is that regardless of the particular ion pairings,
all imidazolium ILs resulted in decreased enzymatic activity.
Our goal at the outset was to evaluate the applicability of
Hofmeister rules for imidazolium IL effects on tyrosinase
activity. We can conclude that from these measurements that
the cation/anion effects are in good agreement with trends
predicted by the Hofmeister series, and the series does offer a
predictive means of assessing the impact of imidazolium ILs on
tyrosinase activity. This conclusion is not a general result and
additional systematic measurements using a wide range of
enzyme systems will be required before we can fully describe
and understand the impact and interplay of ILs in enzymatic
reactions.
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