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We report on the size, shape, structure, and interactions of lysozyme in the ternary system lysozyme/DMSO/
water at low protein concentrations. Three structural regimes have been identified, which we term the “folded”
(0 < �DMSO < 0.7), “unfolded” (0.7 e �DMSO < 0.9), and “partially collapsed” (0.9 e �DMSO < 1.0) regime.
Lysozyme resides in a folded conformation with an average radius of gyration of 1.3 ( 0.1 nm for �DMSO <
0.7 and unfolds (average Rg of 2.4 ( 0.1 nm) above �DMSO > 0.7. This drastic change in the protein’s size
coincides with a loss of the characteristic tertiary structure. It is preceded by a compaction of the local
environment of the tryptophan residues and accompanied by a large increase in the protein’s overall flexibility.
In terms of secondary structure, there is a gradual loss of R-helix and concomitant increase of �-sheet structural
elements toward �DMSO ) 0.7, while an increase in �DMSO at even higher DMSO volume fractions reduces
the presence of both R-helix and �-sheet secondary structural elements. Protein-protein interactions remain
overall repulsive for all values of �DMSO. An attempt is made to relate these structural changes to the three
most important physical mechanisms that underlie them: the DMSO/water microstructure is strongly dependent
on the DMSO volume fraction, DMSO acts as a strong H-bond acceptor, and DMSO is a bad solvent for the
protein backbone and a number of relatively polar side groups, but a good solvent for relatively apolar side
groups, such as tryptophan.

1. Introduction

It is well-known that the addition of organic solvents to
aqueous solutions of proteins greatly affects the conformation
of these biomacromolecules. However, a detailed description
of the physical mechanism that drives these conformational
changes is generally absent. Here, we present an in-depth study
on the changes in lysozyme size, shape, conformation, and
protein-protein interactions in aqueous DMSO mixtures within
the full range of mixing fractions: for DMSO volume fractions,
�DMSO, ranging from 0 (pure water) to 1 (pure DMSO). We
have chosen to focus on the organic solvent DMSO as we have
observed a sol-gel transition in the ternary system lysozyme/
DMSO/water above a critical concentration of both lysozyme
and DMSO.1,2 To better understand the physical mechanism
behind this sol-gel transition, as well as the rheological
properties and the microstructure of the final transparent gels,
we need to understand what happens to the individual proteins
upon an increase of the DMSO volume fraction. Besides,
DMSO-induced structural transitions in proteins are of great
practical interest as DMSO is used for example as cryoprotector3-5

and transporter of pharmaceuticals through the human skin and
cell membrane.6,7

In this contribution, we will show that three distinct regimes
of overall protein conformation and protein-protein interactions
can be distinguished (Figure 1). In the first regime corresponding

to 0 < �DMSO < 0.7, the protein retains (to a certain extent) a
(quasi-)native secondary and tertiary structure keeping the amino
acids with hydrophobic residues deeply buried within the core
of the macromolecule. We refer to the protein conformations
in this regime as “folded”. In the second regime, 0.7 e �DMSO

< 0.9, there is basically no difference in free energy between
the folded and unfolded states, so that the structures are highly
flexible and the hydrophobic residues become exposed to the
solvent. We call these conformational states “unfolded” states,
as the protein’s characteristic tertiary structure is no longer
observable. In the third regime, corresponding to 0.9 e �DMSO

< 1.0, the protein attempts to minimize the contact area between
DMSO and many of its amino acids for which DMSO is a bad
solvent: some of the residues that were buried in the core of
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Figure 1. Artist impression of DMSO-induced denaturation in
lysozyme/DMSO/water. Throughout this Article, these states will be
referred to as “(quasi-)native”, “unfolded”, and “partially collapsed”.
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the protein in regime I now become exposed, and vice versa,
some of the residues that were previously exposed to the solvent
may now become buried in the protein core. In this regime, we
refer to the conformational state of the protein as “partially
collapsed”. The four disulfide bonds present in lysozyme
connecting eight cysteins (in positions 6 and 127, 30 and 115,
64 and 80, and 76 and 94) greatly limit the extent of the DMSO-
induced structural transitions. As the disulfide bonds serve to
stabilize the native structure,8-10 they particularly hinder the
realization of the “quasi-inverted” structures, that is, the partially
collapsed states in regime III. Therefore, we do not observe the
anticipated globular-random coil-globular shape transforma-
tion upon increasing �DMSO in our small angle neutron scattering
experiments. It is only the folding-unfolding transition that
yields significant changes in overall shape and tertiary structure.
By contrast, the protein-protein interactions, and to a lesser
extent lysozyme size, are affected by both transitions. They
exhibit a complex, nonmonotonous dependence on �DMSO, but
remain overall repulsive for all �DMSO.

The physical mechanisms driving the structural changes
described above can be dissected into three contributions that
operate in a synergistic manner. First, the addition of DMSO
to water has a profound effect on the solvent microstructure5,11

and on the number of water molecules H-bonded to each other12

resulting in a number of very interesting phenomena, the origin
of which has been much debated. The formation of eutectics,13

the formation of (stable) H2O-DMSO hydrates,5,12,14,15 and the
occurrence of significant DMSO self-association have all been
suggested.11,14,16,17 The fact is that curves describing the
dependence of several physical and spectroscopic parameters
of that binary mixture as a function of the organic solvent
concentration consistently show peculiar features such as
discontinuity, curve inflections, or maxima/minima at �DMSO ∼
0.63-0.75.5 Examples include characteristic Raman frequencies,
NMR relaxation times, refractometric data, and conductometric
data.1,11 Several other organic-aqueous systems in which the
binary mixture can be represented by an aprotic polar solvent
in water likewise exhibit such features.1,11 The microheteroge-
neous character of these binary mixtures has been acknowledged
by several authors, and various techniques have been employed
in their investigation, such as mass spectrometry and solvato-
chromic probing.16-18 Second, the sulfoxide groups of DMSO
act as competitors of the polypeptide backbone and side chain
carbonyl groups when it comes to intra- and intermolecular
H-bond formation. Third, DMSO is a bad solvent for the
backbone of the protein as well as for a number of relatively
polar side groups, while it is a good solvent for relatively apolar
side groups, such as those found in amino acids with aromatic
rings, such as tryptophan.19

Hence, we propose the following model for DMSO-induced
denaturation of lysozyme. In regime I, �DMSO < 0.7, an increase
in �DMSO increasingly disrupts (predominantly) intramolecular
hydrogen bonds between carbonyl and amino groups in the
protein backbone (secondary structure) and side groups (tertiary
structure). Still, overall there is a pronounced energetic penalty
against exposure of hydrophobic units to the solvent mixture,
and the protein retains a semiglobular shape with its hydrophobic
units buried. In the second regime, 0.7 e �DMSO < 0.9, this
energetic penalty is fully absent. Differential scanning calorim-
etry experiments no longer register a melting transition: the
unfolding enthalpy vanishes around �DMSO ∼ 0.75, while the
melting temperature approaches room temperature.20-23 As a
large number of intramolecular hydrogen bonds have already
been broken, the protein adopts a very flexible, floppy structure

where both polar and apolar residues are exposed to the solvent.
In regime III, �DMSO g 0.9, the amount of DMSO present in
the system is so large that the protein will now attempt to
minimize the contact area between DMSO and residues for
which DMSO is a bad solvent, so that it will rearrange in such
a way as to expose the units that were buried in regime I and
bury those that were exposed to the solvent in regime I. In
contrast to the first regime, due to the presence of a large amount
of the strong H-bond acceptor DMSO, H-bonding between
carbonyl and amino groups in the protein backbone is only
marginally involved in this “inverse folding” process. Instead,
it is the minimization of surface tension that is responsible for
the transition between the unfolded state in regime II and the
newly formed conformation which we term “partially collapsed”,
in analogy to the term employed for synthetic polymers in bad
solvent conditions (see for example refs 24-26). Indeed, we
might even speculate that, as the H-bonding in regime I
promotes burying of apolar residues in the inner protein cavity,
the absence of H-bonds between these same units is a necessary
prerequisite to be able to keep them exposed to the solvent.
Note that the number of possible unfolded and partially collapsed
conformations is still restricted by the four intact disulfide
bridges within lysozyme. In summary, the folding (regime
I)-unfolding (regime II) transition and the unfolding (regime
II)-partially collapsed (regime III) transition are essentially
driven by the propensity of DMSO to alter the structural
arrangement of and H-bonding between water molecules on the
one hand (indirect effects) and to compete with the amino acids
for H-bonds and to solvate apolar side chains on the other hand
(direct effects). DMSO thus affects both the conformational and
solution stability of lysozyme.

While the effect of DMSO on the secondary and tertiary
structure of lysozyme has been well documented,1,27-30 little is
known about DMSO-induced changes in lysozyme size, shape,
and interactions. In the following, we will provide the reader
with a detailed description and in-depth discussion of the
experimental results obtained in this study as well as previously
reported results of several other groups taken from the literature.
It is from the careful consideration of all of these experimental
observations that a consistent physical interpretation of DMSO-
induced denaturation of lysozyme has finally emerged. Although
the universality of the results for other proteins and organic
solvents remains to be proven, we would like to note that several
other ternary systems display similar features (see for examples
refs 31-34). We hope that our understanding of this particular
system can serve as a basis for a detailed understanding of
conformational changes in a great number of other protein/
organic solvent/water systems. Finally, we would like to note
that the addition of an organic solvent to a protein solution can
be an efficient way of shifting the balance between various
conformational states: a necessary first step on the way toward
answering the important question whether certain conformational
states are more prone to aggregation than others.

2. Experimental Section

2.1. Materials. Hen egg white lysozyme (L6876, LOT
117K1547) and DMSO were purchased from Sigma and used
without further purification. Deuterated solvents, D2O and d6-
DMSO were purchased from Cambridge Isotope Laboratories
and used as received. Protein solutions were prepared by
dissolution of a properly weighted amount of lysozyme in the
corresponding solvent mixture. Both the added solvent and the
final protein solution were filtered once over a 0.22 μm Millex-
GV filter from Millipore (H2O and D2O solvents and solutions)
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or a DMSO-safe Acrodisc syringe filter from Pall (all DMSO-
containing solvents and solutions) to remove dust and insoluble
material. The protein concentrations were not corrected for
potential loss during the filtration procedure. Unless otherwise
stated, experiments have been carried out on samples containing
e10 g L-1 lysozyme under salt-free conditions.

2.2. Methods. 2.1.1. Light Scattering. Light scattering
measurements have been performed on a 3D cross-correlation
instrument from LS-instruments equipped with a HeNe laser
(λ ) 623.8 nm) and a Flex correlator. A refractive index
matching bath of filtered decalin surrounded the cylindrical
scattering cell, and the temperature was controlled at 20.0 (
0.1 °C using a Haake DC10-K20 thermostat.

The excess Rayleigh ratio, ΔR(θ,C), was determined from
static light scattering experiments using toluene as a reference
according to

with the scattering angle, θ, the weight concentration of
scattering objects, C, the corrected averaged scattered intensities
of the sample, solvent, toluene, and blocked beam, 〈Isample〉,
〈Isolvent〉, 〈Itoluene〉, and 〈Idarkcurrent〉, the Rayleigh ratio of toluene,
R(θ)toluene ) 1.34 × 105 cm-1,35 and the refractive indices of
the sample and the reference at T ) 20.0 °C and λ ) 632.8
nm, nsample and ntoluene. Due to its small size (Rg ) 1.87 nm ,
q-1), lysozyme is a Rayleigh scatterer, such that

with the averaged mass of the scatterers, 〈Mw〉, the form factor,
P(q), the structure factor, S(q), and the magnitude of the
scattering wave vector, q, given by

and the optical constant, K, given by

with Avogadro’s number, Nav, and the specific refractive index
increment of the sample, (dn)/(dC). The static structure factor
at θ ) 90°, S90, was calculated from eqs 2 and 4 using the
measured ΔR(90°,C), C ) 9.1-9.5 g l-1 and 〈Mw〉 ) 14 300 g
mol-1.

As qRg , 1, the collective diffusion coefficient, Dc, was
determined from the initial decay of the autocorrelation function,
g1(t), as determined from dynamic light scattering experiments
at a fixed scattering angle of 90° according to

with the second (intensity) and first order (field) autocorrelation
functions, g2(t) and g1(t), the delay time, t, the characteristic

relaxation time, τ, and two parameters A and B that equal unity
in the case of a perfect experimental setup. Literature values of
the hydrodynamic radius, Rh, of native and denatured lysozyme
were used to calculate the theoretical self-diffusion coefficient
for each solvent composition from the Stokes-Einstein equation

with the Boltzmann constant, k, the temperature, T, and the
solvent viscosity, η. The ratio between the static structure factor,
S90, and the hydrodynamic function, H90, is then given by the
ratio between the measured collective diffusion coefficient, Dc,
and the theoretical self-diffusion coefficient, D0, according to36

2.1.2. Small Angle Neutron Scattering. Small angle neutron
scattering experiments were performed at the Institut Max von
Laue-Paul Langevin (ILL), Grenoble, France, on the D11
beamline and at the Paul Scherrer Institute, Villigen, Switzer-
land, on the SANS II beamline. At the ILL, we used circular 2
mm path length Hellma quartz cells and a thermostatted sample
holder (T ) 20 °C). Two different sample-to-detector distances
(1.2 and 8 m) and collimation lengths (5.5 and 8 m) at a fixed
wavelength of 10 Å were used to cover a q-range 0.02-0.3
Å-1. At the PSI, we used rectangular 2 mm path length Hellma
quartz cells and a thermostatted sample holder (T ) 20 °C).
Two different sample-to-detector distances (1.2 and 4 m) and
collimation lengths (3 and 4 m) at a fixed wavelength of 5.3 Å
were used to cover a q-range 0.02-0.3 Å-1. The raw spectra
were corrected for background scattering from the solvent,
sample cell, and electronic noise by conventional procedures.
The two-dimensional isotropic scattering spectra were corrected
for detector efficiency by dividing with the incoherent scattering
spectra of pure water, azimuthally averaged, and put to an
absolute scale.

2.1.3. Attenuated Total Reflection-Infrared Spectroscopy.
Infrared spectra of 7 g L-1 lysozyme solutions have been
recorded with a Bomem Hartmann and Braun MB 155 FTIR
spectrometer in attenuated total reflection (ATR) with a ZnSe
crystal in a spectral region 600-4000 cm-1 using a resolution
of 4 cm-1. The spectra presented are averages of 16 scans.

Circular Dichroism. Circular dichroism (CD) spectra were
recorded on a Jasco J-715 spectropolarimeter. Lysozyme solu-
tions of 0.04 g L-1 were scanned from 260 to 310 nm in a 1
cm quartz cell (near-ultraviolet range) using a data pitch of 0.1
nm, a scan rate of 20 nm min-1, and a bandwidth of 1 nm. The
spectra presented are averages of eight scans.

3. Results and Discussion

3.1. Protein-Protein Interactions. In aqueous DMSO solu-
tions containing e10 g L-1 lysozyme without added salt,
protein-protein interactions are dominated by long-range
electrostatic repulsion. Lysozyme is strongly charged as the pH
is far below the isoelectric point of ∼11. Light scattering and
small angle neutron scattering (SANS) experiments have been
performed to probe these protein-protein interactions directly.
We observe a significant depression of the forward scattering
intensity due to repulsive interparticle interference effects for
all DMSO volume fractions, �DMSO. Values for the structure

ΔR(θ, C) )
〈Isample〉 - 〈Isolvent〉

〈Itoluene〉 - 〈Idarkcurrent〉
R(θ)toluene

nsample
2

ntoluene
2

(1)

ΔR(θ, C) ) KC〈Mw〉 P(q) S(q) ) KC〈Mw〉 S(q) (2)

q ) 4πn
λ0

sin(θ
2) (3)

K ) 4π2n2

Navλ
4 ( dn

dC)2
(4)

g2(t) ) A + Bg1
2(t) ) A + Be-2t/τ ) A + Be-2Dcq2t

(5)

D0 ) kT
6πηRh

(6)

S90

H90
)

D0

Dc
(7)
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factor in the zero-q limit as determined from static (SLS) and
dynamic light scattering (DLS) experiments were found to be
well below 1 for all values of �DMSO (Figure 2). As will be
discussed later on in this Article, this is confirmed by the small
angle neutron scattering experiments. The static structure factor,
S90, as obtained from static light scattering and the quotient of
the static structure factor and the hydrodynamic function, S90/H90,
as obtained from dynamic light scattering are coincident up to
�DMSO ∼ 0.6, after which S90/H90 > S90. To calculate S90/H90 for
�DMSO > 0.6 from the theoretical self-diffusion coefficient, D0

based on eq 7, we assumed that the hydrodynamic radius of
DMSO-denatured lysozyme lies somewhere between the values
reported for native lysozyme (Rh ) 1.87 nm) and lysozyme
under strong denaturing conditions (2.18 e Rh e 2.75 nm).37-41

Both assumptions lead to S90/H90 > S90 for �DMSO ∼ 0.6; i.e.,
H90 < 1 indicative of repulsive hydrodynamic interactions. We
observe three distinct regimes of protein-protein interactions:
in regimes I (0 e �DMSO < 0.6) and III (0.8 < �DMSO e 1.0) the
overall interparticle repulsion (S90) increases upon increasing
�DMSO, whereas in regime II (0.6e�DMSOe0.8), protein-protein
interactions become more attractive, but remain repulsive, upon
increasing �DMSO. We tentatively attribute this complex non-
monotonous behavior to the interplay between exposure of
different amino acids due to the DMSO-induced structural
transitions and the decrease in the dielectric permittivity of the

solvent from 78.36 to 47.0 upon increasing �DMSO.42 The overall
repulsive character of the protein-protein interactions and the
low lysozyme concentrations, CLYS < 10 g L-1, explain why

Figure 2. (a) Static structure factor, S90, of 9.1-9.5 g L-1 lysozyme solutions in aqueous DMSO mixtures of 0 e �DMSO e 1 measured at a
scattering angle of 90°. A comparison between S90 obtained upon including all measured intensity values (O) and the 80% lowest intensity values
(0) is given as a measure of the reliability of the experiment. (b) Comparison between the static structure factor, S90, obtained from static light
scattering experiments and the static structure factor divided by the hydrodynamic function, S90/H90, determined from dynamic light scattering
experiments. The self-diffusion coefficient, D0, was calculated from literature values of the hydrodynamic radius, Rh of (0) the native protein for
0 e �DMSO e 1 and of (O) the native protein for 0 e �DMSO e 0.6 (Rh ) 1.87) and the denatured protein for 0.7 e �DMSO e 1.0 (Rh ∼ 2.75).37,41,43

TABLE 1: Results of an Inverse Fourier Transform Analysis of the Small Angle Neutron Scattering Curves Depicted in
Figure 4a

�DMSO CLYS/g L-1 Rg/nm I(0)/cm-1 ΔFb/1010 cm-2 νjc/cm3 g-1 M/kg mol-1 Pagg

0 28.50 1.38 ( 0.09 0.35 ( 0.01 3.29 0.712 13.3 ( 0.3 0.95 ( 0.02
0.3 27.73 1.30 ( 0.03 0.31 ( 0.01 2.96 0.714 14.9 ( 0.6 1.04 ( 0.04
0.5 27.54 1.29 ( 0.03 0.31 ( 0.01 2.74 0.715 17.9 ( 0.8 1.24 ( 0.06
0.6 27.73 1.28 ( 0.03 0.26 ( 0.01 2.62 0.720 16.1 ( 0.7 1.13 ( 0.05
0.7 9.90 1.81 ( 0.03 0.066 ( 0.00 2.10 0.730 17.1 ( 0.5 1.20 ( 0.04
0.8 9.57 2.48 ( 0.03 0.055 ( 0.00 1.99 0.734 16.2 ( 0.3 1.14 ( 0.02
0.9 9.47 2.44 ( 0.06 0.044 ( 0.01 1.88 0.711 15.7 ( 1.8 1.15 ( 0.13
1.0 9.17 2.37 ( 0.02 0.091 ( 0.00 3.32 0.705 10.8 ( 0.5 0.79 ( 0.04

a The listed values are mean values and corresponding standard deviations as determined for three different incoherent background
subtractions (see Supporting Information for more details). b The scattering length density of lysozyme is calculated in accordance with the
analysis reported in ref 54. We assume that lysozyme has 193 exchangeable protons in the folded states and 263 exchangeable protons in the
unfolded states. In all solvents but pure d6-DMSO, we assume that all hydrogens on lysozyme will have been exchanged by deuterium
(the excess of deuterium is >80-fold), such that the scattering length density of lysozyme is 3.08 × 1010 cm-2 for 0 < �DMSO < 0.6, 3.49 × 1010

cm-2 for 0.7 < �DMSO < 0.9, and 1.93 × 1010 cm-2 for �DMSO ) 1.0. Note that potential variations in protein hydration51 as a function of
solvent composition have not been taken into account. c The values for the specific volume are taken from ref 55 covering the largest range of
DMSO volume fractions. Slightly different values were reported by others for various values of �DMSO.29

Figure 3. ATR-IR spectra in the amide I region of 7 g L-1 lysozyme
solutions in D2O/d6-DMSO solutions containing 0.0 e �DMSO e 1.0 as
indicated. The arrows indicate the positions of some characteristic bands:
1684 cm-1 (turns), 1665 cm-1 (free carbonyl groups, i.e. not H-bonded to
other amino acids), 1648 cm-1 (R-helix), 1636 cm-1 (intramolecular
�-sheet), 1622 cm-1 (intermolecular �-sheet). For presentation purposes
the spectra have been shifted in the vertical direction.

4

ht
tp
://
do
c.
re
ro
.c
h



lysozyme does not aggregate even under conditions where the
protein is denatured (see also Table 1).

ATR-IR experiments on 7 g L-1 lysozyme solutions confirm
the absence of aggregation, as the ∼1621 cm-1 peak which is
commonly associated with intermolecular �-sheet formation, is
absent (Figure 3). In an upcoming paper, we will demonstrate
that the signal at 1621 cm-1 appears for 0.7 e �DMSO e 0.9 at
protein concentrations in excess of 10 g L-1, in accordance with
ref 30. We therefore conclude that the critical aggregation
concentration for 0.7 e �DMSO e 0.9 lies somewhere between
10 and 20 g L-1.

3.2. Global Structure. DMSO-induced changes in lysozyme
size and shape were investigated in SANS experiments for
lysozyme concentrations below the critical aggregation con-
centration, corresponding to CLYS ∼ 30 g L-1 for 0 e �DMSO e
0.6 and CLYS ∼ 10 g L-1 for 0.7 e �DMSO e 1.0. The scattering
profiles obtained for �DMSO e 0.6 resemble each other but

clearly differ from those obtained for higher �DMSO (Figure 4).
For �DMSO e 0.6, the scattered intensity, I(q), decays propor-
tional to q-4 in the high q-limit, whereas I(q) ∝ q-2 for �DMSO

g 0.7. As a consequence, we observe a peak in the Kratky
representations of the data for �DMSO e 0.6 and a plateau for
�DMSO g 0.7, in accordance with Porod-scattering of homoge-
neous spheres with a smooth surface and random coil polymers,
respectively (Figure 4c,d). In accordance with differential
scanning calorimetry experiments,20-23 we find that the
folding-unfolding transition occurs at �DMSO ∼ 0.7.

An inverse Fourier transform analysis (IFT) results in
somewhat unconventional pair-distance-distribution functions,
p(r)44,45 (Figure 4e,f), as lysozyme (particularly in the denatur-
ated states) does not resemble a homogeneous particle with a
smooth surface. As a consequence, we find that p(r) * 0 at r )
0. In the Supporting Information, we demonstrate that this
condition can only be fulfilled by oversubtraction of the

Figure 4. Small angle neutron scattering profiles (I(q) versus q), Kratky representations (I(q) ·q2 versus q), and pair-distance-distribution functions
(p(r)) for (a, c, e) 30 g L-1 lysozyme solutions at �DMSO e 0.6 and (b, d, f) 10 g L-1 lysozyme solutions at �DMSO g 0.7. Note that in parts e and
f, the pair-distance-distribution functions have been normalized to a total area of 1; i.e., the curves should superimpose in case particle shape and
structure are independent of �DMSO.
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background. We also demonstrate that the Kratky representations
are highly sensitive to the background subtraction (see Sup-
porting Information), while the gyration radii and zero-q
intensity values are not (Table 1). The radii of gyration, Rg,44

were extracted through an IFT analysis according to

The values have been listed in Table 1 along with the
molecular weight of scatters that can be determined from the
data (as they have been put to absolute scale),46 according to

with the molecular weight, MSANS, the forward scattering
intensity at q ) 0, I(0)/cm-1, the concentration, c/g cm-3,
Avogadro’s number, Nav, and the scattering length density
difference per mass, ΔFM/cm g-1, being

with the scattering length density difference, ΔF/ cm-2, and the
specific volume of the scatterer in solution, νj/cm3 g-1. The
results confirm the absence of any significant amount of particle
aggregation, as the values of the molecular weight and aggrega-
tion numbers (determined from MSANS/MLZ with MLZ ) 14 300
g mol-1) correspond to those for single protein macromolecules.
The fluctuations in MSANS/MLZ (up to 20%) reflect uncertainties
in the calculation of the scattering length density, ΔF, due to
uncertainties in the amount of exchangeable protons, water
impurities in the hygroscopic solvent d6-DMSO, and the protein
specific volume. For �DMSO e 0.6, we obtain radii of gyration
that are in excellent agreement with those reported by others32,47-51

and the value of Rg ) 1.4 nm as calculated from the crystal
structure,47 while for �DMSO g 0.8 the values nicely correspond
to those reported for lysozyme under a variety of experimental
conditions leading to protein unfolding.32,37,50-53 Note that the
radius of gyration for the ideal random coil state is expected to
be >3.5 nm, i.e., far larger than the values observed here.51

From the above, it becomes clear that, apparently, we cannot
distinguish between the “unfolded” (0.7 < �DMSO < 0.8) and
“partially collapsed” (0.9 < �DMSO < 1.0) regimes based on the
overall particle shape (Figure 4), but we can do so based on
the particle-particle interactions and gyration radii (Figure 5).
In the unfolded regime, the interparticle interactions are least
repulsive as it corresponds to maximum solvent exposure of
the (majority of) amino acids inducing additional attraction
between proteins as compared to the folded and partially
collapsed regime. At the same time, we observe a large increase
in the radius of gyration upon unfolding and a small, but
noticeable, decrease of the radius of gyration in the partially
collapsed regime. Note that the protein is more swollen in the
partially collapsed regime than in the folded regime and larger
than would be expected for a synthetic polymer in poor solvent
conditions. Tentatively, we attribute this finding to conforma-
tional restrictions imposed by the four intact disulfide bonds,
which serve to stabilize the native structure and prevent a full
DMSO-induced structural reconfiguration. Moreover, we note

that a protein is a heteropolymer consisting of many different
monomers (amino acids) and not a homopolymer which consists
of one type of monomer, such that some amino acids, typically
abundant close to the protein’s surface, are in good solvent
conditions and some are in bad solvent conditions.

3.3. Local Structure. 3.3.1. Tertiary Structure. Having
established that, at ambient temperatures, lysozyme is predomi-
nantly present in a folded state for �DMSO e 0.6, while it is
predominantly unfolded for higher values of �DMSO, we turn
our attention to some spectroscopic experiments that probe the
local environment of specific residues, such as tryptophan (Trp).
The characteristic tertiary structure of lysozyme in aqueous
DMSO mixtures can be monitored with near-UV circular
dichroism (CD) experiments (Figure 6).27,28 The spectra at
DMSO volume fractions up to �DMSO ) 0.6 resemble each other,
while they are clearly different from the spectra for �DMSO g
0.7. If we monitor the CD signal at a fixed wavelength as a
function of �DMSO, we see that the signal is enhanced up to
�DMSO ∼ 0.6, while it strongly decreases and eventually
disappears at higher DMSO volume fractions. The environment
of the tryptophan residues in lysozyme compacts up to �DMSO

) 0.6, which results in enhanced stability with respect to thermal
denaturation up to �DMSO ) 0.4,22 while the protein remains
predominantly folded at ambient temperatures. When the
characteristic tertiary structure is completely lost (�DMSO > 0.7),
the protein is either in an “unfolded” (regime II) or “partially
collapsed” (regime III) conformation having a larger Rg than
the folded conformation (regime I). The observed compaction
at low �DMSO may seem unexpected in light of the propensity
of DMSO to break intramolecular H-bonds that are essential
for the protein’s secondary and tertiary structure. However, one
has to realize that DMSO acts in a number of different ways
and, more importantly, that its effect may be heterogeneous
within the protein: while some regions compact, others may
become more flexible. Indeed, a reduction in the chemical shift
dispersion in nuclear magnetic resonance (NMR) spectra of
lysozyme in �DMSO ) 0.5, 0.8, 0.9, and 1.0 indicates that several
regions in the protein are more flexible as compared to that of
the protein in �DMSO ) 0.1,27,28 We might speculate that DMSO
does not unfold lysozyme, even though many H-bonds may be
broken and some parts of the macromolecule are more flexible,
until the stability of the region around the buried tryptophan
residues is compromised. The UV-vis experiments of Hamagu-
chi et al. support this idea. At the folding-unfolding transition
corresponding to �DMSO ∼ 0.7, the refractive index of the

Rg
2 ) 1

2

∫0

Dmax p(r) r2 dr

∫0

Dmax p(r) dr
(8)

MSANS ) I(0)
Nav

cΔFM
2

(9)

ΔFM ) ΔFν̄ (10)

Figure 5. (0) Static structure factor, S90, of 9.1-9.5 g L-1 and (O)
gyration radius, Rg, of 9.2-28.5 g L-1 lysozyme in aqueous DMSO
mixtures at 0 e �DMSO e 1 as determined from static light scattering
and small angle neutron scattering experiments (see also Figure 2 and
Table 1).

6

ht
tp
://
do
c.
re
ro
.c
h



lysozyme interior surrounding the buried tryptophan residues
was found to be close to that of the binary solvent mixture;
i.e., ninterior ∼ n0.7 ) 1.440.29 Thus, the solvent environment has
become similar to that of the protein’s interior at �DMSO ∼ 0.7,
such that there is no enthalpic gain associated with burying
residues deep within the protein and, if sufficient H-bonds are
broken, the protein will unfold due to entropic reasons.29

3.3.2. Secondary Structure. In the above, we have docu-
mented a tendency toward unfolding upon increasing DMSO
volume fraction which has to be accompanied by a sufficient
decrease in the number of intramolecular H-bonds between side
groups responsible for the protein’s tertiary structure. Intramo-
lecular H-bonds between backbone elements are connected to
the secondary structural elements such as R-helices, �-sheets,
and turns. If likewise broken, we should observe a decrease in
these characteristic structural elements and an increase in the
percentage of “random coil”-type features upon increasing
DMSO volume fraction.

Areas et al. have employed Raman spectroscopy to investigate
the secondary structure of lysozyme in 72 g L-1 aqueous DMSO
mixtures (well above the critical aggregation concentration for
�DMSO ) 0.75 and 0.9) in a quantitative manner.1 The results
show a nearly constant percentage of H-bond mediated second-
ary structural elements (70-75%) up to �DMSO ) 0.75, while
their relative abundance is strongly �DMSO dependent: the R-helix
content decreases and the �-sheet content increases toward
�DMSO ) 0.75. At higher volume fractions, the summed R-helix
and �-sheet content decreases, while peak positions deviate from
orthodox assignments: only “loose” or “molten” secondary
structural elements can be observed as more and more H-bonds
between backbone amino acid residues break. Fourier transform
infrared spectroscopy yields similar results (see for example
Figure 3 and ref 30). Obviously, the macromolecule loses a
significant amount of its globular, compact character at high
DMSO volume fractions and exhibits random coil statistics
(Figures 4), but it is not fully unstructured: some secondary
structural elements are retained. Recent experimental works as
well as MD simulations on other protein systems have also
provided some evidence for the persistence of secondary
structural elements in the denatured state.51,56-60 Apparently, the
tertiary structure is lost well before all (nonorthodox) secondary
structure is lost.

4. Conclusions

We have investigated the size, shape, structure, and interac-
tions of the globular protein lysozyme in the ternary system
lysozyme/DMSO/water at low protein concentrations where
aggregation is suppressed due to overall repulsive interactions.
Three structural regimes have been identified: the “folded” (0
< �DMSO < 0.7), “unfolded” (0.7 e �DMSO < 0.9), and “partially
collapsed” (0.9e �DMSO < 1.0) regimes, respectively. Lysozyme
adopts an overall folded state with an average radius of gyration
of 1.3 ( 0.1 nm for �DMSO < 0.6, and unfolds into a particle
with an average Rg of 2.4 ( 0.1 nm for �DMSO > 0.7. This drastic
change in the protein’s size, shape, and tertiary structure is
preceded by a compaction of the local environment of the
tryptophan residues and accompanied by a large increase in the
protein’s overall flexibility. In terms of secondary structure, there
is a gradual loss of R-helix and concomitant increase of �-sheet
structural elements toward �DMSO ) 0.7, while an increase in
�DMSO beyond this point finally reduces the amount of secondary
structural elements. Still, the protein does not adopt a fully
random coil structure: some secondary structural elements
remain in the unfolded state when the characteristic tertiary
structure has already been lost. We have attempted to relate
these structural changes to the important physical mechanisms
that come into play: the solvent microstructure is strongly
dependent on the DMSO volume fraction, DMSO acts as strong
H-bond acceptor, and DMSO is a bad solvent for the protein
backbone and a number of relatively polar side groups, but a
good solvent for relatively apolar side groups, such as tryptophan.

Establishing a detailed understanding of the structural changes
that lysozyme undergoes upon increasing �DMSO in the ternary
system lysozyme/DMSO/water is an essential first step in our
attempt to understand the physical nature of the sol-gel
transition in these systems at higher lysozyme volume fractions.2

The conformational transitions observed at lower volume
fractions give rise to a complicated nonmonotonous dependence
of protein-protein interactions upon increasing �DMSO, which
plays a decisive role in the sol-gel transition, possibly resulting
in a dependence of the gel microstructure on �DMSO. Eventually,
we hope that our insights will reveal pathways to the formation
of active gels (that is, fractal gels or glasses of globular lysozyme
macromolecules with an intact catalytic cavity such that its
enzymatic activity is preserved) and high quality diffraction
crystals of (partially) unfolded lysozyme in order to study the

Figure 6. (a) CD spectra obtained from near-UV circular dichroism experiments on 0.04 g L-1 (3 μM) lysozyme in aqueous DMSO mixtures of
0 < �DMSO < 1.0. (b) The CD signal at λ ) 291 nm as a function of �DMSO.

7

ht
tp
://
do
c.
re
ro
.c
h



folding-unfolding transition in detail. Although the universality
of the results for other proteins and organic solvents remains
to be proven, we would like to note that several other ternary
systems display similar features (see for examples refs 31-33).
We hope that our understanding of this particular system can
serve as a basis for a detailed understanding of conformational
changes in a great number of other protein/organic solvent/water
systems. We would like to stress the implications for the use
of DMSO in biomedical applications, which should be limited
to very small dosages and certainly accompanied by appropriate
toxicity assays. Finally, we would like to point out that the
addition of an organic solvent to a protein solution can, in some
cases, be an efficient way of shifting the balance between
conformational states such that the link between protein structure
and aggregation/gelation may be studied. This approach may
be fruitful in studies of, for example, the potential existence of
aggregation prone conformational states, which could provide
valuable information in the fields of medicine and food science.
In the former, there may be a need to prevent oligomerization
and fibrillation events which are associated with a number of
neurodegenerative diseases, whereas in food science there exists
a desire to control the number and structure of aggregates to
achieve a solid phase, such as a gel, with desired properties in
terms of texture, stiffness, and transparency. Future work, in
particular single molecule studies and molecular dynamic
simulations with explicit solvent, might address the presumed
structural heterogeneity of the various (un)folded states.
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