
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/2
/2

02
6 

12
:3

7:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
An integrative to
aFood Technology, Engineering and Nutrition

Sweden. E-mail: adrian.sanchez-fernandez@
bSARomics Biostructures AB, Medicon Villag
cEuropean Spallation Source, Box 176, 221
dISIS Neutron and Muon Source, Science and

Appleton Laboratory, Didcot, OX11 0QX, UK
eInstitut Laue-Langevin, 71 Avenue des Mart
fEnzaBiotech AB, Scheelevägen 22, 223 63 L
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The interactions between protein and surfactants play an important role in the stability and performance of

formulated products. Due to the high complexity of such interactions, multi-technique approaches are

required to study these systems. Here, an integrative approach is used to investigate the various

interactions in a model system composed of human growth hormone and sodium dodecyl sulfate.

Contrast variation small-angle neutron scattering was used to obtain information on the structure of the

protein, surfactant aggregates and surfactant–protein complexes. 1H and 1H–13C HSQC nuclear

magnetic resonance spectroscopy was employed to probe the local structure and dynamics of specific

amino acids upon surfactant addition. Through the combination of these advanced methods with

fluorescence spectroscopy, circular dichroism and isothermal titration calorimetry, it was possible to

identify the interaction mechanisms between the surfactant and the protein in the pre- and post-

micellar regimes, and interconnect the results from different techniques. As such, the protein was

revealed to evolve from a partially unfolded conformation at low SDS concentration to a molten globule

at intermediate concentrations, where the protein conformation and local dynamics of hydrophobic

amino acids are partially affected compared to the native state. At higher surfactant concentrations the

local structure of the protein appears disrupted, and a decorated micelle structure is observed, where

the protein is wrapped around a surfactant assembly. Importantly, this integrative approach allows for

the identification of the characteristic fingerprints of complex transitions as seen by each technique, and

establishes a methodology for an in-detail study of surfactant–protein systems.
Introduction

The interaction of proteins and surfactants in solution plays an
essential role in a manifold of formulated products. It has been
shown, for example, that the addition of surfactants is common
practice in preparation of liquid pharmaceutical formulations,
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where the amphiphiles, generally polysorbates, are added in
order to increase the stability and shelf-life of drug products.1–3

Due to this amphiphilic character, surfactant micelles and lipid
bilayers are also able to stabilize otherwise insoluble proteins in
aqueous solution by providing a membrane-like environment
for the proteins.4 Furthermore, the combination of protein and
surfactants in detergents provides a synergistic effect that
enhances the detergency performance compared to that of
surfactant-only systems.5 Other applications where surfactant–
protein interactions are of great relevance include sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
for the separation of biological macromolecules, drug delivery,
and preservation of formulated food and cosmetic products.6,7

Due to the fundamental and applied importance of these
interactions, researchers have been investigating surfactant–
protein systems for almost a century,8 and still nowadays
signicant scientic activity is performed in the eld.

Due to the complexity of the self-assembly behaviour and the
formation of hybrid structures in surfactant–protein systems, the
underlying phenomena of these interactions appear rather
complicated and a general theory is still missing.2,3,9 It is widely
accepted that ionic surfactants, such as sodium dodecyl sulfate
Nanoscale Adv., 2020, 2, 4011–4023 | 4011
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Fig. 1 Characterisation of the structural transition points using fluo-
rescence spectroscopy. (a) Spectral centre of mass of the Trp emission
of 14.9 mM hGH at different protein/SDS ratios. The inset shows the
spectrum of 16 (blue) and 344 (red) SDS molecules per hGH. (b) The
ratio of I3/I1 from the emission spectra of pyrene with different
concentrations of SDS in the absence (green circles) and presence
(black crosses) of 10.3 mM hGH at different surfactant concentrations.
The black dashed lines are added as guides, where the intersection
corresponds to the aggregation concentration, CMC or CAC.
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(SDS), interact with proteins even at concentrations below the
critical micelle concentration (CMC). These interactions arise
from a synergistic contribution from the electrostatic attraction of
the surfactant headgroup with oppositely charged protein resi-
dues combined with the hydrophobic forces around the protein
hydrophobic domains.10 The adsorption of charged surfactant at
low concentrations results in an alteration in the local charges of
the protein, resulting in conformational and dynamic changes in
the protein backbone. In contrast, non-ionic surfactants, e.g.
dodecylmaltoside, show weaker interactions than ionic surfac-
tants at equivalent surfactant-to-protein ratios, as in the absence
of the electrostatic contribution the driving forces will be limited
to hydrophobic and hydrogen bond interactions.11 Although
binding at low surfactant concentration was also reported for
non-ionics, these interactions are weak and were shown to not
prompt signicant changes in the protein structure. In this case,
only minor changes in the protein structure are observed above
the CMC, indicative of different mechanisms between charged
and uncharged surfactants.2,11,12 The variety of interactions
between proteins and surfactants oen leads to diverse under-
lying changes – these may occur in parallel and sequential
manners, alter the association–dissociation equilibria of the
protein, involve electrostatic and/or hydrophobic forces, and
result in the presence of coexistent structures in the colloidal
domain (surfactant monomers, micelles, free proteins and
surfactant–protein complexes).

The interaction between proteins and surfactants is there-
fore of inherent high complexity. As such, the study of these
systems requires a systematic approach which oen involves
several techniques. Traditionally, analytical approaches
combined spectroscopy, calorimetry and electrophoresis to
study the binding between surfactant and protein, and the
concomitant effects on the structure of proteins.3,9 Studies on
kinetics of unfolding have been also shown to provide valuable
information on the complexation mechanisms, especially above
the surfactant CMC, where steady-state techniques provide
limited information due to the micelle contribution to the
signal.3,13 Scattering techniques, such as dynamic light scat-
tering and small-angle scattering, have been used to prove the
size and structure of protein surfactant complexes.10,14,15

Although the knowledge gathered through these techniques has
greatly helped to understand interaction mechanisms from
a structural perspective, the strong contribution from the
surfactant monomers and micelles to the scattering oen limits
the information gained on the conformational state of the
protein and complicates the elaboration of detailed structural
models. Contrast variation in small-angle neutron scattering
(SANS) has been used to determine structures of surfactant–
protein complexes, showing that this approach can assess
specic changes in protein conformation.16–19 Finally, compu-
tational simulations provide detailed information on the
atomistic driving forces of these interactions, and complement
the characterisation performed using experimental
approaches.20,21

Somewhat surprisingly, advanced characterisation technol-
ogies (e.g. SANS) are rarely combined with lab-scale methods in
properly integrated studies. Here a novel approach that
4012 | Nanoscale Adv., 2020, 2, 4011–4023
combines advanced characterisation technologies – contrast
variation SANS and protein nuclear magnetic resonance
(NMR) spectroscopy – with routine methods – uorescence
spectroscopy (FS), circular dichroism spectroscopy (CD) and
isothermal titration calorimetry (ITC) – to present a broad and
interconnected characterisation of surfactant–protein interac-
tions is presented. In particular, this methodology accesses
information on the protein structure and local dynamics upon
the addition of different amounts of surfactant. The system
investigated comprised human growth hormone (hGH) and
SDS. hGH is an important therapeutic protein yet prone to rapid
denaturation and irreversible aggregation through interfacial
stress.22,23 In combination with SDS, this protein shows various
stages of interaction at different surfactant concentration. This
opens the possibility to explore the various driving forces that
promote the interaction between proteins and amphiphiles, as
well as the impact on protein structure. Initially, the surfactant–
protein system was characterised using in-house methodolo-
gies. The investigation continued with the advanced charac-
terisation of the system using protein NMR and contrast
variation SANS. Importantly, the outcome of this study estab-
lishes a new integrative approach to study these systems and
links the results from in-house, lab-scale methods to those
obtained from advanced characterisation techniques.
Results and discussion
Characterisation of structural transition points

To determine the response of the protein to the addition of SDS,
different techniques were combined. hGH is a small, globular
protein, constituted by four antiparallel a-helices.24 The protein
contains a single tryptophan (Trp) residue, which is embedded
in the hydrophobic core of the protein in its native conforma-
tion. Therefore, the intrinsic uorescence from this Trp residue
is an adequate probe to track changes in the environment of the
protein core. Fig. 1a shows the evolution of the spectral centre
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Results from the ITC characterisation. (a) Enthalpograms for the
titration of hGH with SDS at 22 �C. Data is shown for the titration of 37
mM hGHwith 60 mM SDS in buffered H2O (red circles) and 39 mM hGH
with 60 mM d-SDS in buffered D2O (blue triangles). The data for the
titration of SDS into the buffer (black crosses) is presented for
comparison. (b) Fits of the transition points observed in the ITC results
at different protein concentrations: (crosses) i, (upward triangles) ii,
(squares) iii, (downward triangles) iv, and (circles) v.

Table 1 Number of SDS molecules bound to hGH and concentration
of unbound SDS at each stage as indicated in the enthalpogram. The
total concentration of SDS for the 50 mM hGH system is included for
reference

Transition Nagg [SDS]unbound/mM SDS/hGH50mM

i 6 � 1 0.51 � 0.04 17
ii 23 � 1 0.81 � 0.15 40
iii 32 � 2 1.3 � 0.3 58
iv 61 � 2 4.1 � 0.3 148
v 61 � 5 5.4 � 0.5 170
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of mass (CM) of the uorescence from hGH upon addition of
SDS.

The emission spectrum of the pure protein has an emission
maximum (lmax) at �338 nm, which correlates to the Trp
residue being partially or totally embedded in a hydrophobic
environment.25 Upon addition of surfactant, different stages
can be identied corresponding to changes in the CM. Firstly,
a gradual change in the CM upon addition of surfactant to ca. 38
surfactant-to-protein ratio is observed. Increasing the surfac-
tant concentration beyond this value leads to a rapid increase in
the CM, which correlates to the decreased emission intensity.
Finally, beyond ca. 125 SDS/hGH ratio, the trend in the CM
plateaus, where further addition of surfactant hardly changes
the uorescence spectrum. Although these changes are a clear
indication of variations in the emission mode of the Trp
residue, they are not as pronounced as for other systems where
a strong shi to 350 nm is observed in the spectrum.11,25 The
distinctive behaviour may be attributed to the fact that the Trp
residue in hGH is already partially exposed to the solvent in the
native state of the protein.24,26 As it has been previously shown,
conformational changes in hGH induced by organic solvents
(ethanol) or chemical denaturants (urea) that resulted in expo-
sure to the solvent of the protein core, correlate with a decrease
and red-shi of the Trp emission intensity.27,28 As such, these
results can be interpreted as the unfolding of the protein and
the exposure of hydrophobic residues to a more polar and
heterogeneous environment.

The uorescence response of pyrene (Pyr) at different
concentrations of surfactant in the absence and presence of
10.3 mM of hGH is shown in Fig. 1b. The increase in the I3/I1
ratio, attributed to the formation of surfactant aggregates, is
shied to considerably lower concentrations in the presence of
protein.3,29 For SDS in buffer solution in the absence of hGH,
changes occur at 4.1 � 0.3 mM, in agreement with previously
published results of SDS micellisation in buffer.10 The addition
of protein to the system shis the inection point to 0.43 �
0.06 mM SDS, which corresponds to a surfactant-to-protein
ratio of 42 � 5. The considerably lower value of the critical
association concentration (CAC) compared to the CMC is
commonly attributed to the formation of micelle-like structures
on the protein surface. This has been reported to occur at sub-
micellar concentrations of SDS for various proteins.10,11

Various interaction stages between hGH and SDS were
determined for different protein concentrations using ITC. As it
has been previously shown,18,25 the concentration of surfactant
required to reach a certain stage in the enthalpogram at various
protein concentrations can be used to determine the concen-
tration of unbound surfactant, [SDS]unbound, and the number of
SDS molecules bound to the protein, Nagg, as follows:

[SDS] ¼ [SDS]unbound + Nagg[hGH]

The ITC enthalpograms for the surfactant–hGH system with
the dened transitions are shown in Fig. 2 for one protein
concentration in buffered H2O and D2O, together with the
linear ts of the concentrations at which those transitions
This journal is © The Royal Society of Chemistry 2020
occur. The results from those ts at the different stages are
presented in Table 1. The enthalpograms for the titration of
other protein concentrations are included in the ESI.† Previous
investigations of surfactant–protein interactions have shown
that changes in the protein environment or structure have
a characteristic ngerprint in an enthalpogram.18,25 A simplied
rule of thumb is that the adsorption of surfactant molecules to
the protein structure is an exothermic response, changes in
protein conformation appear as endothermic signal and the
formation of oligomers (dimer, trimer, .) is oen exothermic.
Nonetheless, the interpretation is not straightforward. In the
raw enthalpogram, some injections initially present an endo-
thermic response followed by a strong exothermic signal (see
ESI†), and cannot easily be deconvoluted. As the integration of
the heat was performed for each individual injection, and as
such it contains both exo- and endothermic contributions to the
signal, the separation of the underlying phenomena is not
possible.

The enthalpograms show several interaction stages, which
can be accounted for by the number of surfactant monomers
associated with each protein molecule. As depicted in Table 1,
each interaction stage relates to a different amount of bound
surfactant molecules and the concentration of free surfactant,
as calculated from the linear ts (Fig. 2b). (i) Upon the initial
addition of surfactant, a signicant shi to the exothermic
Nanoscale Adv., 2020, 2, 4011–4023 | 4013
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Fig. 3 Characterisation of the structural transition points using circular
dichroism. (a) Changes in the molar ellipticity ratio of hGH between
220 nm and 209 nm in the presence of SDS. The inset shows the
characteristic far-UV CD spectra of 6.3 mM hGH with (blue solid lines)
15 and (red dashed lines) 408 SDS molecules per protein. (b) Changes
in the 292 nm molar ellipticity of hGH at different concentrations of
SDS. The inset shows the signal of 63 mM hGH with (blue solid line) 4
and (red dashed lines) 145 SDSmolecules per protein. Parametric plots
of the molar ellipticity: (c) 220 nm vs. 209 nm and (d) 292 nm vs.
209 nm. Black circles mark the initial and final populations.
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region occurs, which is attributed to the adsorption of surfac-
tant molecules onto the protein. This process appears to be
initiated at the same surfactant concentration for all protein
concentrations (see Fig. S3†). (ii) With further increasing the
surfactant concentration, a decrease in the exothermic signal
appears, which relates to the saturation of the process previ-
ously initiated. Also, these initial changes may reect structural
transitions on the protein induced by the adsorption of SDS, as
the raw heat ow shows an endothermic contribution upon
injection (see Fig. S2†). Nonetheless, the separation of transi-
tions occurring in parallel cannot be performed by simply using
calorimetry methods.25 (iii) This transition is followed by
a strong, concentration-dependent shi to exothermic contri-
butions. Once again, this probably reects the adsorption of
further surfactant molecules, which at this stage may be
enabled by the previous change in protein conformation
through the exposure of buried residues. (iv) The enthalpic
signal then evolves to a switch in the trend, where the
exothermic signal gradually decreases. This may relate to
further protein structural transitions, but these must be probed
using other techniques. Furthermore, this transition corre-
sponds to an [SDS]unbound of 4.1 mM and, thus, surfactant
micelles are hypothesised to form at what it is referred to here
as the effective surfactant CMC in the presence of protein
(CMCeff). (v) Finally, the signal evolves to zero and no further
changes are observed above this surfactant concentration.
Interestingly, this transition corresponds to an [SDS]unbound of
5.4 mM, which is higher than the CMC of the surfactant in the
buffer. As SDS micellisation is a thermal at 22 �C, these nal
changes could be attributed to structural rearrangements or
changes in the colloidal interactions, which occur in parallel to
the formation of more free surfactant micelles. Above this
transition point (v), no further changes happen to the protein.

One interesting observation can be made from the shape of
the titration curves at different protein concentrations
(Fig. S3†). In the protein concentration range studied here, the
shape of the curves is similar, and the main difference appears
in the surfactant concentration at which these transitions
occur. This suggests that the transitions are mainly governed by
specic protein–surfactant interactions at given surfactant-to-
protein ratios, and not by non-specic interactions which
occur at absolute surfactant concentrations.25

Protein NMR spectroscopy and SANS measurements need to
be performed with deuterated compounds. Thus, an analogous
ITC measurement was performed using d-SDS and buffered
D2O to probe the effect of isotope substitution in the system. As
observed in Fig. 2a, the enthalpogram of hGH in the presence of
deuterated compounds shows a similar shape. Although the
absolute values of enthalpy are shied by �15%, the transition
points appear at the same surfactant concentration. Thus, it can
be concluded that the results from the measurements per-
formed with isotopically substituted compounds appropriately
describe the system with natural isotope abundance. This has
been previously reported for other surfactant–protein systems.18

Changes in protein secondary and tertiary structure upon
addition of surfactant were investigated using CD. The results
from the measurements in the far-UV and near-UV CD region
4014 | Nanoscale Adv., 2020, 2, 4011–4023
are presented in Fig. 3. The secondary structure of the protein is
mainly composed of a combination of a-helices and random
coils, as reected in the far-UV CD spectrum.24 The a-helix
structure is characterised by two negative peaks at 209 and
222 nm and variations in the ratio between these two peaks
(q220/q209) can be used to track changes in the secondary
structure upon surfactant addition. Initially, the addition of
surfactant does not appear to affect the secondary structure of
the protein as q220/q209 remains constant within experimental
error. At a surfactant-to-protein ratio of 59� 5, a decrease in the
ellipticity ratio begins, which is attributed to changes in the
secondary structure of the protein. This transition is completed
around 162 � 14 SDS/hGH, and further addition of surfactant
above this concentration does not induce major changes in the
signal. It should also be noted that the signal beyond this point
still resembles that of a dominant a-helix structure. Thus, the
secondary structure is only partially disrupted at this stage and
no changes occur at higher surfactant concentrations. The
tertiary structure of the protein goes through a similar transi-
tion but at signicantly lower surfactant-to-protein ratio. The
signal at 292 nm, attributed to the chiral inuence of the Trp
environment, drops at a surfactant/protein ratio of 16 � 2 and
levels off at around 58 � 4. The remaining spectral features
around 265 nm suggest some tertiary structure is preserved,
potentially due to the resilience of the disulphide bonds. These
data conrm that the disruption of the structure occurs
following a two-stage mechanism. As shown in the parametric
plots (Fig. 3c and d), the secondary and tertiary structure remain
similar to those of the native structure at low surfactant content,
which then evolves to an intermediate state where the tertiary
structure is partially disrupted. Further increase in surfactant
concentration results in changes in the secondary structure
This journal is © The Royal Society of Chemistry 2020
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whilst the tertiary structure does not go through further
changes.

The combination of spectroscopy and calorimetry tech-
niques supports the identication of characteristic transitions
occurring in the system upon surfactant addition. The limited
availability of advanced characterisation technologies signi-
cantly reduces the number of samples that can be measured.
Therefore, in-house characterisation using ITC, uorescence
and CD has been used to identify regions of interest for the
investigation and to select the samples to be characterised by
SANS and NMR spectroscopy. These samples were selected as
follows: protein native state, early adsorption of SDS, disruption
of tertiary structure, formation of SDS clusters and disruption of
secondary structure, and above CMCeff.
Local dynamics and structure

The variation in local structure and dynamics of hGH in the
presence of SDS has been studied using NMR spectroscopy. 1H
NMR spectra of the protein at different surfactant concentra-
tions are presented in Fig. 4. Assignments for some aromatic
and aliphatic sidechains, as well as the backbone amide reso-
nances at two different pH, have been previously published.30,31

However, to the best of our knowledge, no full assignment of the
methyl region has been performed and, therefore, atom-specic
assignments could not be performed on the acquired spectra.
Due to such a limitation, the analysis of the environment of
specic residues could not be performed. However, based on
reported assignments, some tentative assignments are per-
formed for aromatic sidechain peaks in the 1H NMR spectra of
hGH in the absence of SDS. The peak at 12.75 ppm in the 1H
NMR spectrum is consistent with the presence of a unique
tryptophan residue in hGH. Based on the crystal structure, it is
known that the H-epsilon of Trp86 forms a well-dened
hydrogen bond with Asp169 causing signicant upshi of
peak position.24 Similarly, based on reported assignments,
some amino acid sidechains can be identied in the 1H spectra
in addition to Trp86, namely two Tyr and four Leu, Val and Ile
sidechains.30,31
Fig. 4 1H NMR spectra of 0.389 mM hGH in the presence of SDS at
different surfactant–protein ratios: (blue) 0, (red) 4, (green) 37 and
(grey) 360. The full spectra are shown in (a). The subplots represent the
expanded regions of (b) tryptophan, (c) tyrosine, and (d) methyl.

This journal is © The Royal Society of Chemistry 2020
The evaluation of 1H NMR spectra at different SDS concen-
trations gives information on the higher-order structure (HOS) of
the protein, as well as changes in the amino acid residue envi-
ronment. Overall, there is very little change in HOS for hGH in
native and SDS/hGH ¼ 4, although the peak intensity is generally
lower in the presence of surfactant, indicating a higher transverse
relaxation rate due to conformational exchange. The assigned
sidechains all show small but signicant changes in peak posi-
tion and intensity upon the initial addition of SDS.

In particular, the Trp86 sidechain gets signicantly broad-
ened and downshied, indicating a subtle change in this resi-
due's environment. Among the sidechains identied, only
Trp86 can be unambiguously located to the hydrophobic core of
hGH, based on surface accessible area.24 Therefore, it can be
concluded that the adsorption of the surfactant at this surfac-
tant–protein ratio takes place at the protein core, whilst the
overall environment of the sidechain residues does not suffer
major changes when compared to the native state. A more
drastic shi in 1H spectra is seen for SDS/hGH¼ 37. Overall, the
1H NMR spectra show a narrower chemical shi dispersion with
sharper peaks, indicating that hGH is signicantly unfolded
and local dynamics are increased. When tracking changes in
the Trp86 peak, a peak at 9.92 ppm appears, which corresponds
to the exposure of H-epsilon residues to a polar environment
based on reference chemical shis.30 At SDS/hGH ¼ 360, the
spectrum shows further changes. There are some peaks with
narrow peak widths indicating further unfolding of hGH. In
particular, this can be readily seen for the sidechain of Trp86,
which has a sharper peak and is slightly downshied compared
to the spectrum for SDS/hGH ¼ 37. It can also be seen that the
signal from the surfactant starts to dominate the relaxation in
the methyl region and, as consequence, changes in this region
cannot be interpreted from this spectrum.

2D 1H–13C HSQC spectra for hGH at different SDS concen-
trations conrm this picture. The data from these measure-
ments are presented in Fig. 5. Based on known assignments,
some residues can be identied as Leu, Val or Ile sidechain. For
2D methyl spectrum, the terminal methyl groups of methio-
nines are typically well resolved. There are three methionines in
hGH, all located in the hydrophobic core as based on surface
accessible area,24 two of which can be easily identied in the
1H–13C HSQC spectra. Thus, the 1H–13C HSQC spectrum shows
well-resolved peaks for the protein core and these serve as
a ngerprint for the protein conformational state.

In Fig. 5, methyl peaks belonging to SDS can be readily iden-
tied in the spectrum, ca. 0.8 ppm, with no major overlap with
protein methyl peaks. In the protein signal there are only small
differences in peaks between the native state and upon addition
of 4 SDS molecules per hGH, with some peaks showing a slight
shi in the presence of surfactant. Overall, the 13C-HSQC spec-
trum is very similar, showing a comparable HOS between the
native structure and the low SDS concentration complex. Inter-
estingly, some peaks appear in the methionine region, indicating
the presence of a slow environment exchange for methionines. As
observed for 1H NMR spectra, there is a more drastic change at 37
SDS/hGH, where a change to sharper shi dispersion of the peaks
can be seen for the methyl groups. At this surfactant
Nanoscale Adv., 2020, 2, 4011–4023 | 4015
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Fig. 5 2D 1H–13C HSQC spectra of 0.389 mM hGH in the presence of SDS at different surfactant–protein ratios. (a) Full spectrum of the native
protein, (blue) SDS/hGH ¼ 0, (b) superimposed (blue) native protein signal and signal from (red) SDS/hGH ¼ 4, and (c) superimposed (red) SDS/
hGH ¼ 37 signal and signal from (green) SDS/hGH ¼ 37. (d) Overlaid signals in the methionine region of SDS/hGH at SDS/hGH ratios of (blue) 0,
(re) 4, (green) 37, and (grey) 360.
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concentration, there is a signicant effect on the spectrum from
SDS due to the intense contribution from the surfactant. Based
on the 13C-HSQC, hGH is likely highly unfolded, although some
residual structure remains based on peak overlaps between 4 and
37 SDS/hGH ratios. A more detailed evaluation of the methionine
region clearly shows resolved peaks for the three methionines of
hGH, which are shied from the native structure and show that
the HOS for SDS/hGH ¼ 37 is signicantly altered. At the highest
surfactant content, SDS/hGH ¼ 360, only a few peaks can be
resolved in the 13C-HSQC spectrum due to the strong SDS signal.
From the meagre spectral information, the methionine region
can still be resolved, and it is seen that the three methionine
peaks are slightly shied compared to SDS/hGH ¼ 37. Thus,
further structural rearrangement appears at this surfactant
concentration.

The peak changes detected above can also be correlated to
the crystal structure of hGH, where Met14, Trp86, Met125 and
Met170 are all located in different a-helices of the protein,
which are all contained within the hydrophobic core in the
protein native state.24 Minor peak changes are detected for these
sidechains at low SDS/hGH ratio, indicating that the adsorption
of surfactant onto the protein core results in subtle environ-
ment changes whilst the HOS remains relatively unchanged.
When the concentration of SDS is further increased, a signi-
cant amount of order and rigidity in the protein is lost, thereby
indicating that SDS shis the equilibrium towards an unfolded
state.
4016 | Nanoscale Adv., 2020, 2, 4011–4023
Conformational landscape

The conformation of the native protein in D2O buffer was
determined using SANS. In brief, the pair distance-distribution
function of the scatterer (p(r)) was initially determined through
the IFT approach.32 The resulting p(r) of the protein, together
with the scattering data, were used to calculate ab initio bead
models using DAMMIN, which was subsequently averaged
using SUPCOMB.33,34 Finally, the scattering of the crystal
structure was calculated and tted using the CRYSON so-
ware.35 The scattering length density (SLD) of the protein was
determined through a contrast matching experiment. For this
experiment, 0.150 mMhGH wasmeasured at different H2O/D2O
ratios and the forward scattering (I(0)) was determined through
the Guinier approximation.36 The contrast match point of the
protein can be determined from the x-intercept of a linear t of
the square-root of I(0) versus the H2O/D2O ratio. From the value
of the intercept with the x-axis, the SLD of the protein under
these conditions is calculated. Experimental data, ts, the ab
initio model, and contrast variation results are presented in
Fig. 6.

This SANS characterisation has shown that the protein adopts
a globular morphology in solution and the experimental scattering
of the protein is in good agreement with the predicted scattering
from the crystal structure. The Dmax and Rg of the scatterer were
found to be 51.7 Å and 18.4 � 0.3 Å, respectively, and the same
dimensions predicted from the crystal structure are 52 Å and
17.4 Å. The contrast match point of the protein is 60.1� 2.1%H2O
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 SANS characterisation of the conformational state of the protein and surfactant–protein complex. (a) SANS curve and best fits (solid line –
IFT; dashed line–CRYSON) of 0.154mMhGH in D2O, 10mMphosphate buffer. The inset shows the superposition of the protein crystal structure
and the scattering volume calculated using DAMMIN. The scattering volume was averaged from 8 generated structures, where the grey dummy
atom model shows the most-likely populated volume between the different models and the grey-map contour represents the spread from this
averaged volume. (b) Pair distance-distribution function of the protein calculated using IFT (solid line) and using crystal structure (dashed lines).
(c) Experimental (solid line) and calculated (dashed line) square root of the forward scattering intensity versus fraction of H2O in the solvent used
to calculate the contrast match point. (d) SANS data and best IFT fits, p(r) and bead models at different surfactant–protein concentrations, as
indicated in each graph. Results are presented for protein and complex contrast and depicted as follows: protein contrast: SANS data – red
circles, IFT fits and p(r) – solid lines, and beadmodel – red spheres. Complex contrast: SANS data – black crosses, IFT fits and p(r) – dashed lines,
and bead model – grey spheres. The transparency of the models was tuned to ease the interpretation. Data collected on SANS2d.
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(SLD ¼ 2.31 � 10�6 � 0.08 � 10�6 Å�2), similar to the theoretical
value, 57.25% H2O (SLD ¼ 2.41 � 10�6 Å�2), calculated using the
amino acid sequence and estimating a 90% exchange of
exchangeable hydrogens.37 The subtle difference may arise from
a difference in the number of exposed hydrogens that are
exchangeable with the solvent.

Four different isotopic mixtures were used to follow the
structural changes occurring in the system and to elaborate
a detailed model of interaction between the protein and
surfactant using SANS. Each of these contrasts uses a specic
isotopic labelling scheme to focus on a particular feature of the
systems: surfactant–solvent contrast matched – protein visible
(protein contrast) , surfactant–protein contrast matched –

complex visible (complex contrast), protein–solvent contrast
matched – surfactant visible (surfactant contrast), and zero-
average contrast (ZAC) condition (ZAC contrast). Table 2
shows the SLD of each component of the system used for the
contrastvariation experiment. Protein contrast discriminates
the scattering from the surfactant, focusing on the signal from
the protein, which can thus be used to follow the conforma-
tional state of this. Complex contrast shows the structural
features of the complex formed between surfactant molecules
and protein. The existence of internal scattering density corre-
lations has been previously shown to complicate the analysis of
Table 2 SLDs for each of the components used in the contrast vari-
ation SANS experiments

Contrast Protein Complex Surfactant ZAC

SLDhGH/�10�6 Å�2 3.09 3.09 2.31 ZACa

SLDSDS/�10�6 Å�2 6.37 3.09 6.37 6.45
SLDSolv/�10�6 Å�2 6.37 6.37 2.31 ZACb

a The SLD of the protein depends on the SLD of the solvent and was
calculated for each sample from the contrast-match experiment
results. b The SLD of the solvent is calculated using the equation for
the ZAC condition (see ESI).

This journal is © The Royal Society of Chemistry 2020
data through the IFT method.38 However, using the contrast
matching approach, where the SLD of the surfactant equals
that of the protein, internal scattering length density correla-
tions vanish and, thus, this contrast can be used to unambig-
uously depict the structure of the complex. Surfactant contrasts
focuses on the scattering from the surfactant and thus provides
information on the structure of SDS assembles in the meso-
scopic scale. Finally, the ZAC contrast uses an specic contrast
condition from which two theoretical predictions can be done:
(1) the formation of a complex will lead to no effective forward
scattering because of the contrast match condition (I(0)¼ 0), (2)
if segregation of compounds occur within the complex (e.g.
formation of a surfactant cluster), a broad peak will appear from
the density correlation between the complex domains.39,40

Further information on the contrast conditions used here can
be found in the ESI.† The SANS data, IFT ts, p(r) and ab initio
models for these two contrasts are presented in Fig. 6.

Upon addition of surfactant, the maximum dimension of the
scatterer differs from that of the native protein structure (Dmax

¼ 51.7 Å) and free surfactant micelles (Dmax ¼ 48.4 Å), indi-
cating that a complexed structure is formed. The evolution of
the main structural parameters with surfactant content is
shown in Fig. 7a. The calculated p(r) for protein and complex
initially shows similar globular morphologies and sizes at SDS/
hGH ¼ 6, indicating that at low SDS concentration surfactant
adsorption occurs and that the conformation of the protein
upon complexation is slightly changed from that in its native
state, potentially with some surfactant monomers sparsely
adsorbed. When the surfactant ratio is increased to 12 and 18,
the size of the complex gradually increases but remains glob-
ular. The largest structure was identied at SDS/hGH ¼ 18,
where the protein adopts a more unfolded state. Here, the
surfactant still appears to be adsorbed onto the protein in
a disorderly fashion. Further increasing the ratio to SDS/hGH ¼
36 results in shrinkage, where both the protein and the complex
show the same Dmax. At this concentration, the dummy bead
Nanoscale Adv., 2020, 2, 4011–4023 | 4017
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Fig. 7 Results from the analysis of SANS data. (a) Dmax and particle
charge values for the protein (red circles) and complex (black crosses)
upon addition of SDS. (b) Integrated scattered intensity at different
surfactant concentrations in the absence (black triangles) and pres-
ence (blue diamonds) of 0.135 mM hGH. The inset shows the
expanded region where the CAC and CMCeff are located, as indicated
by the dashed lines. SANS data and best fits of (c) SDS/hGH¼ 18 and (d)
SDS/hGH ¼ 56 at 0.135 mM hGH in different contrasts: protein
contrast (red circles), complex contrast (black crosses), surfactant
contrast (blue diamonds) and ZAC contrast (green triangles). Solid lines
show best fits to the data. Data and fits were offset for clarity. Data
collected on SANS2d (c) and D11 (d).
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model of the protein appears to partially occupy the complex
volume, leaving large clumps of the complex occupied by
surfactant clusters. A signicant change in the morphology of
the protein is observed at SDS/hGH ¼ 56. From the p(r) of the
complex it appears to retain its spheroidal morphology, while
the protein p(r) now shows a shoulder around 12 Å in the real
space function. This is attributed to the appearance of a corre-
lation length in the scatterer of such a magnitude, which is not
present at lower surfactant concentrations. From the corre-
sponding dummy bead model, the complex effectively adopts
a spheroidal morphology, where the protein sits at the surface
forming a shell. Thus, the characteristic dimensions of the
protein can be described as the outer diameter of the spherical
shell, which in turn is the Dmax of the scatterer, and the thick-
ness of such a shell, which relates to the shoulder in the protein
p(r). At the highest SDS concentration measured below the
CMCeff, which corresponds to an SDS/hGH ratio of 149, the
complex mostly retains the core–shell structure previously
observed. However, the increase in surfactant concentration
results in a change in size of the complex, as observed in Fig. 7,
which may suggest that the adsorption of surfactant takes place
at the core of the complex.

At concentrations above the CMCeff the data from complex
contrast is affected by the contribution of free SDS micelles in
solution and, thus, no structural characteristics of the complex
4018 | Nanoscale Adv., 2020, 2, 4011–4023
can be probed. However, the signal from protein contrast can
still be used for extracting information about the protein
conformation at high SDS concentrations. The results from our
measurements above the CMCeff show that the protein retains
its partially unfolded, thin-shell morphology up to relatively
high surfactant concentrations (27 mM).

Surfactant contrast, where the solvent and the protein are
contrast matched, provides details of the surfactant arrange-
ment when complexed with the protein. Fig. 7b shows the
integrated scattered intensity (

Ð
I(q)) for surfactant contrast at

different surfactant concentrations in the absence and presence
of protein. The scattering curves of this contrast are presented
in the ESI.† Different regions in the plot can be identied as
follows: initially, the signal arising from SDS is barely above the
noise of the measurement (�0.3 cm�1) and no information
other than the absence of signicant surfactant aggregation can
be extracted. This suggests that in this concentration range the
system is below the CAC.

With increasing surfactant concentration, the signal for
surfactant contrast gradually increases, but it remains too low
to determine structural features from these. However, some
meagre details can be observed: the integrated scattering
intensity increases with the addition of more surfactant, such
an increase is more pronounced in the presence of protein
than in the absence of protein, and the scattered signal comes
from seemingly small spheroidal aggregates. This suggests
that the aggregation of surfactant is favoured in the presence
of protein, the system is above the CAC and the surfactant
aggregates are loosely ordered. At concentrations around the
CMCeff, the surfactant scattering signicantly increases
resembling that of spheroids interacting electrostatically. Due
to the expected low concentration of free surfactant (surfac-
tant monomers in solution or free surfactant micelles), as
shown by ITC, this signal must originate from surfactant
clusters complexed with the protein. When the SDS concen-
tration is much higher than the CMC, no clear structural
transitions are observed in the surfactant phase and the
scattering is probably dominated by the presence of surfactant
micelles.

Following changes in the trends of
Ð
I(q), surfactant contrast

can be used to track the formation of surfactant aggregates in
the absence and presence of proteins. Despite of the lack of
resolution due to the limited number of samples measured
using SANS, and the poor signal-to-noise ratio at low surfactant
concentrations, approximate values can be obtained and these
are in good agreement with those obtained through the ITC
experiments (ITC � CAC ¼ 3.9 mM, CMC ¼ 13.6 mM; SANS �
CAC ¼ 4 � 1 mM, CMC ¼ 11 � 2 mM for 0.135 mM hGH).

In order to validate the models, a simultaneous t of the four
neutron contrasts was performed for the complex at low (18)
and high (56) SDS/hGH ratio. The data and best ts are pre-
sented in Fig. 7. Visual inspection of the data reveals that the
shape of the scattering curves signicantly differs between the
two systems, conrming that these represent different stages of
interaction between the protein and the surfactant. The most
relevant results are summarised here, with a more detailed
analysis presented in the ESI.†
This journal is © The Royal Society of Chemistry 2020
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The low surfactant concentration was satisfactorily t using
a uniform ellipsoid form factor and the RMSA (Fig. 7c).41,42 At 18
surfactant/protein ratio, complex contrast shows a slightly
larger size than the protein upon complexation with the
surfactant, protein contrast, and the latter appears slightly
larger than the native structure. The signal from surfactant
contrast is very weak, indicating the absence of signicant
surfactant aggregation and the adsorption of sparse surfactant
molecules onto the protein. For this surfactant concentration,
ZAC contrast shows effectively no signal, which in turn relates to
the formation of a surfactant–protein complex that cancels out
the forward scattering. Also, the absence of a correlation peak in
the ZAC contrast indicates the absence of a well-dened segre-
gated domain within the complex. From the structure factor
calculations, the charge of the complex is shown to evolve upon
surfactant complexation. At this SDS/hGH ratio, the complex
charge evolves to �15 � 6 net charge from the native charge of
the protein at pH 7, �5 � 1. This charge evolution is attributed
to the complexation of protein with negatively charged surfac-
tant monomers and agrees (within the error) with the Nagg ob-
tained through ITC.

The SANS data of hGH with a high concentration of SDS was
best described using a core–shell ellipsoid, as previously shown by
the IFT analysis. When simultaneously tting the four neutron
contrasts, it is observed that the protein (protein contrast) is situ-
ated at the shell of the spheroidal complex (complex contrast),
whereas the surfactant molecules gather at the centre of the
complex forming a micelle-like structure (surfactant contrast).
From the resulting core volume, the number of SDS molecules
associated to the complex was calculated as Nagg ¼ vcore/vSDS. This
surfactant assembly was found to be smaller than free
surfactant micelles and the Nagg is lower than that of SDS
micelles (ITC � Nagg ¼ 32, SANS � Nagg ¼ 26). The ZAC shows
effectively no forward scattering, as expected from the formation of
a complex (ZAC contrast). However, a bump is observed at high q
(�0.2 Å�1), unlike in the low concentration sample. From the
Fig. 8 Schematic model summarising the different interaction stages be
variation SANS,2 CD,3 fluorescence4 spectroscopy and ITC.5

This journal is © The Royal Society of Chemistry 2020
theoretical prediction of the ZAC condition, this bump
correlates with the existence of a short-range density correlation,
which arises from the SLD difference between the
surfactant micelle (SLDSDS ¼ 6.45 � 10�6 Å�2) and the protein
(SLDhGH,0.75D2O ¼ 2.79� 10�6 Å�2). When co-rening the neutron
contrasts to the core–shell structure it was required tot the SLD of
the shell instead of xing it to the SLD of the protein in order to
satisfy all contrasts. This can be interpreted as a partial coverage of
the micelle by the protein, instead of full coverage. Using such an
approach, the shell SLD was 3.43 � 10�6 Å�2, resulting in
a coverage of ca. 66%, and providing a robust t for all of the
contrasts. This is in good agreement with computational studies
that show which show a non-uniform coverage of SDS micelles by
the protein, wrapping the micelle at the head–tail interface.43 In
terms of interparticle interaction, a subtle peak at �0.04 Å�1

results from the stronger electrostatic repulsion between particles
in solution compared to that at lower SDS concentration. The net
charge of the complex was 29 � 4 negative charges, compared to
�15 � 6 observed a the lower SDS concentration, conrming the
increase in particle charge due to the complexation of SDS mole-
cules with the protein. This, again, is relatively close to the previ-
ously determined Nagg and the differences may rely on charge
neutralisation upon interaction with positively charged residues
and/or counterion condensation.
An integrative approach to reveal the interaction mechanism

Generally, SDS shows a strong interacting character with
soluble proteins even at low surfactant concentration, capable
of modifying secondary and tertiary structure, conformation,
self-association and stability of the biomolecule.3,10,18 Further-
more, different interaction mechanisms with varied concen-
tration of SDS relate to a wide range of surfactant–protein
complexes and intermediates.44 A general model for these
mechanisms between surfactants and proteins can be devel-
oped through the combination of the techniques presented
here, where the characteristic transitions can be used to identify
tween SDS and hGH as mainly seen by each technique: NMR,1 contrast

Nanoscale Adv., 2020, 2, 4011–4023 | 4019
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Table 3 Surfactant–protein ratios at which different transitions (i–v)
between different stages occur, as seen by each technique

i ii iii iv v

Technique SDS/hGH
ITC 17 � 2 39 � 3 58 � 5 148 � 5 173 � 3
Trp uorescence 38 � 3 125 � 15
Pyr uorescence 42 � 4
Near CD 16 � 4 59 � 4
Far CD 52 � 6 142 � 15
SANS 18 36 56 149
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specic changes in protein structure and dynamics. The
surfactant–protein ratios at which the transitions are observed
for the hGH-SDS system by each technique are summarised in
Fig. 8 and Table 3.

Stage a (below transition i) – SDS/hGH < 17. At low surfactant
concentration, calorimetry measurements show that early SDS
binding to the protein occurs, with aggregation numbers
ranging from 1 to 6 SDS molecules per protein. As observed in
the near-UV CD results, nomajor changes in the environment of
amino acid residues are observed and the tertiary structure of
the protein remains largely unaffected. However, SANS results
show subtle variations in protein conformation, as seen by
changes in the Rg of the protein, and the formation of
a surfactant–protein complex with sparsely adsorbed surfactant
monomers. These surfactants are also shown to affect the local
environment of specic amino acids; in particular, NMR spec-
troscopy shows small changes in chemical shis of those amino
acids located at the protein core. Therefore, hydrophobic
interactions between the protein hydrophobic pockets and the
surfactant tail play a signicant role in the adsorption at low
surfactant concentration, whilst the environment of tryptophan
is mostly retained and still surrounded by non-polar molecules,
e.g. hydrophobic amino acids and surfactant tails. The early
interaction of SDS monomers with proteins can also be attrib-
uted to electrostatic binding with positively charged residues,
which synergistically contributes to the hydrophobic interac-
tions and promotes early surfactant–protein complexation.3,10,18

In contrast, non-ionic surfactants, where the interaction is
mainly driven by a balance between hydrophobic interactions
(attractive) and steric hindrance (repulsive), has been repeatedly
shown to weakly interact at sub-CMC concentrations.3,11

Stage b (between transitions i and ii) – 17 < SDS/hGH < 58.
Further addition of SDS initiates a change in the tertiary
structure of the protein at ca. 16 SDS/hGH ratio, whilst the
secondary structure of the protein remains unaffected. Such
a transition is clearly observed in the near-UV region of the CD
spectrum and correlates to the change in the trends observed in
the enthalpogram obtained by ITC. At this stage, a signicant
variation in protein conformation is observed by SANS, which
appears as a second-order transition as observed in the para-
metric plot of the near-UV CD data. This unfolding results in
a signicant change in the local environment and dynamics of
the protein core, where the Trp residue is exposed to a more
polar environment at ca. 38 SDS/hGH, as judged by the
4020 | Nanoscale Adv., 2020, 2, 4011–4023
uorescence and 1D 1H-NMR spectroscopy measurements.
Also, 1D and 2D NMR spectra show variations in the chemical
shis and peak intensity of hydrophobic sidechains due to
changes in protein conformation and dynamics. This interme-
diate complex also shows well dened hydrophobic pockets, as
shown by pyrene assay and SANS results, where the surfactant
forms clusters on the protein surface, with an aggregation
number of 23 SDS molecules. At this stage, the formation of
a charge-stabilised molten globule is hypothesised. The
formation of such an intermediate has been previously reported
for hGH in the presence of a chemical denaturant and non-ionic
surfactants,45 where the native tertiary structure of the protein is
disrupted whilst the secondary structure is retained.

Stage c (between transitions ii and iii) – 58 < SDS/hGH < 148.
When the SDS/hGH ratio is increased to ca. 58, the changes in
the tertiary structure get to completion, although it is not totally
disrupted as shown by the near-UV CD results. The unfolding of
the protein results in the exposure of new binding sites, as the
uptake of surfactant increases to 32 SDS molecules per protein,
which correlates to the second exothermic transition in the
enthalpogram. This transition from the previous unstructured
surfactant clusters to micelle-like structures is potentially
driven by the conformational entropy of the surfactant, where
the formation of dened hydrophobic domains becomes more
favourable above a certain aggregation number.46 At this stage,
the secondary structure of the protein begins to decrease in a-
helix content, as a subtle increase in the random coil content is
observed. This two-stage denaturation mechanism has been
previously shown for proteins containing a-helices.10,11,44

Contrast variation SANS revealed an interesting structural
transition in the system at this stage. Whilst the complex retains
the globular structure, the protein conformation changes from
an unfolded, ellipsoidal conformation to a thin shell at the
interface between the complex and the solvent. This structure
has been previously reported for several proteins in the pres-
ence of SDS as a “decorated micelle”.10,17,47 The addition of more
SDS up to a ratio of ca. 148 does not result in further signicant
structural changes. From ITC results it is seen that more
surfactant molecules attach to the complex, resulting in the
small increase in size observed through SANS. However, the
overall structure of the cluster is preserved, and the protein
remains adsorbed at the cluster surface.

Stage d (above transition iv) – SDS/hGH > 148. At higher
surfactant concentration, ca. >12 mM, the formation of free
surfactant micelles is observed. Benchtop steady-state tech-
niques have been found to provide limited information on
protein transitions above the CMCeff, as protein interacting
sites seem to be saturated and protein secondary and tertiary
structure do not present major rearrangements. Furthermore,
small-angle X-ray scattering and light scattering are affected by
the strong contribution of free micelles to the signal.3 There-
fore, studying protein changes in this regime has oen been
challenging with these scattering techniques. However, contrast
variation SANS and NMR spectroscopy provide information on
the protein characteristics even at high surfactant concentra-
tion. From the results collected here, it is seen that the protein
structure does not show signicant structural variations up to
This journal is © The Royal Society of Chemistry 2020
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SDS/hGH ¼ 296, the maximum surfactant-to-protein ratio
tested, and the decoratedmicelle conformation is still observed.
Small variations are however visible in the NMR spectra, which
could relate to subtle changes in local structure and/or
dynamics of the hGH amino acids. It is, however, important
to note that micelle morphology may affect the structure of the
protein, but as this investigation has been focused on concen-
trations that range from monomeric SDS to spheroidal surfac-
tant micelles, this effect has not been studied (see ESI†). At
higher SDS concentrations, where micelle sphere-to-rod tran-
sition occurs, micelle curvature may cause further conforma-
tional changes in the protein.48

The various interaction mechanisms between SDS and hGH
described here are driven by numerous forces. Although surfac-
tant–protein and surfactant–surfactant hydrophobic interactions
appear to play a role in the whole concentration range studied,
other forces may be more specic at certain surfactant–protein
ratios. At low SDS concentrations, hydrophobic interactions
between the core of the protein and surfactant tail, together with
electrostatic binding strongly inuences the adsorption of SDS to
hGH and results in early complexation. When the surfactant
concentration increases, the formation of transient SDS clusters is
potentially driven by specic hydrophobic interactions. For these,
the electrostatic repulsion between surfactant headgroups
attached to the protein results in signicant unfolding of the
protein due to a strong change of the electrostatic landscape from
that of the native protein, as previously shown by all-atom MD
simulations.43 At higher surfactant concentration, the formation of
larger SDS assemblies without a specic structure becomes more
entropically unfavourable, as these result in the exposure of
hydrophobic domains to the aqueous environment. Therefore, the
sequential formation of micelle-like structures occurs, and
a decoratedmicelle structure is formed. Although the formation of
pearl-necklace structures has been previously reported for ionic
surfactants and proteins,3,43 no evidence of these structures, within
the concentration range investigated here, has been found. It is
hypothesised that the driving mechanism for the pearl-necklace
structure is similar to that of the decorated micelle model, where
the hydrophobic residues of the micelle are preferably adsorbed at
themicelle core and the hydrophilic groups remain in contact with
the solvent. However, the structural resilience that comes from the
two disulphide bonds hinders the unfolding of the protein in the
presence of surfactant and this retains a relative compactness in
the unfolded state.24 On the contrary, proteins that present less
conformational restraint and more exible structures may favour
the formation of several surfactant clusters attached to the protein
backbone. Thus, the nal complex structure is intrinsically linked
to the structure, dynamics and conformation of the protein.

Conclusions

Protein solutions in the presence of SDS show a rich and
complex variety of conformations, structures and dynamics.
The system composed of hGH and SDS is shown to be no
exception, and several interaction mechanisms were observed
from sub-micellar surfactant concentrations to well above the
CMC. ITC experiments revealed that this multi-step character is
This journal is © The Royal Society of Chemistry 2020
nely tuned by the SDS/hGH ratio, as well as the stoichiometry
of binding between the protein and surfactant. Fluorescence
spectroscopy and circular dichroism shed some light on the
changes occurring at the local level (protein core) and structural
level (secondary and tertiary structure), where a two-stage
denaturation begins with the loss of tertiary structure and,
upon completion of this initial stage, the secondary structure of
the protein is affected by the presence of surfactant clusters.
Also, the parametrisation of the CD results provided informa-
tion on the denaturation trajectories, conrming the formation
of a molten globule intermediate.

The characterisation using contrast variation SANS and NMR
spectroscopy provided mechanistic information on the inter-
action between protein and surfactants. SANS allowed struc-
tural information to be accessed for specic parts of the
complex, as well as to obtain information of the conformational
landscape of the protein upon complexation with the SDS.
Interestingly, hGH conformation is initially affected by the
surfactant interaction, resulting in a partial unfolding. At
higher SDS concentrations, the formation of a decorated
micelle complex was unambiguously identied. 1D and 2D
NMR spectroscopy helped identify the interaction sites in the
protein, where the attraction between the surfactant and
hydrophobic amino acids was shown to be one of the main
driving forces in the complex formation.

Furthermore, the combination of different methodologies
reveals specic information on the protein, complex and
surfactant behaviour. Importantly, by linking the results from
SANS and NMR spectroscopy with the in-house techniques it
was possible to shed some light on the characteristic nger-
prints of the transitions occurring in the system, where the
results from the advanced methods could be connected to those
observed using in-house techniques. The development of this
kind of knowledge is a huge benet in the eld, as it facilitates
the access to detailed information on the interactions between
the amphiphiles and the protein using routine methods.

Materials and methods

hGH, SDS and deuterated SDS (d-SDS, 96% D) stock solutions
were prepared in 10 mM phosphate buffer, pH 7, 0.01 wt%
NaN3, and mixed at different ratios to reach the desired protein
and surfactant concentrations. The pH of samples in H2O/D2O
mixtures and D2O was corrected for the real p(H,D) values using
Rubinson's protocol.49 Protein concentration was determined
for every sample using the 280 nm absorption peak, and the
protein extinction coefficient and molecular weight,
17 670 M�1 cm�1, 22 124 Da, respectively.50

Intrinsic and extrinsic uorescence spectroscopy was per-
formed using an Agilent Cary Eclipse Fluorescence Spectro-
photometer at 22 �C. Circular dichroism measurements were
taken using a Chirascan V100, Applied Photophysics at 25 �C.
The results were converted to mean residue ellipticity, qMR,
using the mean residue molecular weight, cell path length and
protein concentration in g L�1.51 Isothermal titration calorim-
etry measurements were performed on a VP-ITC Microcalo-
rimeter, MicroCal LLC, at 22 �C.
Nanoscale Adv., 2020, 2, 4011–4023 | 4021
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1H and 1H–13C HSQC NMR spectra were recorded on a 700
MHz Bruker Avance III HD at the Swedish NMR Centre (Sweden)
at 25 �C. NMR spectra were processed using the NMRPipe suite
and visualised using the CCPNMR suite.52,53

SANS experiments were performed on SANS2d at ISIS Pulsed
Neutron Source (UK), and on D11 at Institut Laue-Langevin
(France).54,55 The temperature was kept constant at 25 �C for
the duration of the experiment. Data reduction was performed
using the standard protocols of each beamline.56,57 Instrument
resolution was accounted for by smearing the theoretical
models using a Gaussian function.58 Further details on small-
angle scattering theory, general experimental details, and data
reduction and analysis can be found elsewhere.59–61

Samples for SANS measurements were prepared in different
contrast conditions to resolve the structure of the complex.16,36,60

An isotopic mixture that satises the zero-average contrast
condition to probe short-range interactions, such as complex
formation, was also included in the investigation.39,40

Data were analysed using the indirect Fourier transform
(IFT) and model-based tting.41,62 The IFT analysis was per-
formed using GNOM, implemented in the ATSAS package.32,33

The resulting pair-distance distribution functions (p(r)) ob-
tained through the IFT approach were used to elaborate eight ab
initio low-resolution models using DAMMIN per curve, and
these were averaged using SUPCOMB.33,34 All models derived
from those ts were generated, superposed and rendered using
the molecular modelling system UCSF Chimera.63 Model-based
tting was performed using SasView 4.2.64

Further technical details about sample preparation, experi-
mental methods and data analysis are included in the ESI.†
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29 L. Piñeiro, M. Novo and W. Al-Sou, Adv. Colloid Interface
Sci., 2015, 215, 1–12.

30 F. Abildgaard, A. M. M. Joergensen, J. J. Led, T. Christensen,
E. B. Jensen, F. Junker and H. Dalboege, Biochemistry, 1992,
31, 8587–8596.

31 M. R. Kasimova, S. M. Kristensen, P. W. A. Howe,
T. Christensen, F. Matthiesen, J. Petersen, H. H. Sørensen
and J. J. Led, J. Mol. Biol., 2002, 318, 679–695.

32 D. Svergun, J. Appl. Crystallogr., 1992, 25, 495–503.
33 M. V. Petoukhov, D. Franke, A. V. Shkumatov, G. Tria,

A. G. Kikhney, M. Gajda, C. Gorba, H. D. T. Mertens,
P. V. Konarev and D. I. Svergun, J. Appl. Crystallogr., 2012,
45, 342–350.

34 D. I. Svergun, Biophys. J., 1999, 76, 2879–2886.
35 D. I. Svergun, S. Richard, M. H. J. Koch, Z. Sayers, S. Kuprin

and G. Zaccai, Proc. Natl. Acad. Sci., 1998, 95, 2267.
36 N. R. Zaccai, C. W. Sandlin, J. T. Hoopes, J. E. Curtis,

P. J. Fleming, K. G. Fleming and S. Krueger, Methods
Enzymol., 2016, 566, 159–210.

37 L. A. Clion and D. Myatt, Protein Scattering Length Density
Calculator v1.0, http://psldc.isis.rl.ac.uk/Psldc/index.html,
accessed 15/10/2018.

38 J. M. Franklin, L. N. Surampudi, H. S. Ashbaugh and
D. C. Pozzo, Langmuir, 2012, 28, 12593–12600.

39 M. Benmouna and B. Hammouda, Prog. Polym. Sci., 1997, 22,
49–92.

40 J. P. Cotton, Adv. Colloid Interface Sci., 1996, 69, 1–29.
41 J. S. Pedersen, Adv. Colloid Interface Sci., 1997, 70, 171–210.
42 J.-P. Hansen and J. B. Hayter, Mol. Phys., 1982, 46, 651–656.
43 D. Winogradoff, S. John and A. Aksimentiev, Nanoscale,

2020, 12, 5422–5434.
This journal is © The Royal Society of Chemistry 2020
44 K. L. Gudiksen, I. Gitlin and G. M. Whitesides, Proc. Natl.
Acad. Sci., 2006, 103, 7968.

45 N. B. Bam, J. L. Cleland and T. W. Randolph, Biotechnol.
Prog., 1996, 12, 801–809.

46 M. M. Nielsen, K. K. Andersen, P. Westh and D. E. Otzen,
Biophys. J., 2007, 92, 3674–3685.

47 J. N. Pedersen, J. Lyngsø, T. Zinn, D. E. Otzen and
J. S. Pedersen, Chem. Sci., 2020, 11, 699–712.

48 K. K. Andersen and D. E. Otzen, J. Phys. Chem. B, 2009, 113,
13942–13952.

49 K. A. Rubinson, Anal. Methods, 2017, 9, 2744–2750.
50 E. Gasteiger, C. Hoogland, A. Gattiker, S. e. Duvaud,

M. R. Wilkins, R. D. Appel and A. Bairoch, in The
Proteomics Protocols Handbook, ed. J. M. Walker, Humana
Press, Totowa, NJ, 2005, pp. 571–607, DOI: 10.1385/1-
59259-890-0:571.

51 S. M. Kelly, T. J. Jess and N. C. Price, Biochim. Biophys. Acta,
2005, 1751, 119–139.

52 F. Delaglio, S. Grzesiek, G. W. Vuister, G. Zhu, J. Pfeifer and
A. Bax, J. Biomol. NMR, 1995, 6, 277–293.

53 W. F. Vranken, W. Boucher, T. J. Stevens, R. H. Fogh,
A. Pajon, M. Llinas, E. L. Ulrich, J. L. Markley, J. Ionides
and E. D. Laue, Proteins: Struct., Funct., Bioinf., 2005, 59,
687–696.

54 R. K. Heenan, S. E. Rogers, D. Turner, A. E. Terry,
J. Treadgold and S. M. King, Neutron News, 2011, 22, 3.

55 K. Lieutenant, P. Lindner and R. Gahler, J. Appl. Crystallogr.,
2007, 40, 1056–1063.

56 O. Arnold, J. C. Bilheux, J. M. Borreguero, A. Buts,
S. I. Campbell, L. Chapon, M. Doucet, N. Draper, R. Ferraz
Leal, M. A. Gigg, V. E. Lynch, A. Markvardsen,
D. J. Mikkelson, R. L. Mikkelson, R. Miller, K. Palmen,
P. Parker, G. Passos, T. G. Perring, P. F. Peterson, S. Ren,
M. A. Reuter, A. T. Savici, J. W. Taylor, R. J. Taylor,
R. Tolchenov, W. Zhou and J. Zikovsky, Nucl. Instrum.
Methods Phys. Res., Sect. A, 2014, 764, 156–166.

57 D. Richard, M. Ferrand and G. J. Kearley, J. Neutron Res.,
1996, 4, 33–39.

58 J. G. Barker and J. S. Pedersen, J. Appl. Crystallogr., 1995, 28,
105–114.

59 A. Guinier and G. Fournet, Small-angle scattering of X-rays,
Wiley, 1955.

60 D. M. Engelman and P. B. Moore, Annu. Rev. Biophys. Bioeng.,
1975, 4, 219–241.

61 H. B. Stuhrmann and A. Miller, J. Appl. Crystallogr., 1978, 11,
325–345.

62 O. Glatter, J. Appl. Crystallogr., 1977, 10, 415–421.
63 E. F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch,

D. M. Greenblatt, E. C. Meng and T. E. Ferrin, J. Comput.
Chem., 2004, 25, 1605–1612.

64 M. Doucet, J. H. Cho, G. Alina, J. Bakker, W. Bouwman,
P. Butler, K. Campbell, M. Gonzales, R. Heenan,
A. Jackson, P. Juhas, S. King, P. Kienzle, J. Krzywon,
A. Markvardsen, T. Nielsen, L. O'Driscoll, W. Potrzebowski,
R. Ferraz Leal, T. Richter, P. Rozycko and A. Washington,
2017, DOI: 10.5281/zenodo.438138.
Nanoscale Adv., 2020, 2, 4011–4023 | 4023

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0na00194e

	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...
	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...
	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...
	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...
	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...
	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...
	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...
	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...
	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...
	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...
	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...

	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...
	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...
	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...
	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...
	An integrative toolbox to unlock the structure and dynamics of proteintnqh_x2013surfactant complexesElectronic supplementary information (ESI)...


