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Can a Charged Surfactant Unfold an Uncharged
Protein?
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ABSTRACT Does sodium dodecyl sulfate (SDS) denature proteins through electrostatic SDS-protein interactions? We show
that a protein completely lacking charged side chains is unfolded by SDS in a manner similar to charged proteins, revealing that
formal protein charges are not required for SDS-induced protein unfolding or binding.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) owes its huge success as an analytical tool in
protein science to SDS’s ability to denature proteins (1).
Early crystallographic studies with monomeric SDS high-
lighted electrostatic interactions between the sulfate
headgroup and cationic protein side chains as well as hydro-
phobic interactions between the alkyl chains and protein (2).
The relative importance of these two driving forces remains
controversial (3,4). Increasing chain length increases both
surfactant self-association and the tendency to denature pro-
teins (5–7). In contrast, nonionic surfactants largely do not
interact with globular proteins (8,9) and maintain the folded
state ofmembrane proteins (10,11). This highlights the dena-
turing role of SDS’s charged headgroup.

Ubiquitin-SDS studies (4) showed that positive protein
residues were important for the interaction, not by acting
as specific SDS binding partners but rather by providing a
positive electrostatic potential to patches of the protein sur-
face, promoting initial binding of SDS to predominantly
hydrophobic amino acids in these regions. Neutralizing
some of the positive charges in ubiquitin by acetylation
slightly alters the amount of bound SDS before and after
the unfolding of the protein but otherwise does not affect un-
folding. Acetylating Lys residues in bovine carbonic anhy-
drase made the protein highly negative and dramatically
increased SDS-induced unfolding half-lives from minutes
to days (12), emphasizing the importance of charges on
the kinetics in SDS unfolding.

A more radical approach to studying electrostatics in SDS
denaturation is to entirely remove all charges from the pro-
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tein, removing both attractive and repulsive electrostatic
interactions between the protein and SDS. We recently
developed a chargeless protein completely lacking ionizable
side chains (13). We used the all-b 110-residue cellulose-
binding domain (EXG:CBM) of a Cellulomonas fimi
xylanase, which, in the wild-type state, only had 1 Lys, 1
Asp, 1 Arg, and 1 His, giving a total positive charge of
1–2 at a neutral pH. These charged side chains are replaced
by neutral residues in the mutant EXG:CBMQQQW (i.e., mu-
tations K28Q, D36Q, R68Q, and H90W), strongly diminish-
ing the electrostatic surface potential. By comparing SDS
denaturation of wild-type EXG:CBM and EXG:CBMQQQW,
we identify charge-dependent steps of the SDS-induced
unfolding mechanism.

We monitored Trp fluorescence and far-ultraviolet circu-
lar dichroism (CD) signals for both EXG:CBM variants as a
function of [SDS] (Fig. 1). Wild-type EXG:CBM has 5 Trp
residues (positions 12, 17, 38, 54, and 72), of which Trp17,
Trp54, and Trp72 are structured, aligned, and surface
exposed, making up the cellulose-binding site, whereas
Trp 12 and 38 are buried in the hydrophobic core. Trp12
is packed against Phe42, Phe44, Phe86, and Phe100,
whereas Trp38 is flanked by several smaller nonaromatic
residues (Val27, Val35, Leu40, Asn69, and Leu102). The
mutant EXG:CBMQQQW contains an extra Trp residue at
position 90, required to maintain stability when substituting
His90 (13). Apart from minor effects of the extra buried Trp
in EXG:CBMQQQW (we see a small reduction in overall Trp
fluorescence in the native state but not in the SDS-denatured
state, which may be caused by quenching due to residue 90’s
spatial proximity to Trp12 or Trp38 in the crystal structure),
the two variants follow the same pattern. Between 0 and
1.6 mM SDS, the fluorescence increases, followed by a
drop between 2 and 4 mM, and finally a stable signal
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FIGURE 1 Equilibrium fluorescence (A) and circular dichroism (CD) (B) as functions of [SDS]. (A) Samples were excited at 280 nm,

and emission was measured at 360 nm. The right axis shows the 330:360 nm ratio. The inset shows the emission spectra at 0 and

10 mM SDS. (B) The CD signal at 200 nm in which the difference in ellipticity between the native and SDS-denatured state is greatest.

The inset shows the far-ultraviolet CD spectrum of EXG:CBMQQQW in 0 and 10 mM SDS.

FIGURE 2 Titration of SDS into EXG:CBM and EXG:CBMQQQW

followedby ITC. (A) Enthalpograms from1mg/mLproteinsamples

(B) Peak positions (numbered as inA) as functions of [EXG:CBM]

fitted to Eq. 1 (in the Supporting Materials and Methods).
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from 4 mM onward is obtained, coinciding with the onset of
micelle formation (the critical micelle concentration (cmc)
of SDS under these conditions is�4 mM). During the initial
increase in intensity, we also observed a red shift in the fluo-
rescence emission maximum (confer the 330:360 nm ratio;
Fig. 1 A). By CD (Fig. 1 B); a baseline at 0–1 mM SDS is
followed by a rapid change between 1 and 2 mM and a
slower change from 2 to�4 mM SDS, after which the signal
remains stable. The large CD spectral change (Fig. 1 B,
inset) indicates conversion from mainly b-sheet to mainly
a-helix in the SDS-EXG complex.

Thus, fluorescence and CD both indicate a major change
in protein conformation between 1 and 2 mM, with minor
additional changes between 2 and 4 mM. Despite the low
number of charged residues in EXG:CBM and only the
N- and C-termini of EXG:CBMQQQW, SDS remains a strong
protein denaturant.

To investigate how a lack of charge affected SDS binding,
we turned to isothermal calorimetry (ITC). Heat flow from
a titration of SDS into protein solutions often reveals
additional spectroscopically invisible protein-surfactant
interaction phases. Further, varying [protein] provides the
SDS/protein stoichiometry at each phase in the titration
(8,14).

Remarkably, EXG:CBM and EXG:CBMQQQW showed
nearly identical, complex titration behaviors with four
distinctive peaks (two maxima and two minima) below or
at the cmc (Fig. 2 A). There are minor variations in the
magnitude of the enthalpic signal; this may be related to
the removal of the charged side chains. The last three tran-
sitions depended linearly on [protein]; the amplitude but not
the position of the first peak was influenced by [protein]
(Fig. 2 B). The calculated number of bound SDS molecules
at each step did not differ significantly between the two
EXG variants (Table 1). At saturation (peak no. 4 in the ther-
mograms), both EXG variants bound �1.1 g SDS per gram
of protein, only slightly lower than the �1.4 g/g seen for
2082 Biophysical Journal 115, 2081–2086, December 4, 2018
most globular proteins (15,16). Other b-sheet proteins also
bind a lower amount of SDS (�1.2 g/g) (8), and the presence
of a disulfide bond in EXG:CBM could further restrict



TABLE 1 Binding Stoichiometry at the Four ITC Peaks

Protein No. Transition Peak [SDS]aq (mM)a No. Bound SDSa

EXG:CBM 1 1.4 –

2 2.1 5 0.2 14.6 5 2.0

3 3.0 5 0.1 28.4 5 1.5

4 4.04 5 0.02 42.1 5 0.2

EXG:CBMQQQW 1 1.1 –

2 2.4 5 0.2 12.0 5 2.5

3 3.0 5 0.2 25.6 5 2.0

4 4.0 5 0.2 42.8 5 2.4

aParameters from fitting to Eq. 1 (in the Supporting Materials and

Methods).
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complete exposure of the polypeptide chain to SDS micelles
in the unfolded state.

Although removal of positive charges from EXG:CBM to
EXG:CBMQQQW did not affect the stoichiometry and num-
ber of steps in the protein-surfactant interaction, it could alter
denaturation kinetics. Kinetic measurements (Fig. 3) were
made using stopped-flow fluorescence (<2.5 mM SDS)
and manual-mixing CD spectroscopy (>2.5 mM SDS).

The mutant showed similar kinetics with two distinctive
unfolding modes. Up to �3 mM SDS, kinetics are slow
and show a linear relationship between log (kunf) and
[SDS]. Above the cmc, kinetics are faster but decrease
with [SDS], suggesting inhibition by micellar SDS, as
observed for other proteins (8,17). The slow rate constants
are comparable to the conventionally charged protein S6
unfolded at pH 8 (at which S6 has a small negative net
charge) (18) and the b-sheet proteins TII27 and TNfn3 (8).

To investigate the structure of the protein-SDS com-
plexes, we recorded small angle X-ray scattering (SAXS)
data for both proteins alone and at [SDS] corresponding to
the four ITC peak positions, which reflect characteristic
transitions in the binding of SDS to protein (19,20).
FIGURE 3 Rate constants of unfolding in SDS obtained from

kinetic studies with EXG:CBM and EXG:CBMQQQW. Kinetics

below 2.5 mM SDS were measured with CD, and kinetics from

2.5 mM SDS and up were measured with stopped-flow fluores-

cence. The inset shows a zoom-in of the pre-cmc region. The

cmc of SDS in our buffer system is �4mM.
SDS-free data could not be fitted with the EXG NMR
monomer structure alone (21). Using an unspecific dimer-
ization structure factor in the modeling, we obtained good
fits, which yielded aggregation factors of 1.64 and 1.45
for EXG:CBM and EXG:CBMQQQW, respectively, indi-
cating a certain level of dimerization. For more specific
analysis, we generated specific dimer Protein Data Bank
(PDB) files from the monomer PDB file and fitted a linear
combination of the monomer and dimer to the SAXS data.
For wild-type EXG:CBM, a very good fit was obtained us-
ing 27.5% monomer and 72.5% dimer (Fig. 4). Sedimenta-
tion equilibrium experiments have previously shown that
40% of EXG:CBM is a dimer at 1.1 mg/mL (21), consistent
with most of the protein being in the dimer form at the
2 mg/mL used in the SAXS experiment. EXG:CBMQQQW

did not fit well as a linear combination of monomer and
any of the specific dimers we managed to generate, despite
being well fitted by the unspecific dimer model.

SAXS data of the two EXG:CBM proteins corresponding
to the first ITC peak fitted almost equally well to a model of
two EXG:CBM proteins bridged by 4.37 and 6.60 SDS mol-
ecules for EXG:CBM and EXG:CBMQQQW, respectively
(Fig. 4). Fitting to a more conventional model of protein-
decorated SDS micelles (9,22) was unsuccessful for both
SDS-protein complexes at peak no. 1, whereas spectra
recorded at [SDS] corresponding to ITC binding peak
positions no. 2–4 fitted very well (Fig. 4; c2 values: 1.87–
3.94). This model provides the aggregation number for
SDS in the micelle (Nagg), the amount of protein per com-
plex (MProt), and the ellipticity parameter ε (ε ¼ 1 is a
sphere, ε < 1 is an oblate ellipse, and ε > 1 is a prolate
ellipse; Table 2). Binding point no. 2 gave an oblate micelle,
whereas binding points no. 3–4 gave prolate micelles.
Unsurprisingly, higher [SDS] increased Nagg, with very
similar values for EXG:CBM and EXG:CBMQQQW; these
values were comparable to, although slightly larger than,
the binding numbers derived from ITC. We calculated that
the number of protein molecules per complex decreased
from �1.8 to �1.2 as [SDS] increased. Thus, at lower
[SDS], a larger proportion of complexes contains at least
two protein molecules.

In summary, at sufficiently high SDS stoichiometry,
EXG:CBM forms the same conventional core-shell complex
as other (charged) proteins; thus, charge is not essential to
guide SDS-protein interactions leading to this structure. At
low stoichiometry, EXG:CBM has a propensity to form di-
mers. SDS is known to induce dimers of ACBP (Acyl CoA
Binding Protein) (20) and higher-order complexes with
a-synuclein (19) and other proteins, and for EXG:CBM,
this occurs through shared small SDS aggregates. The role
of SDS in providing a ‘‘bridging’’ structure between two sepa-
rate protein molecules at low SDS stoichiometry is novel, but
it could be related to the tendency of EXG:CBM to form di-
mers also in the absence of SDS. The number of SDS mole-
cules involved is too small to form a micelle, so SDS might
Biophysical Journal 115, 2081–2086, December 4, 2018 2083



FIGURE 4 (A) SAXS data of SDS-free EXG:CBMfitted to the indicatedmodels. (B) The structure of the specific dimermodel. (C) SAXS

data of EXG:CBM at the first ITC peak fitted to the SDS bridged model, shown in (D) for EXG:CBM (left) and EXG:CBMQQQW (right),.

Green: protein, yellow: surfactant alkyl chains, red: surfactant headgroups. (E) A schematic presentation of the core-shell model used

for fitting the data in (F) and (G). The hydrocarbon core is shown in yellow, and the shell with headgroups and protein is shown in

checkered red/green and green. (F and G) SAXS data corresponding to peaks no. 2–4 fitted by the core-shell model with the resulting

parameters shown in Table 2 Green points in (G) were omitted in the fitting. To see this figure in color, go online.
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connect hydrophobic regions of the protein (the SAXS struc-
ture is too low resolution to provide details on this).

Altogether, we only found minor differences between
the SDS-induced unfolding of EXG:CBM and the
EXG:CBMQQQW. This suggests that the few formal charges
that distinguish the two proteins do not have any major
impact on the unfolding mechanism in SDS. This could
reflect that the electrostatic surface potential is not affected
to a great extent by this difference or that charges simply do
2084 Biophysical Journal 115, 2081–2086, December 4, 2018
not play a big part in the unfolding after all. The latter is sup-
ported by the fact that SDS does unfold EXG:CBMQQQW,
even well below the cmc. Further, the results from
EXG:CBMQQQW do not deviate considerably from previous
results for many other more highly charged proteins, ques-
tioning electrostatics’ role in direct interactions between
protein and SDS.

Nevertheless, the anionic headgroup is obviously still
needed for denaturation because its replacement by nonionic



TABLE 2 Parameters from Protein-SDS Core-Shell Model Fitting of ITC Peaks No. 2–4

ITC Peak

EXG:CBM EXG:CBMQQQW

No. 2 No. 3 No. 4 No. 2 No. 3 No. 4

Dhead (Å)
a 9.24 5 0.07 7.16 5 0.05 6.82 5 0.05 8.66 5 0.09 9.62 v 0.04 6.28 5 0.14

Rcore (Å)
a 16.78 5 0.14 12.09 5 0.06 13.02 5 0.05 19.08 5 0.18 12.24 5 0.07 12.92 5 0.09

ε
b 0.40 5 0.01 1.88 5 0.03 1.79 5 0.03 0.25 5 0.01 1.56 5 0.03 1.92 5 0.06

Nagg
b 22.4 39.5 47.0 20.5 35.0 49.2

MProt (kDa)
b 18.6 16.8 13.4 20.5 16.2 14.1

No. protein/complex 1.7 1.5 1.2 1.8 1.5 1.3

c2 3.07 3.11 2.41 2.56 1.87 3.94

aRcore is the radius of the micelle, whereas Dhead is the thickness of the layer around it in the core-shell model, which includes headgroup and protein.
bEllipticity parameter, aggregation number, and amount of protein per micelle, as described in the text.
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groups such as sugars completely removes denaturation po-
tency as well as strongly reducing binding to the protein.
These two observations may be reconciled by a simple model
in which hydrophobic interactions allow SDS to bind
strongly to the protein, whereas repulsion between the sulfate
headgroups requires the protein to expand by denaturation.
Also, the SDS headgroup is sterically small compared to
that of nonionic surfactants, giving the protein easier access
to SDS micelles’ amphiphilic interface between core and
headgroup shell. This interface might denature the protein.
In nonionic micelles, this access is screened by the larger
headgroups. Another effect of the negatively charged head-
group of SDS could be to keep the SDS from forming
micelles, increasing the cmc and making monomeric surfac-
tants available for protein interactions. This is in line with
the recent findings that SDS-denatured proteins can refold
when nonionic surfactants are added to the mixture (9),
implying that nonionic surfactants outcompete proteins in
binding to SDS.
SUPPORTING MATERIAL

Supporting Materials and Methods are available at http://www.biophysj.

org/biophysj/supplemental/S0006-3495(18)31211-6.
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