
S
s

G
a

b

a

K
I
P
S
C
C
H
H

1

m
a
c
s
(
i
t
t
h
�
[
M
n

(

1
d

Chemical Engineering Journal 147 (2009) 6–12

Contents lists available at ScienceDirect

Chemical Engineering Journal

journa l homepage: www.e lsev ier .com/ locate /ce j

mall-angle neutron scattering studies of model protein denaturation in aqueous
olutions of the ionic liquid 1-butyl-3-methylimidazolium chloride

ary A. Bakera,∗, William T. Hellera,b,∗,1

Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
Center for Structural Molecular Biology, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

r t i c l e i n f o

eywords:
onic liquids
rotein aggregation
mall-angle scattering
haotropes
ytochrome c
uman serum albumin
ofmeister series

a b s t r a c t

As we advance our understanding, ionic liquids (ILs) are finding ever broader scope within the chem-
ical sciences including, most recently, pharmaceutical, enzymatic, and bioanalytical applications. With
examples of enzymatic activity reported in both neat ILs and in IL/water mixtures, enzymes are fre-
quently assumed to adopt a quasi-native conformation, even if little work has been carried out to date
toward characterizing the conformation, dynamics, active-site perturbation, cooperativity of unfolding
transitions, free energy of stabilization, or aggregation/oligomerization state of enzymes in the presence
of an IL solvent component. In this study, human serum albumin and equine heart cytochrome c were
characterized in aqueous solutions of the fully water-miscible IL 1-butyl-3-methylimidazolium chloride,
[bmim]Cl, by small-angle neutron and X-ray scattering. At [bmim]Cl concentrations up to 25 vol.%, these
two proteins were found to largely retain their higher-order structures whereas both proteins become

highly denatured at the highest IL concentration studied here (i.e., 50 vol.% [bmim]Cl). The response of
these proteins to [bmim]Cl is analogous to their behavior in the widely studied denaturants guanidine
hydrochloride and urea which similarly lead to random coil conformations at excessive molar concen-
trations. Interestingly, human serum albumin dimerizes in response to [bmim]Cl, whereas cytochrome
c remains predominantly in monomeric form. These results have important implications for enzymatic
studies in aqueous IL media, as they suggest a facile pathway through which biocatalytic activity can be

nd p
altered in these nascent a

. Introduction

The implementation of biomolecules in ionic liquid (IL)-based
edia has sparked immense interest for applications ranging from

pplied biocatalysis for hydrogen production to bioanalysis and
ellulose processing [1–3], resulting in several reviews on the
ubject [3–12]. Lipases, most notably Candida antarctica lipase B
CALB), have received the most attention [13–29], due primar-
ly to their broad industrial utility as well as for exceptional
olerance of non-aqueous environments; much of the research
o date has focused solely on enzymatic activity. Other proteins
ave also been characterized for their catalytic activity, including

-chymotrypsin [30,31], horseradish peroxidase [32–34], papain

35,36], cytochromes [37–39] and tyrosinase [40], among others.
ost recently, the first examples of homogeneous and heteroge-

eous bioreceptor-based immunoassay were described in which
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otentially green electrolyte systems.
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an antibody was found to retain its high-affinity haptenic recog-
nition in aqueous buffer containing 75 vol.% [bmim][BF4] as well
as in a number of water-free [bmim][A] ILs where A = BF4

−, NTf2
−,

TfO−, or PF6
− [41]. The excitement about possible application of

enzymatic transformations and clean biotechnological processes
by means of IL-based media continues to drive research in this
area; in this regard, ILs may be employed as co-solvents for water,
in biphasic systems, or as “neat” solvents containing little or no
water. The effects of various ILs on enzymatic reactions, however,
vary wildly and unpredictably, sometimes with seemingly conflict-
ing reports. Clearly, a profusion of systematic studies are mandatory
in order to establish a general understanding of structure–function
relationships for enzymes in IL media.

Information on protein structure, dynamics, and solvation
is crucial for understanding protein function in ILs. Regardless,
relatively few biophysical characterizations of protein molecules in
systems containing ILs exist in the literature. In particular, the influ-

ence of ILs on enzyme structure has only recently become a focus
of study. In the original report on protein spectroscopy conducted
within an IL, it was shown, using fluorescence from the single tryp-
tophan residue in the sweet protein monellin, that the use of the IL
1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide,

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:bakerga1@ornl.gov
mailto:hellerwt@ornl.gov
dx.doi.org/10.1016/j.cej.2008.11.033
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bmpy][NTf2], containing a modest amount of water (2 vol.%)
ielded an astonishing entropically driven stabilization in oppo-
ition to thermal unfolding (i.e., the unfolding entropy, �S◦,
as determined to be 250 and 136 J K−1 mol−1 for monellin in
ater and [bmpy][NTf2] containing 2 vol.% water, respectively),

onsistent with the more rigid solvation present within wet
bmpy][NTf2] [42]. Second-derivative single-pass attenuated total
eflection Fourier transform infrared (ATR-FTIR) spectroscopy in
he amide I region was employed by Lou et al. [36] to reveal the
mpact of the presence of 15 vol.% 1-alkyl-3-methylimidazolium,
Cnmim]+, ILs combined with various anions on the structure of
apain in buffer, and to correlate these conformational changes
ith the observed catalytic activity and selectivity of the enzyme.
ontributing to the prevailing outlook in this area, their results
emonstrate that in aqueous IL systems involving anions with
ronounced hydrogen bond basicity (i.e., [Cl]−, [NO3]−, [CH3CO2]−,
nd especially [HSO4]−), a non-native amide I spectrum was
bserved as a result of disruption of internal hydrogen bonding,
his perturbation being accompanied by a proportionate loss of
ctivity. Meanwhile, for the more enzyme-suited anion [BF4]−,
hich exhibits a lower nucleophilicity, comparable or higher activ-

ty and enantioselectivity was exhibited by papain in comparison
ith aqueous phosphate buffer. Additionally, it is notable that

lthough losses in �-helical content were apparent for papain in
queous [Cnmim][BF4] (n = 2–6), the contribution of �-turns and
heets increased, this evolution in secondary structure ostensibly
eading to a more compact and stable enzyme configuration.
imilarly, Iborra and co-workers [43] reported that the stabi-
ization of CALB observed both in 1-ethyl-3-methylimidazolium
is(trifluoromethylsulfonyl)imide, [emim][NTf2], and butyltri-
ethylammonium bis(trifluoromethylsulfonyl)imide, [N4111]

NTf2], at 2 vol.% water content and 50 ◦C, was associated with
partial preservation of native �-helicity with simultaneous

nhancement in �-strand content (as determined by circular
ichroism, CD), again presumably resulting in a more condensed
nzyme conformation displaying catalytic activity. In a prior
tudy, the same authors showed that [emim][NTf2] containing
2.5 vol.% 1-propanol bestowed excellent thermal stability to �-
hymotrypsin, with an unfolding enthalpy triple that determined
n water [44]; once more, the degree of stabilization appeared
o be linked to the prevalence of �-strands in the presence of IL.
sing small-angle neutron scattering (SANS) and dynamic light

cattering (DLS), Sate et al. [45] showed that CALB dissolved in
emim][A] ILs undergoes substantial and inhomogeneous agglu-
ination leading to a curtailed activity (A = EtOSO3

− and NO3
−)

r complete deactivation (A = N(CN)2
−), lending credence to the

otion that highly coordinating anions do not support enzyme
ction in ILs. In a key study, Weingärtner used differential scanning
alorimetry (DSC) to systematically elucidate the impact of various
ation/anion pairings on the thermal stability of ribonuclease A in
queous systems containing a range of [emim]+ or bromide-based
Ls based on salt-induced shifts of the transition temperature [46].
uring this research, the authors learned that protein–IL interac-

ions within aqueous solutions can be loosely interpreted within a
ofmeister framework and, consistent with enzyme activity results

rom Zhao [47], anion variations generally appear to have larger
onsequences than cation variations. Incidentally, it is likely that
his rule of thumb represents something of an oversimplification,
articularly as ILs including wider cation types become available
48]. Most recently, fluorescence spectroscopic examination of
ingly-labeled defatted human serum albumin (HSA), prepared

y site-specific conjugation of the solvent-responsive fluorescent
eporter acrylodan to Cys-34, revealed that the thermal unfolding
rocess of HSA in three different 1-butyl-3-methylimidazolium-
ased ILs ([bmim][A]; A = NTf2

−, BF4
−, and PF6

−), as well as the
rotein’s dynamical motions, deviated markedly from the mecha-
eering Journal 147 (2009) 6–12 7

nism followed in aqueous buffer [49]. The Angell group [50] also
recently reported a remarkable multi-year stabilization against
aggregation losses for near-saturation solutions of lysozyme in
IL-rich, ice-avoiding solvent systems also containing sucrose and
water. The protic IL ethylammonium nitrate itself was found to
confer protection against aggregation; indeed, ∼97% retention in
refoldable protein sample per denaturing cycle was established,
as judged by the declining area under the unfolding endotherm in
successive DSC upscans to 100 ◦C. The vast array of physicochemical
properties afforded by ILs necessitates continued research in this
area to build a more complete picture of the influence of IL ion
pairing on protein structure and aggregation and to correlate this
behavior with enzyme activity.

Small-angle scattering methods, using neutrons or X-rays (SANS
and SAXS, respectively), are ideally suited to the study of the
impact of ILs on the structures of soluble proteins. These meth-
ods probe the global conformations of particles in solution, and
have been used extensively to study biological macromolecules
in solution; a review emphasizing this topic appeared recently
by Svergun and Koch [51]. SANS and SAXS are excellent probes
of solution-phase protein structural modification (e.g., denatura-
tion, aggregation, oligomerization, ligand complexation), because
these techniques are inherently sensitive to changes in the shape,
size, and compactness of the scattering particle. In particular, a fair
number of experimental studies have appeared in which small-
angle scattering methods provide key information concerning the
solution conformation of model proteins like the serum albumins
[52–55] or equine heart cytochrome c (cyt c) [56–60] under dena-
turing conditions driven by chemical agents, or extremes of pH or
temperature.

In the current work, we present the details of our investiga-
tions into the behavior of two of the most thoroughly characterized
proteins within aqueous mixtures of the entirely water-miscible
IL 1-butyl-3-methylimidazolium chloride, [bmim]Cl, using small-
angle scattering and CD spectroscopy. The first model protein we
selected for study, equine heart cyt c, is among the most well-
studied metalloproteins. A class I c-type cytochrome involved in
electron transfer in the mitochondrial respiratory chain, equine
heart cyt c consists of a single polypeptide chain containing 104
amino acid residues that is covalently anchored by two thioether
bonds at Cys-14 and Cys-17 to an iron-containing heme. The second
archetypical protein we chose, HSA, is larger and a bit more com-
plex, consisting of a single polypeptide chain of 585 amino acid
residues and having a heart-shaped structure divided into three
major and fairly distinct domains stabilized by 17 disulfide bonds.
The most abundant protein found within human plasma, not sur-
prisingly, HSA is involved in many physiological functions, including
blood pH and pressure maintenance. Both cyt c and HSA were found
to denature in high concentrations of [bmim]Cl, but the impact of
the IL on the structure was not particularly pronounced until the
aqueous solution reached 50 vol.% [bmim]Cl. SANS demonstrates
a transition of the polypeptide chains from compact structures to
highly denatured states; SAXS results corroborate this view. Visible
CD spectroscopy in the Soret region of cyt c suggests that the envi-
ronment of the heme is considerably perturbed at 25 vol.% [bmim]Cl
before adopting a state consistent with a urea-denatured state [61]
at the highest IL content studied (50 vol.%).

2. Experimental

2.1. Materials
Essential fatty acid-free human serum albumin (HSA) and cyt
c from equine heart were obtained as lyophilized powders from
Sigma (St. Louis, MO, USA) and used without further purification.
High-purity [bmim]Cl was synthesized according to established lit-
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rature procedures [62,63]. Stock solutions of HSA and cyt c for
he small-angle scattering measurements were prepared by dis-
olving protein in 20 mM Tris buffer at pH 7.4. Prior to scattering
nalysis, each protein stock solution was filtered using a sterile
.02-�m Whatman Anotop 25 syringe filter equipped with 10-mm
iameter inorganic membrane (Maidstone, UK) to remove large par-
iculates and proteinaceous aggregates. The filtered protein stock
oncentrations were determined by UV–vis absorption to be 9.0
nd 25.1 mg/mL for HSA and cyt c, respectively. Samples were then
iluted to half the original protein concentration using the appro-
riate proportion of [bmim]Cl and Tris buffer to yield protein in
uffer solutions containing 0, 10, 25, and 50 vol.% [bmim]Cl. Due
o the relatively high viscosity of supercooled [bmim]Cl at ambi-
nt temperature, the material was added by weight based on the
easured density of the liquid phase (1.092 g cm−3).

.2. Circular dichroism measurement

Visible circular dichroism (CD) spectra (300–500 nm) were
btained at room temperature using a 1-mm path length cuvette
n a JASCO J-810 spectropolarimeter (JASCO Inc., Easton, MD). Due
o strong far-UV background absorption associated with [bmim]Cl,
D signals could only be dependably measured in the Soret band
egion centered near 410 nm for equine heart ferri-cyt c.

.3. Small-angle scattering measurements

SANS data were collected within the Center for Structural
olecular Biology on the Bio-SANS instrument. Intensity patterns

or samples and appropriate backgrounds were collected using a
avelength of 6 Å with a wavelength spread, ��/�, of 0.15. Two

ample-to-detector distances were used for the HSA measure-
ents, namely 2 and 7 m. Cyt c was measured solely at the shorter

istance due to the much smaller size of the protein. Additional
AXS data were collected for the proteins in 0, 10, and 50 vol.%
bmim]Cl using the Center for Structural Molecular Biology 4 m
AXS facility [64]. Both SAXS and SANS data were collected at
mbient temperature (∼22 ◦C). Scattering data were reduced using
tandard procedures [64] to correct for background and detector
ensitivity and were azimuthally averaged to produce the unidi-
ensional intensity profile I(q) vs. q. q is the magnitude of the

cattering vector and is equal to 4� sin(�)/� where � is the wave-
ength and 2� is the scattering angle from the incident beam.

.4. Small-angle scattering data analysis

Data were fit for the pair distribution function, P(r), which is
elated to the measured intensity by the following equation:

(r) = 1
2�2

∫ ∞

0

dq(qr)I(q) sin(qr) (1)

he indirect Fourier transform algorithm implemented in the soft-
are GNOM [65] was used to determine P(r) and the maximum

inear dimension, dmax, from the measured intensity profiles. The
tting also provides Rg, which is the second moment of P(r), and
he forward scatter, I(0). Comparison of the IL-free small-angle
cattering data to a model intensity profile calculated from the high-
esolution structure was performed using the program ORNL SAS
66]. The forward scatter of a dilute solution of non-interacting
articles is given by the following equation:
(0) = NPV2
P (�P − �S)2 (2)

here NP is the number of particles per unit volume, VP is the vol-
me of the scattering particle, �P is the scattering length density of
he particle and �S is the scattering length density of the solvent.
Fig. 1. Soret-region CD spectra of cyt c in 0, 10, 25, and 50 vol.% [bmim]Cl in 20 mM
pH 7.4 Tris buffer.

The forward scatter, either in absolute units of 1 cm−1 or relative
units if the measurements are made with the same instrument
in the same configuration, provides a means of characterizing the
samples for changes in the oligomerization state of the scattering
particles given a known concentration.

3. Results and discussion

Visible CD spectra measured in the Soret region for equine heart
cyt c in the aqueous [bmim]Cl mixed solvent medium are pro-
vided in Fig. 1. It can be observed that the protein shows a CD
pattern in 10 vol.% [bmim]Cl that is identical, within the experimen-
tal noise, to the one seen in the aqueous phosphate buffer control,
and one consistent with the previously measured Soret-region CD
spectrum of native ferri-cyt c [61], reflecting minimal changes in
the heme active-site structure in the presence of 10 vol.% [bmim]Cl.
As the [bmim]Cl concentration increases to 25 vol.%, the CD spec-
trum is characterized by a marked decrease in the intensity of the
strong negative Cotton band at 417 nm and a concomitant rise in
the intensity of the positive Cotton effect near 400 nm. When the
mixed solvent mixture reaches 50 vol.% [bmim]Cl (∼3.1 M), the visi-
ble CD spectrum of cyt c no longer retains the characteristic dichroic
signature of ferri-cyt c in aqueous solution and instead adopts a
shape that is consistent with the urea-denatured state of the protein
[61]. These spectroscopic changes signal a significant modification
in heme–polypeptide interactions—likely an increase in the pla-
narity of the ferric heme moiety in the mixed solvent medium—and
are reminiscent of results obtained by Sivakolundu and Mabrouk
[67] for ferri-cyt c in aqueous mixtures of acetonitrile approaching
25 vol.%. We note that the heme group of cyt c, which is covalently
bound to the polypeptide chain, is not deeply buried [68] and, as a
result, the protein structure may remain largely intact even as the
local environment surrounding the heme experiences significant
local perturbation.

SANS profiles collected for cyt c in the various aqueous mix-
tures of [bmim]Cl are shown in Fig. 2. SAXS data collected using our
laboratory-based X-ray instrument [64] for cyt c (not shown) were
of insufficient quality for analysis due to the small size of the pro-
tein. The electronic radius of gyration Rg and zero-angle intensity
I(0) parameters determined for cyt c in [bmim]Cl aqueous solu-

tions from SANS measurements are summarized in Table 1, and the
structure of the protein in the IL-free solution is consistent with the
known crystal structure of the protein [68], as shown in Fig. 2. Pair
distribution function P(r) curves determined from these data are
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Fig. 2. SANS profiles of cyt c in 0, 10, 25, and 50 vol.% aqueous [bmim]Cl. The contin-
uous solid curve shown is the model profile calculated using ORNL SAS [66] based
on the crystal structure of cyt c [68] (PDB ID: 1HRC). The scattering results have been
offset for clarity.

Table 1
Structural parameters derived from SANS data of cyt c.

Vol.% [bmim]Cl Rg (Å) dmax (Å) I(0)/I0%(0) (meas.) I(0)/I0%(0) (calc.)

2
5

g
s
d
t

F
h

0 12.8 ± 0.8 40 1.00 1.00
10 14.1 ± 0.8 42 0.90 ± 0.08 0.88
5 13.0 ± 1.7 45 0.65 ± 0.10 0.71
0 28.7 ± 5.7 90 0.55 ± 0.23 0.46
iven in Fig. 3. The effect of the IL on the cyt c structure is relatively
mall at 10 and 25 vol.%, resulting in only slight increases in Rg and
max. The main peak of P(r) shifts to lower distances with the addi-
ion of up to 25 vol.% [bmim]Cl, although the protein remains in a

ig. 3. P(r) curves derived from the SANS data of cyt c shown in Fig. 2. The curves
ave been intensity-normalized to the same arbitrary value to facilitate comparison.
Fig. 4. SANS profiles of HSA in 0, 10, 25, and 50 vol.% aqueous [bmim]Cl. The solid
curve shown is the model intensity profile calculated using ORNL SAS [66] contain-
ing a 90%/10% monomer/dimer mixture calculated from the crystal structure of HSA
[70] (PDB ID: 1AO6). The experimental curves have been offset for clarity.

near-native conformation. At the highest [bmim]Cl concentration
employed (50 vol.%), the P(r) of cyt c becomes rod-like with an Rg

consistent with a previous study of guanidine hydrochloride dena-
tured cyt c [58]. The drop in I(0), also shown in Table 1, is consistent
with the expected decrease based on the reduced differential scat-
tering length density between the protein and solvent blank with
increasing [bmim]Cl for samples collected at fixed protein con-
centration. Uncertainties in the 50 vol.% [bmim]Cl data set, arising
from this diminished contrast, do not allow for an unambiguous
conclusion, however. Previous work by one of the authors, in expla-
nation of anomalous dye precipitation-to-redissolution behavior as
[bmim][BF4] was progressively added to water, has suggested that
at lower levels the water-miscible [bmim][BF4] plays the role of
simple salt electrolyte, whereas highly concentrated [bmim][BF4]
solutions (≥25 wt%) behave more classically as co-solvents [69]. The
current results are consistent with this view in that they show that
when the [bmim]Cl salt is present at a solute quantity in aqueous
solution it produces only a slight protein destabilization, whereas
the presence of a significant co-solvent fraction leads to a substan-
tial unfolding of cyt c molecules.

The series of SANS intensity profiles collected for HSA in aque-

ous solutions of [bmim]Cl is shown in Fig. 4, and the related P(r)
curves derived from fitting the data with GNOM [65] are revealed
in Fig. 5. The trend in the data is rather similar to what was observed
above for the cyt c samples, as can be seen in Table 2. The Rg

and P(r) data of the IL-free solution are consistent with a solution

Table 2
Structural parameters derived from SANS data of HAS.

Vol.% [bmim]Cl Rg (Å) dmax (Å) I(0)/I0%(0) (meas.) I(0)/I0%(0) (calc.)

0 30.0 ± 0.9 80 1.00 1.00
10 36.4 ± 2.6 120 0.96 ± 0.07 0.88
25 37.2 ± 2.9 125 0.72 ± 0.08 0.71
50 73.9 ± 6.9 225 0.85 ± 0.13 0.46
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ig. 5. P(r) curves derived from the SANS data for HSA provided in Fig. 4. The curves
ave been scaled for clarity such that the major peaks retain the same value.

ainly comprised of HSA monomers with ∼10% dimers present.
his slight aggregation does not affect the results presented here.
he fit line in Fig. 4 is a superposition of intensity profiles calcu-
ated from the high-resolution structure of the monomer (PDB ID:
AO6) and the dimer from the crystal structure [70] using ORNL SAS
66]. The Rg increases with increasing [bmim]Cl content, suggesting
ossible partially expanded intermediate states, although the effect
emains subtle at 10 and 25 vol.% [bmim]Cl. By 50 vol.% [bmim]Cl,
owever, the effect on the solution structure of HSA is quite dra-
atic, with Rg more than doubling. Whereas the P(r) curves suggest

hat the protein molecules adopt a slightly more open structure in
esponse to [bmim]Cl levels at or below 25 vol.%, the P(r) curve for
he 50 vol.% [bmim]Cl sample suggests that the particle is actually
lobular, rather than rod-like as was observed for cyt c. The trend
n I(0) demonstrates that the HSA is not simply unfolding as the
bmim]Cl content within the solution rises. Instead, the relative I(0)
alues evidence that HSA in fact oligomerizes in response to high
oncentrations of [bmim]Cl, with the state in the 50 vol.% [bmim]Cl
olution being, in fact, a dimer on average. This oligomerization
s supported by the globular structure implied by the P(r) fitting.
he SAXS data collected of HSA in aqueous mixtures of the same
L (not shown) support an unfolding of the protein. Interestingly,
here is a nontrivial difference between the SANS and SAXS data
ollected for HSA in 50 vol.% [bmim]Cl. The SANS data at 50 vol.%
bmim]Cl presents a negative curvature, while the log–log plot of
he SAXS data (not shown) is much more linear. A power-law fit
f the data yields an exponent of −1.5, which is nearly the slope
xpected for a self-avoiding chain (−5/3) [71]. As stated earlier,
SA has an extensive network of disulfide bonds [70]. While neu-

rons cause essentially no radiation damage to biological samples of
his nature, X-rays are capable of breaking bonds, including disul-
de linkages. Consequently, the stabilizing network may have been
isrupted during the SAXS measurements by radiation damage,
llowing the protein to adopt a more truly denatured state.

The results presented here demonstrate that [bmim]Cl is a pro-
ein denaturant when in aqueous solution, chiefly at significant
co-solvent) levels. In the case of cyt c, the impact on the local envi-
onment at the heme group is perturbed much as it is by urea [61].
he limited impact of 10 vol.% [bmim]Cl on the Soret CD band of

yt c parallels earlier thermostability studies on ribonuclease A in
queous [emim]Cl mixtures where [emim]Cl concentrations below
.0 M were found to produce relatively little destabilization [46].
ecause their study was restricted to concentrations ≤1.0 M, for this
articular IL, direct molar comparison with our 50 vol.% [bmim]Cl
eering Journal 147 (2009) 6–12

(∼3.1 M) sample is not feasible. Nonetheless, our SANS results show
that the protein retains much of its global structure up to 25 vol.%
[bmim]Cl, but unfolds at higher concentration while remaining pre-
dominantly monomeric. At the lower IL concentrations studied, the
cyt c structure does not expand into a molten globule state, although
the environment of the heme is clearly altered at 25 vol.% [bmim]Cl.
The extension of the cyt c structure in 50 vol.% [bmim]Cl is simi-
lar to what occurs for the acid-unfolded state [56], the guanidine
hydrochloride-unfolded state [58,59,72], and the unfolded state
driven by urea [59].

Aqueous [bmim]Cl both denatures HSA and causes it to
oligomerize in a manner consistent with dimerization. The denatu-
ration of HSA has been studied in painstaking detail by a number of
research groups employing a host of spectroscopic methods from
optical rotation to static and time-resolved luminescence; this is
exemplified in work from Wallevik [73], Muzammil et al. [74], and
Flora et al. [75]. It is known that guanidine hydrochloride has a
minimal impact on the secondary structure of HSA at concentra-
tions up to ∼1.5 M near neutral pH. Above this concentration, the
response of the secondary structure of the protein to the denat-
urant increases sharply before leveling off near 6.0 M guanidine
hydrochloride. 25 vol.% [bmim]Cl is roughly 1.5 M, so the response
of HSA to these two ionic materials appears to be very similar
despite their vastly different cations. A recent SANS study of bovine
serum albumin (BSA) found that the protein began to unfold above
4.0 M urea, yet remained predominantly monomeric [55]. While
the current results suggest that [bmim]Cl is a stronger denaturant
of serum albumins than urea, the Rg of the fully unfolded state of
BSA was found to be 94 Å, suggesting that either the unfolding by
urea is more complete, or the [bmim]Cl-driven oligomerization of
HSA results in a more compact state due to interactions between
the polypeptide chains. Further experiments are required to flesh
out these details.

4. Conclusions

This work demonstrates that aqueous mixtures of the IL
[bmim]Cl influence the solution structures of the two archetype
proteins cyt c and HSA in unique and concentration-dependent
ways. In both cases, the water-miscible [bmim]Cl behaves much
like the chaotropic agents urea or guanidine hydrochloride, in that
high concentrations are required in order to denature the protein
into a fully unfolded state. However, in contrast to these com-
pounds, [bmim]Cl exhibits control over the oligomerization state of
these proteins in a manner reliant upon the specific protein under
consideration. Specifically, equine heart cyt c appears to remain
exclusively monomeric in solution, whereas high concentrations
of [bmim]Cl evidently drive the oligomerization of HSA. In this
respect, [bmim]Cl influences HSA differently than elevated molar
concentrations of either urea or guanidine hydrochloride.

In closing, it is important to note that IL components may affect
the burial of nonpolar surfaces, main-chain hydrogen bonding, salt-
bridge networks, conformational disorder at high temperatures,
preservation of the essential water shell, and active-site flexibility
within biological macromolecules. The ability of SANS to eluci-
date subtle changes in biomolecular geometry in situ should aid
researchers in understanding how ILs impact the solution struc-
ture of enzymes. Forthcoming work from our groups will seek to
extend these methods to include the study of ILs containing more
“biocompatible” ions.
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