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Hypothesis: Lipases are widely used in the detergent industry and must withstand harsh conditions
involving both anionic and zwitterionic surfactants at alkaline pH. Thermomyces lanuginosus lipase
(TlL) is often used and stays active at high concentrations of the anionic surfactant sodium dodecyl sulfate
(SDS) at pH 8.0, but is sensitive to SDS at pH 6.0 and below. We propose that enhanced stability at pH 8.0
results from a structurally distinct complex formation with SDS.
Experiments: We use small-angle X-ray scattering (SAXS) to elucidate structures of TlL:SDS at pH 4.0, 6.0,
and 8.0 and further investigate the complexes at pH 8.0 using hydrogen/deuterium exchange mass spec-
trometry (HDX-MS).
Findings: At pH 4.0, large dense aggregates are formed at low [SDS], which become gradually less dense at
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higher [SDS], resulting in a core–shell structure. At pH 6.0, SDS induces a TlL dimer and forms a hemi-
micelle along the side of the dimer. At higher [SDS], TlL adopts a core–shell structure. At pH 8.0, TlL forms
a dimer with a SDS hemi-micelle but avoids a core–shell structure and maintains activity. Three helices
are identified as SDS anchor points. This study provides important structural insight into the stability of
TlL towards SDS under alkaline conditions.
� 2022 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Enzymes are widespread in industry with diverse applications
within the production of dairy products, food, beverages, textiles,
and paper as well as personal care products and detergent formu-
lations [1–3]. As of 2019, enzymes in detergent formulations made
up the second largest market share of industrial enzymes after food
and beverages [4]. Current detergent formulations contain several
classes of enzymes such as proteases, amylases, lipases, and cellu-
lases that contribute to laundering in different ways [3,5]. Among
these, lipases help remove lipid stains by hydrolysis of ester bonds
[1] and work in synergy with surfactants to enhance detergency
[6]. Surfactants increase lipase activity through interfacial activa-
tion [7]. However, most detergents contain both anionic surfac-
tants and alkaline buffers (pH � 10), both of which tend to
denature proteins. This poses additional challenges for the deter-
gent enzymes [8]. In 1988, Novozymes A/S (at the time part of
Novo Nordisk A/S) was the first company to launch a commercial
lipase for the detergent industry [2]. The solution was called Lipo-
lase� and was based on the Thermomyces lanuginosus lipase (TlL),
which is resistant to both anionic surfactants and high pH [9].
TlL has a molar mass of 31.8 kDa, a catalytic triad of Ser(146),
Asp(201) and His(258), a N-linked glycosylation site at Asn33
and a flexible lid over the active site (Res 86–92) [10–12].

We have previously studied the interactions between TlL and
the anionic surfactant SDS at pH 4.0, 6.0, and 8.0 by Trp fluores-
cence, activity measurements, pyrene fluorescence, circular
dichroism (CD) and isothermal titration calorimetry (ITC) [13].
That work forms the basis for the present study, and we therefore
recapitulate the results in some detail. The most striking result was
the strong dependence of lipase stability on pH. At pH 4.0, the pro-
tein was unfolded and inactivated by as little as 0.2 mM SDS (activ-
ity) to 0.5 mM SDS (Trp fluorescence) (Fig. 1AB). In contrast, TlL
showed a much more robust profile at pH 6.0 and 8.0, with an ini-
tial increase in activity (peaking around 1.5–2.0 mM SDS) due to
the surfactants opening up the lid, followed by a reduction in activ-
ity at higher [SDS], when TlL starts to unfold [7]. While activity and
structure were both lost around 3 mM SDS at pH 6.0, residual
activity remained up to 10 mM SDS at pH 8.0, and the protein
remained folded (although destabilized) according to CD (Fig. 1B
inset). Further evidence for radical changes in behavior at different
pH values was uncovered by pyrene fluorescence, which indicated
formation of SDS clusters or hemi-micelles on TlL from 0.05 and
1.5 mM SDS onwards at pH 4.0 and 6.0, respectively (Fig. 1C),
but none at pH 8.0. ITC showed that TlL and SDS interact at all
pH values but with much weaker interactions at pH 8.0 (Fig. 1D).
This no doubt reflects changes in the net charge of TlL, computed
to be + 18, �5 and �12 at pH 4.0, 6.0 and 8.0, respectively. Electro-
static attraction between anionic SDS and cationic groups on TlL
leads to large exothermic signals. As described elsewhere [14],
ITC data enable us to calculate the concentration of free SDS mole-
cules ( SDS½ �free) and number of bound SDS molecules per TlL mono-
mer at selected transition points (Fig. 1D). We identified 4–5 such
transition points at the three pH values. At the end of these transi-
tions, TlL has bound around 107 SDS molecules at pH 4.0 and 6.0,
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but this declines precipitously to 23 SDS at pH 8.0 (Table 1). These
numbers correspond to 1.08 g SDS/g TlL and 0.23 g SDS/g TlL,
respectively. Proteins with intact disulfide bridges generally bind
0.6–1.0 g SDS/g protein [15]. Thus, TlL at pH 8.0 binds significantly
less SDS than would be expected for a standard protein. Further-
more, our data indicate that the complexes formed between TlL
and SDS are radically different at different pH values.

In the present study, we turn to a more comprehensive struc-
tural analysis to understand these pH-dependent variations in
SDS interactions. Our approach is to determine low-resolution
structures of the TlL:SDS complexes formed at all characteristic
ITC transitions at pH 4.0, 6.0, and 8.0 by small-angle X-ray scatter-
ing (SAXS). SAXS is generally used to probe the mass, size, and
overall structure of proteins and other macromolecules in solution.
It is particularly useful for protein-surfactant complexes, as the
contrast in SAXS data depend on electron densities, which vary
considerably between TlL and the head groups of SDS on one side
and the tail groups of SDS on the other. This contrast difference
allows a thorough modelling of SAXS data and even to model large
networks of complexes which lead to visible sample opacity.

We establish that at pH 4.0, large aggregated species of dena-
tured TlL are formed at low [SDS]. At higher [SDS], the structures
become smaller and less densely aggregated. Eventually, the clas-
sical core–shell (CS) structure is formed, where denatured protein
is wrapped around one or more SDS micelles. This structure has
also been found for a significant number of other protein and
SDS complexes [16–22]. At pH 6.0, a dimer is induced at low
[SDS]. At higher [SDS], the SAXS data indicate that a micelle is
formed on one side of the dimer, and at the two highest [SDS],
the CS structure is also observed. Finally, at pH 8.0, the TlL dimer
is also initially induced, after which a SDS micelle forms on one
side. At higher [SDS] up to saturation, additional SDS molecules
add to the micelle but TlL remains dimeric and natively folded.

Since TlL remains folded at pH 8.0 and since basic pH is more
relevant for the industrial application of TlL, we decided to inves-
tigate this structure further. While SAXS shows us the relative
position of the dimer and hemi-micelles at pH 8.0, we cannot tell
the orientation due to the relatively low resolution of SAXS and
the high symmetry of the dimer at this resolution. Hydrogen/deu-
terium exchange measured by mass spectrometry (HDX-MS)
allows us to extend our SAXS analysis by characterizing the struc-
tural dynamics of the SDS-induced TlL dimer which yields possible
interaction sites within the complex.

Backbone amide hydrogens that form stable hydrogen bonds in
a folded protein are protected against exchange with the solvent
until the protecting hydrogen bonds break because of transient
local or global unfolding. The deuterium uptake kinetics of a pro-
tein in deuterated buffer therefore directly reflect the continuous
step-wise unfolding and refolding dynamics of the protein [23]. A
protein–ligand association will typically induce a protection
against exchange in the ligand binding site and HDX-MS has there-
fore long been utilized to probe local interactions in protein–ligand
complexes (where ligands can be small molecules or other pro-
teins) [24–26]. Detergents and amphipathic lipids are detrimental
to the ESI-MS detection of peptides and proteins and several

http://creativecommons.org/licenses/by/4.0/
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Fig. 1. TlL-SDS interactions measured by spectroscopy and calorimetry. Data replotted from [13]. A) Tryptophan fluorescence at pH 4.0, 6.0 and 8.0 as a function of [SDS]. B)
Activity measurements at pH 4.0, 6.0 and 8.0 as a function of [SDS]. Inset shows CD spectra of TlL with and without 10 mM of SDS at pH 8.0. C) Pyrene fluorescence with and
without TlL at pH 4.0, 6.0 and 8.0 as a function of [SDS]. D) ITC data at 1.6 and 2.4 mg/mL TlL at pH 4.0, 6.0 and 8.0 as a function of [SDS]. The five characteristic transition
points are indicated for pH 4.0.

Table 1
Stoichiometry of binding od SDS to TlL at pH 4.0, 6.0, and 8.0 based on ITC. Table reprinted from [13]. The binding number and SDS½ �free can be calculated from ITC data by plotting
the [SDS] at transition points as a function of TlL concentration ½TlL� according to the equation SDS½ �transitionpoint ¼ nSDS � ½TlL� þ SDS½ �free[14].

Binding number [SDS]free (mM)
Point pH 4.0 pH 6.0 pH 8.0 pH 4.0 pH 6.0 pH 8.0

1 6.2 ± 1.2 0 ± 0 �14.2 ± 1.2 0.16 ± 0.1 1.39 ± 0 2.59 ± 0.06
2 21.2 ± 1.1 19.4 ± 3.8 10.6 ± 2.7 0.46 ± 0.08 1.85 ± 0.22 3.92 ± 0.15
3 32.0 ± 4.4 52.6 ± 0.2 17.20 ± 0.05 1.09 ± 0.35 3.75 ± 0.01 4.90 ± 0.01
4 36.0 ± 4.0 108.2 ± 7.4 23.2 ± 1.7 2.10 ± 0.32 3.42 ± 0.39 5.74 ± 0.07
5 107.2 ± 12.0 1.35 ± 0.9
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approaches have therefore been devised for minimizing their inter-
ference in HDX-MS experiments [27–34] . Here we present another
approach based on a strong anion exchange (SAX) column for
online trapping of the anionic surfactant SDS at quench conditions.
This allows us to inject SDS-containing samples directly into the
cooled LC setup, without prior SDS removal steps. In addition, by
using the liquid handler to inject regeneration solvent onto the
SAX column between sample injections we have a fully automated
HDX setup for online SDS removal. To the best of our knowledge,
this is the first demonstration of automated SDS removal imple-
mented in an HDX-MS set-up based on reversed phase liquid chro-
matography (LC).

Our HDX-MS data show that SDS causes broad destabilization of
the internal hydrogen bonding network of TlL at pH 8.0, which
reaches a constant level above 1.6 mM for 2 mg/mL TlL. However,
a broad distribution of relative exchange values confirms our pre-
ceding observations that TlL does not unfold even at the highest
[SDS]. Instead, we even detect localized patterns of reduced
exchange on parts of the surface of TlL upon addition of SDS. The
localized sites of reduced exchange include the active side lid as
216
well as two other sites with features such as hydrophobic patches
and positive charges that provide anchor points for SDS binding.
Our analysis provides novel insight into the great spectrum of
structures that can be formed between TlL and anionic surfactants
and provides a structural explanation for TlL’s significant levels of
residual activity at high [SDS] at pH 8.0.
2. Materials and methods

2.1. Materials:

TRIS (�99.9%) and SDS (�99.0%) were from AppliChem (Darm-
stadt, Germany). Themomyces lanuginosus lipase (TlL) was provided
by Novozymes A/S as a liquid that was diluted and extensively dia-
lyzed against MilliQ at 5 �C for 24 h. Furthermore, small amounts of
precipitate were removed by centrifugation. TlL was stored
at �80 �C and the concentration was determined by absorbance
using the molar extinction coefficient of 37275 M�1 cm�1. For
HDX-MS H2O was prepared locally by filtering demineralized
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water on a milli-Q IQ7000 equipped with LC-Pak UHPLC filter. All
other chemicals were of reagent grade and purchased from MERCK
(Kenilworth, US).
2.2. Tryptophan fluorescence, activity assays, CD, pyrene fluorescence,
ITC:

Data are replotted and summarized from [13], where the details
of the individuals techniques can be found.
2.3. SAXS:

SAXS data were obtained on a modified laboratory-based
NanoStar SAXS instrument from Bruker AXS (Karlsruhe, Germany)
at iNANO (Aarhus University) [35]. The instrument has been flux
optimized with homebuilt scatterless slits [36] that made it possi-
ble to reduce the number of pinholes from three to two. Data are
measured as intensity (I(q)) as a function of the modulus of the
scattering vector q ¼ 4p sin h�ð Þ=kÞ, where k ¼ 1:54 Å is the wave-
length of the X-rays from the Cu source and 2h is the angle
between the incident and scattered X-rays. The samples were mea-
sured for 1800 s (0.5 h) at 25 �C with a concentration of 2.0 mg/mL
TlL in 10 mM Tris buffer. The buffer was also measured and subse-
quently subtracted from the data using the SUPERSAXS package (C.
L. P. Oliveira and J. S. Pedersen, unpublished). This package was
also used to convert all data to absolute scale (I(q) in cm�1) by
measuring a MilliQ water sample at 20 �C as a standard.

The theoretical SAXS signal from high-resolution structures in
terms of PDB files were done using the method described in
[37,38]. The Debye equation is used for calculating the scattering
on absolute scale and a hydration layer is added in terms of
dummy atoms representing the water molecules close to the sur-
face of the protein. Structure factors for aggregates were included
using the decoupling approximation [39], where the scattering
amplitude is calculated using the distance, d, from the center of
mass of the protein and hydration shell to the atoms (dummy
atoms) with a single sum of sin(qd)/(qd). Expressions for the struc-
ture factor of a random flight (RF) and compact cluster (CC) are
given in [40] and [41], respectively. The compact cluster structure
factor included size polydispersity in terms of a Schulz distribution
see e.g. [39]. Additionally, a hard-sphere (HS) structure factor was
applied when fitting the dimer model. The HS structure factor
describes inter-particle repulsions, which gave a minor, but signif-
icant, improvement when data were modelled using the dimer
structure.

Addition of glycosylation group was done by first finding the
average mass of a glycosylation, as the mass of the particular gly-
cosylation was not known. The program GLYCOSYLATION in the
ATSAS package [42] was used to convert the average mass to a real-
istic composition of carbohydrate groups which was then pro-
duced and manually attached close to the glycosylation site
(N33) using PyMOL [43]. The used glycosylation has a mass of
2.5 kDa and is branched at two points. SAXS is a low-resolution
technique and therefore not sensitive to the specific chemical com-
position of the glycans as well as the mass, when the glycosylation
is much smaller than TlL.

The core–shell (CS) form factor expressions on absolute scale
are the same ones as given in the SI of [17] and also used in
[16,44,45]. The approach uses concentrations, volumes and corre-
sponding electron densities of protein and surfactant head and tail
groups, respectively, as constraints in the modelling. Furthermore,
[SDS]free found by ITC was used for calculating the amount of SDS
in the complexes. From the structural fitting results, stoichiome-
tries of the complexes can therefore also be obtained. The models
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were optimized by conventional weighted least-squares fitting
[46].

Data for 3.2 mM SDS at pH 6.0 and [SDS] > 1.6 mM at pH 8.0
were modelled by the PDB structure together with Monte Carlo
generated points for SDS. The home-written program was based
on the methods described in [37,47–49]. Uniformly distributed
by Monte Carlo points were first generated and a tri-axial core–
shell structure with super-ellipsoidal shape parameter t = 3 was
used for selecting points for the core and the shell, respectively
and this gave an initial representation of the SDS structure [50].
This structure was placed at origo and the protein was represented
by the dimer with the glycosylation on each of the monomers
(from PDB entry: 1EIN). When the protein overlapped with the
CS structure, the corresponding Monte Carlo points were removed,
and this could give a protein structure with a hemi-micelle on one
or two sides of the protein structure. The volume of the core was
estimated from the number of points and the point density, and
the aggregation number was obtained by dividing the core volume
by the volume of a C12 chain (353 Å3). The shell contains both SDS
headgroups and solvating buffer. An excess scattering length corre-
sponding to the electron densities of C12 tails and heads were
assigned to the Monte Carlo points in the core and in the shell,
respectively. Similarly, the appropriate excess scattering length of
a typical protein was assigned to the atoms/points of TlL and the
scattering of a hydration layer was added.

A random search procedure was used for optimizing the param-
eters in the model. The varied parameters were the radius of the
core, the axis ratio in two other directions, and the shell thickness.
Additionally, the position and angle of the protein were optimized.
Neither the total SDS concentration nor [SDS]free from ITC were
implemented directly in the model, which made it necessary to
adjust the initial structure, so it approximately agreed with the sto-
ichiometry from ITC. Several starting models were used, however,
some of them gave poor fit to the data, and those that agreed well
with the data were quite similar. Due to the randomness in the
search procedure, the final results were obtained by performing
ten simulations with the same starting parameters for each SAXS
data sets. The average of these ten simulations is reported as the
final parameters and the uncertainties are calculated as standard
deviations of these ten simulations.

2.4. HDX-MS:

Purified TlL was buffer exchanged into 10 mM TRIS at pH 8.0 by
spinning at 14.000 � g in a 10 kDa spin filter until the solvent was
exchanged 4 times by volume. TlL was then recovered and the con-
centration was adjusted to 20 mg/mL.

Working with surfactants in mass spectrometry applications
poses specific challenges in terms of ion suppression. Handling sur-
factant samples becomes even more critical with the use of
reversed phase LC-MS due to possible alteration of column chem-
istry and blockage. HDX provide an additional significant chal-
lenge, in that any time spend on sample preparation after the
exchange has been quenched should generally be performed as fast
as possible (within minutes) at low pH and low temperature. This
is to minimize the loss of isotopic labeling referred to as back
exchange. To address this, we utilized the difference in charge type
between SDS (-) and our analyte (+) at low pH to trap and remove
SDS in an on-line and automated setup by fitting a short, strong
anion exchange (SAX) column in our cooled LC. In addition, by
using urea as denaturant the minimum exchange rate is shifted
from pH 2.5 to pH 3 achieving more efficient disulfide bond reduc-
tion with TCEP [51,52]. This setup, described in more detail below,
is effective at preventing blockage and maintaining chromato-
graphic performance up to at least 0.29 mmol of SDS per injection
(40 mL at 7.3 mM) which was the largest amount used in this study.



Fig. 2. SAXS data and fit of TlL without SDS at pH 4.0, 6.0 and 8.0. The fits are shown
for the scattering from the PDB structure (PBD entry: 1EIN) with and without an
added glycosylation group.

Helena Østergaard Rasmussen, Daniel T. Weltz Wollenberg, H. Wang et al. Journal of Colloid and Interface Science 614 (2022) 214–232
Hydrogen deuterium exchange was performed in 10 mM TRIS
buffer at pH 7.82 and 20 �C in the presence of 0 mM, 1.6 mM,
4.6 mM, 6.1 mM and 7.3 mM SDS by 10-fold dilution of the
20 mg/mL TlL stock into one of the exchange buffers [53]. Quench
was performed by diluting the exchange solution 1/3 into 1 �C
quench solution containing 4 M urea and 0.5 M TCEP for a final
pH of 2.93 at 1 �C. After mixing, the quenched solution was injected
into the 1 �C cooled LC for online SDS-removal, digestion and
desalting for 10 mins at 0.2 mL/min with solvent A (0.3 % v/v for-
mic acid in water) before chromatographic separation. SDS was
removed by passing the injected sample over a Sperisorb SAX
Guard Column with dimensions 4.6 mm � 30 mm, a particle size
of 5 mm, and a pore size of 80 Å (Waters). The SAX column was
placed in the flow path after the injection loop, but before the pro-
tease column. Digestion was carried out using a dual protease col-
umn pepsin/protease XVIII (w/w, 1:1; 2.1 � 30 mm) at 10 �C
(NovaBioAssays Inc., Woburn, MA). The peptides resulting from
the digestion of deuterated TlL were trapped and desalted on a
reversed-phase trap column (Van Guard Acquity UPLC BEH C18
1.7 mm trap column, Waters, Milford, MA). Subsequently, the pep-
tides were separated by reversed-phase chromatography using an
analytical column (BEH C18 2.1 � 50 mm 1.7 mm, Waters). The LC
gradient was 15–40 % B in 12 min at 0.L ml/min with Solvent Sol-
vent B being 0.3 % (v/v) formic acid in acetonitrile. HDX was per-
formed on a PAL-RTC liquid handler (Trajan, Morrisville, NC). The
SAX column was regenerated after each injection by injecting
3 ml of 0.1 M hydrochloric acid and 90% acetonitrile in H2O across
the column and directly to waste. HDX-MS measurements were
carried out on a maXis II equipped with ETD (Bruker Daltonik
GmbH, Bremen, Germany) [54]. Two LC-MS/MS peptide mapping
runs were done using CID to identify peptides and their retention
times before HDX-MS. Further details on the HDX-MS data analysis
are available in supporting information.
3. Results

3.1. SAXS shows TlL to be primarily a monomer in solution at pH 4.0,
6.0 and 8.0

We start out with SAXS analysis of native TlL at pH 4.0, 6.0, and
8.0 (Fig. 2) at 2.0 mg/ml, comparing them with a PDB structure of
TlL in, respectively, the closed (PDB: 1DU4) and the open confor-
mation (PDB: 1EIN). Before addition of SDS, TlL should be in the
closed conformation. However, the calculated scattering curves of
the open and closed conformation were basically indistinguishable
(Fig. S2), i.e SAXS is not sensitive enough to detect the movement of
the lid. Hence, we decided to use the same PDB structure for TlL
throughout the analysis. The PDB structure does not include any
glycosylation, but TlL is known to have one glycosylation site at
Asn33 [12]. Therefore, a glycosylation group was added to Asn33
manually (see M&M for details) and the PDB structures with and
without glycosylation were fitted to the data (Fig. 2) considering
also the scattering contribution from the hydration layer of the
protein. Addition of the glycosylation group significantly improved
the fit, decreasing the v2-value for pH 4.0 from 1.27 to 1.09, for pH
6.0 from 4.47 to 1.04 and for pH 8.0 from 3.47 to 1.15. Thus, the
PDB structure with the added glycosylation was used in subse-
quent analysis. The fit parameters for glycosylated TlL (Table 2)
also lead to a protein concentration very close to the actually used
2.0 mg/mL at all pH values. For pH 4.0, it was necessary to have a
fraction of the protein as a dimer, as the mass was slightly higher
than a pure monomer. The dimer structure factor describes the
structures as a dimer of the individual components with a certain
separation. On average, a complex consists of 1.2 monomers (Nprot),
which means that the sample primarily consists of monomers, but
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a minor fraction (ca. 35% of the total protein mass) is in the dimeric
state. In conclusion, the crystal structure represents the structure
in solution and TlL is primarily a monomer at all pH values with
around 65 % of the total mass at pH 4.0 and 100 % at pH 6.0 and 8.0

3.2. At pH 4.0 TlL forms large complexes at low [SDS] and classic core–
shell structure at high [SDS]

SAXS data were measured for all the transition points found in
ITC, each of which represents a distinct part of the unfolding. Thus,
the progression of structures during unfolding can be followed by
measuring and modelling data at [SDS] corresponding to each of
the transition points. It should be noted that the last transition
point of ITC data is the saturation point just before the signal pla-
teaus at which stage additional SDS will go into free micelles. As
we only use [SDS] up to the saturation point, we would not expect
any contribution from free micelles. We start with pH 4.0. Fig. 3A
shows SAXS data for SDS-free TlL and TlL at an [SDS] corresponding
to each of the five ITC transitions points. Clearly, these curves are
quite different, underlining the significant changes occurring dur-
ing unfolding. SAXS data for SDS alone are shown in Fig. S3A for
comparison. The first step was to use an indirect Fourier transfor-
mation (IFT) as developed by Glatter [55] to calculate the p(r) func-
tions, i.e. histograms of pair distances within the particle weighted
by the product of the electron density contrasts at the given points.
The p(r) function provides model-independent parameters such as
the maximum distance, Dmax, and information about the overall
shape. Furthermore, the radius of gyration, Rg, and the forward
scattering intensity, I(0), are also obtained through the IFT where
the latter can be used to calculate the overall mass. The p(r) func-
tions are displayed in Fig. 3B, while Table 3 shows Rg and a rough
estimate of the number of protein monomers in an oligomer/ag-
gregate calculated from I(0) where the scattering from the SDS is
neglected (# Monomers IFT). In the used SAXS setup, it is only pos-
sible to probe distances up to approximately 40 nm. Thus, when
the p(r) functions at 0.6, 1.9 and 3.3 mM SDS have Dmax values
higher than 40 nm, these are not precise values, but shows that
the complexes are larger than 40 nm. This is also seen in the data
in Fig. 3A, where the curves have not started to level out for the
scattering vector modulus q approaching zero, but still have a large
slope at low q. Above 3.3 mM SDS, the size of the complexes starts
to decrease and for 8.7 mM, Dmax is similar to that of TlL without
any SDS (Fig. 3B). As regards shape, it is seen that 0.6, 1.9 and
3.3 mM are close to spherical, as the p(r) function is almost sym-



Table 2
Parameters for TlL-SDS complexes at pH 4.0-8.0 obtained by fitting the data with the scattering from a monomer (PDB entry: 1EIN) with an added glycosylation group. c (mg/ml)
is the fitted TlL concentration, qhydration is the scale of the scattering contribution from the hydration layer represented by dummy atoms around the protein. This is usually
between 0.3 and 1.0 for a protein. Nprot is the number of TlL on average per complex and Dprot is the center-to-center distance between the two monomers in the dimer. (f) The
parameter was fixed during fitting.

v2 c (mg/mL) qhydration Nprot Dprot (Å)

pH 4.0 1.09 1.97 ± 0.02 0.77 ± 0.07 1.18 ± 0.01 56 ± 2
pH 6.0 1.04 2.02 ± 0.01 0.46 ± 0.03 1.00 (f) –
pH 8.0 1.15 2.079 ± 0.009 0.44 ± 0.03 1.00 (f) –

Fig. 3. SAXS data, p(r) functions and fits for TlL:SDS complexes at pH 4.0. A) SAXS data overlaid. P1-5 in the parentheses indicate the ITC transition point. B) p(r) functions
calculated from data in A). Inset shows zoom in from 0 � 10 nm. C) Stacked SAXS data with fits from the modelling. Black solid lines show the final fit and red stippled lines
show fits for 0.6 and 3.3 mM without the extra CC structure.
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metrical and not particularly broad (Fig. 3B), unlike the case for
oblate particles. At 4.6 mM, the complexes are more elongated as
the maximum of the p(r) is skewed to the left. Furthermore, there
is a small shoulder around 1 nm, which generally arises from the
CS structure [56] (inset Fig. 3B), which is even more pronounced
at 8.7 mM. These CS features are especially pronounced for SDS
alone (Fig. S3B).
3.3. SAXS modelling reveals compaction of the complexes decreases as
a function of [SDS]

To aid the reader, we introduce in Fig. 4 a sketch of the models
obtained from our SAXS models at pH 4.0, whose construction is
described below. Fig. 4 also provides an overview of the Trp fluo-
rescence, activity and hemi-micelle and cmc region which were
found by pyrene fluorescence (Data in Fig. 1). The hemi-micelle
and cmc regions are defined as the concentration range in which
the transition occurs with and without TlL, respectively.

For the modelling of the individual curves between 0.6 and
8.7 mM SDS, the first step was to look for characteristic features
that could point to the right model. The bump from the CS form
factor is seen around q = 0.2 Å�1 at 1.9, 3.3, 4.6, and 8.7 mM SDS.
Therefore, a CS model was the starting point for these curves as
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described below. However, we start with 0.6 mM SDS, for which
there is no CS bump. When comparing TlL alone and with
0.6 mM SDS, it is found that the intensity differs significantly in
the intermediate q region (i.e. q = 0.04 – 0.1 Å�1), where the tertiary
structure of the monomer contributes. This indicates that the orig-
inal globular fold has been broken down into smaller structural
elements. To model this, an a-helical fragment of 3.2 kDa (29 aa)
was used to mimic the smaller structured regions of TlL. Further-
more, structure factors were added to describe the aggregation of
this fragment. The structure factor called compact cluster (CC,
see M&M) was used to describe the relatively close packing of
these fragments. This structure factor describes a spherical struc-
ture with size polydispersity that contains homogenously dis-
tributed defined particles inside, in this case in the form of the
a-helical fragments. Each cluster consists of around 22 fragments
which add up to 2.2 TlL monomers on average (Nprot , Table 3).
However, this model is unable to describe the low-q region ade-
quately, as seen in Fig. 3C, where the fit with one CC is depicted
as the red stippled line. To achieve the sharp increase at low q,
we included another CC factor, i.e. we model not a single cluster
but a cluster of clusters. This supercluster contains around 64 of
the original clusters (Fit Fig. 3C, Table 3, sketch Fig. 4B).

At 1.9 mM SDS, the SAXS data contain the CS bump at
q = 0.2 Å�1 and have a large slope that can be described by the



Table 3
IFT and selected fitting results for TlL:SDS complexes at pH 4.0. The results are organized in groups of primary unit, primary aggregation, super aggregation and calculated output
to underline the hierarchical structure of the models. All fitting parameters and results can be found in Table S2, where fixed parameters relating to polydispersity, hydration and
structure factor effects are included.

[SDS] (mM) 0.6 1.9 3.3 4.6 8.7

# Monomers of protein IFTa 73.8 ± 0.8* 123.9 ± 0.9* 118 ± 1* 17.1 ± 0.3 1.56 ± 0.01
Rg (Å) IFTb 165.3 ± 0.5 152.4 ± 0.3 155.2 ± 0.4 100 ± 2 29.9 ± 0.2
Modelling
Model N terminal fragment + 2 � CC CS + CC CS + RF + CC CS + RF CS + RF
v2 4.05 6.41 8.54 4.66 3.00
Primary unit
Rcore (Å)c – 5.6 ± 0.3 6.8 ± 0.3 9.51 ± 0.04 13.3 ± 0.1
Dshell (Å)

d – 26 ± 1 24 ± 1 14.9 ± 0.2 7.7 ± 0.1
e e – 2.0 (f) 2.0 (f) 2.0 (f) 2.0 (f)
Nagg

f – 4.2 ± 0.7 7.6 ± 1.0 20.4 ± 0.3 55.4 ± 1.3
Mmicelle (kDa)g – 5.9 ± 1.8 6.1 ± 0.8 15.7 ± 10.7 16.6 ± 1.1
# SDSbound /Monh – 23 ± 5 40 ± 1 41 ± 1 104 ± 2
SDS½ �free (mM)i – 0.46 (f) 0.8 (f) 2.0 (f) 2.0 (f)
Primary aggregation
Nmicelle

j – 1:4� 103 � 0:2� 103 1000 (f) 22.1 ± 0.6 1.69 ± 0.05

Dmicelle (Å)k – – 40 ± 3 42 (f) 42 (f)
Nprot

l 22.0 ± 0.6 – – – –
Rprot (Å)m 28.8 ± 0.4 – – – –
Super aggregation
Nsuper

n 64 ± 6 – 5.9 ± 0.3 – –
Rsuper ;Rsuper ;Rclust (Å)o 139 ± 3 121 ± 2 43 ± 2 – –ffiffiffiffiffiffiffiffiffiffiffiffiffi
R8=R6

q
(Å)p 284 ± 6 280 ± 5 85 ± 4 – –

Calculated output
# Monomerq 142 ± 14 261 ± 88 1135 ± 25 11 ± 7 0.9 ± 0.1

a Number of monomers calculated from the I(0) obtained by the IFT procedure.
* Denotes that these are minimum values as the complex size is outside the experimental range.
b Radius of gyration obtained by the IFT procedure.
c Radius of the core (Fig. 4F).
d Width of the shell (Fig. 4F).
e Axis ratio of the core (see sketch Fig. 4F).
f Aggregation number of SDS molecules per complex/micelle.
g Mass of protein per micelle.
h Number of bound SDS molecules per TlL monomer defined as (Nagg � Nmicelle)/#Monomer.
i Concentration of free SDS molecules (parameters found by ITC analysis).
j Average number of micelles in a complex.
k Distance between the centers (see sketch in Fig. 4F).
l Number of N-terminal fragments in average per complex.

m Center-center distance between N-terminal fragments (see R on sketch Fig. 4B).
n Number of spherical structures in a CC that are added either on top of another CC structure (0.6 mM) or a CS structure (3.3 mM).
o Distance between the Nsuper spherical structures (See sketch Fig. 4BCD).
p Intensity weighted radius of spherical structures in the CC structure.
q Number of monomers per complex.
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CC structure factor (Fit Fig. 3C, Table 3, sketch Fig. 4C), i.e. a com-
pact cluster of core–shell structures, which leads to a satisfactory
fit. At 3.3 mM SDS, the CS bump is even more pronounced, and
some aggregation is seen. However, the initial slope of the curve
at intermediate q is too low to be described by a CC. Therefore, a
random-flight (RF, see M&M) structure factor is used. An RF struc-
ture factor describes the scattering of an ensemble of a number of
particles in random flight configurations with a certain step length
between the particles. Note that for CS, the RF structure factor
describes a random flight of micelles on the surface of which the
protein is distributed. This combination of CS and RF factors
describe most of the data at 3.3 mM, but there are still some dis-
crepancies at low q as seen from the fit with the red stippled line
in Fig. 3C. In this region, the slope starts to increase, and thus we
need to also include the CC structure factor to obtain a good fit
(Fit Fig. 3C, Table 3, sketch Fig. 4D). Finally, at 4.6 and 8.7 mM
SDS, a classical CS structure with a RF structure factor nicely mod-
els the data (Fit Fig. 3C, Table 3, sketch Fig. 4EF), with a significant
decrease in the number of micelles per complex as we go from 4.6
to 8.7 mM SDS. In general, the number of SDS bound per TlL mono-
mer (# SDSbound/Mon (defined as (Nagg � Nmicelle)/#Monomer),
Table 3) is in good agreement with ITC binding numbers (Table 1),
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which therefore supports the low-resolution structures found
through SAXS modelling.

3.4. At pH 6.0 TlL shows no aggregation before forming core–shell
structures and forms dimeric hemi-micellar structure at low to
intermediate [SDS]

We next turned to pH 6.0 and collected SAXS data (Fig. 5A) and
calculated the corresponding p(r) functions (Fig. 5B) for four tran-
sition points identified by ITC. The low Dmax values make it clear
that the samples are not aggregated at any [SDS], unlike the situa-
tion at pH 4.0. However, there is still a difference in mass as TlL is
primarily in the form of a dimer at 1.4 and 3.2 mM (Table 4). The
shapes are close to spherical as judged by the relatively symmetric
p(r) functions. Important for our modelling, the CS shoulder with a
minimum around 2 nm is only seen at 7.3 and 10.8 mM SDS.

At 1.4 mM SDS, 0 SDS molecules should be bound according to
ITC (Table 1). This number is most likely an artefact of possible
peak overlap in ITC, but still emphasizes that few SDS molecules
are bound at this concentration. This prompted an attempt to
describe the data as a dimer without SDS molecules, which turned
out to be an adequate description (Fit in Fig. 5C, Table 4, sketch
Fig. 6B). This was in good agreement with earlier reports of TlL



Fig. 4. Sketches of models that describe the SAXS data for TlL:SDS complexes at each SDS concentration at pH 4.0. A) TlL in its native form in cartoon representation with
glycosylation. B) TlL is completely unfolded and forms compact cluster (CC) as the primary unit. A fragment of TlL is represented by the green small clusters. These are densely
packed to form a complex with a certain radius (R) as shown by the black circles. On top of this, the complexes also form larger CC with a radius / Rsuper. C) SDS starts to form
small core–shell (CS) structures with TlL. The cyan color represents the tail groups of SDS, the magenta color represents the headgroups of SDS, and the green lines represent
TlL. These structures are densely packed to form a CC with a radius / Rclust . TlL is spread among many CS structures and the shell has a high content of buffer. D) CS structures
of SDS and TlL are less densely packed with the primary unit showing a random flight (RF). There is also some super aggregation in form of CC that show a radius / Rsuper. E)
Less dense CS structures with a RF aggregation of in average 22 CS complexes on one structure. F) CS complex formed at saturation. A TlL monomer is here shown to be split
between two micelles with a RF aggregation. The bottom panel gives an overview of Trp fluorescence, activity, and pyrene fluorescence (which gives cmc and hemi-micelle
region) using data from Fig. 1.

Fig. 5. SAXS data, p(r) functions and fits for TlL:SDS complexes at pH 6.0. A) SAXS data overlaid. P1-4 in the parentheses indicate the ITC transition point. B) p(r) functions
calculated from data in A). C) Stacked SAXS data with fits from the modelling shown as black lines.
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forming dimers in solution through hydrophobic contacts between
the two lid regions in the open conformation [57]. At 3.2 mM SDS,
19 SDS molecules should be bound per monomer according to ITC
(Table 1), and here the dimer model had to be expanded to allow
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SDS to form a rim at the interface between the twomonomers. This
model was developed based on four observations. 1: IFT analysis
showed TlL to be primarily dimeric (Table 4). 2: ITC showed sub-
stantial binding of SDS (Table 1). 3: TlL retained enough activity



Table 4
IFT and selected fitting results for TlL:SDS complexes at pH 6.0. The results are organized in groups of primary unit, primary aggregation and calculated output to underline the
hierarchical structure of the models. All fitting parameters and results can be found in Table S3 that include parameters relating to hydration, polydispersity and structure factor
effects.

[SDS] (mM) 1.4 3.2 7.3 10.8

# Monomers of protein IFTa 2.307 ± 0.009 2.48 ± 0.01 1.39 ± 0.01 1.421 ± 0.009
Rg (Å) IFTb 29.2 ± 0.1 30.5 ± 0.1 27.8 ± 0.2 29.4 ± 0.2
Modelling
Model Dimer Dimer + hemi-micelle CS + RF CS + RF
v2 6.08 10.3 ± 1.76 4.43 3.17
Primary unit
c(TlL) (mg/mL)r 2.41 ± 0.02 1.68 ± 0.02 – –
Rcore (Å)c – 13 (f) 12.0 ± 0.1 13.0 ± 0.2
Discore (Å)s – – 3.6 ± 0.4 2.0 ± 0.3
Dshell (Å)

d – 5 (f) 11.1 ± 0.2 8.6 ± 0.2
e e – – 2.0 (f) 2.0 (f)
ecorey

t – 2.2 (f) – –
ecorez

u – 2.2 (f) – –
Nagg

f – 78 ± 4 41.0 ± 1.0 52.0 ± 2.4
Mmicelle (kDa)g – – 21.6 ± 1.7 14.2 ± 1.5
SDS½ �bound (mM)v – 2.1 ± 0.1 3.8 (f) 7.3 (f)
# SDSbound /Monh – 39 ± 2 59 ± 3 109 ± 7
SDS½ �free (mM)i – – 3.5 (f) 3.5 (f)
Primary aggregation
Nmicelle

j – – 1.45 ± 0.07 1.68 ± 0.07
Dmicelle (Å)k – – 38 (f) 36 (f)
Calculated output
# Monomerq – – 1.0 ± 0.1 0.8 ± 0.1

a Number of monomers of protein calculated from the I(0) obtained by the IFT procedure.
b Radius of gyration obtained by the IFT procedure.
r Fitted TlL concentration.
c Radius of the core.
s Displacement of the core.
d Width of the shell
e Axis ratio of the core (see Fig. 6E).

t,u Axis ratio of the hemi-micelles in the dimer + hemi-micelle model in y and z direction, respectively.
f Aggregation number of SDS molecules per complex/micelle.
g Mass of protein per micelle.
v Concentration of bound SDS fitted in the dimer + hemi-micelle model.
h Number of bound SDS molecules per TlL monomer defined as (Nagg � Nmicelle)/#Monomer.
i Concentration of free SDS molecules (parameters found by ITC analysis).
j Average number of micelles in a complex and
k Distance between the centers (see in Fig. 6E).
q Number of monomers per complex. All results for the dimer + hemi-micelle model (including v2 values) are the average value of ten simulations and the uncertainty is

the standard deviation.
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to be predominantly natively folded (Fig. 1B). 4. SAXS data did not
contain a pronounced bump from the CS form factor (Fig. 5A). In
the model, the radius of the hydrophobic core and shell with head
groups could be fitted along with the axis ratio in two directions.
Furthermore, the position and angle of the protein could also be fit-
ted. By moving the protein to the side, the micelle would be located
on one side, as micelle and protein could not overlap in the mod-
elling algorithm. With this relatively large number of structural
parameters, it was necessary to apply randomMonte Carlo simula-
tion steps to seek out possible structures (See M&M). For each
structure, ten simulations were run with the same starting param-
eters and the average of these ten simulations is reported as the
final parameters with uncertainties calculated as standard devia-
tions. This procedure shows the robustness of the modelling, as
the parameters are similar, and the final structures look almost
identical. At 3.2 mM SDS, the binding number of around 38 (2 �
19, Table 1) could only be reached with the micelle on the side
rather than all around the interface (Fit in Fig. 5C, Table 4, sketch
Fig. 6C). The fit for 3.2 mM SDS gives an average v2 value of
10.3, which is higher than for the rest of the structures. A possible
explanation is that the structure is not exclusively a dimer. Indeed,
p(r) calculations show that the average structure consists of 2.5
monomers, so some trimers or tetramers are also present in the
sample. However, this is difficult to model, as simulations would
have to be performed on dimer and trimer separately followed
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by combining these curves to describe the final data. This would
introduce many more parameters some of which would be ill-
determined, rendering the analysis unfeasible. Locking the struc-
ture to a particular multimer by using a PDB structure as the start-
ing point, is simply one of the limitations of the described
modelling approach.

3.5. SAXS modelling shows a classical CS structure with core
displacement at high [SDS]

The data for 7.3 and 10.8 mM SDS show the bump for the CS
form factor. However, the depth of the minimum is not as low as
would be expected from a symmetric CS structure. Therefore, a dis-
placement parameter of the core was introduced. This means that
the protein is not uniformly distributed around the micelle, which
can be due to residual structural elements such as disulfide bridges
that keep parts of the protein more compact. This effect was mostly
seen at 7.3 mM and only to a small extent at 10.8 mM SDS (Fit
Fig. 5C, Table 4, sketch Fig. 6DE). The need to introduce this dis-
placement also shows that even though it is possible to unfold
TlL to the standard CS structure at pH 6.0, TlL is more stable than
at pH 4.0 where displacement was not required in the modelling.
Furthermore, it is seen that the number of bound SDS molecules
per TlL monomer of, respectively, 59 ± 3 and 109 ± 7 (# SDSbound/
Mon in Table 4) are in good agreement with ITC data that shows



Fig. 6. Sketches of models that can describe the SAXS data for TlL:SDS complexes at each SDS concentration at pH 6.0. A) TlL in its native form in cartoon representation with
glycosylation. B) SDS induces a TlL dimer. The SDS concentration is so low that SDS is not visible by SAXS. C) TlL still forms a dimer where more SDS is close to the interface
forming a hemi-micelle. The cyan color represents the tail groups of SDS, and the magenta color represents the head groups of SDS. D) A CS complex is formed where the core
is displaced to one side. One TlL monomer is shown to be on one SDS micelle. The green color represents TlL. E) CS complex at saturation where one TlL monomer is
distributed onto two micelles. The bottom panel gives an overview of Trp fluorescence, activity, and pyrene fluorescence (which gives cmc and hemi-micelle region) using
data from Fig. 1.
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binding numbers of, respectively, 52.6 ± 0.2 and 108.2 ± 7.4,
(Table 1). The binding number at saturation is the same as that
seen at pH 4.0 (108.2 ± 7.4 vs. 107.2 ± 12.0) despite TlL having
an overall positive charge at pH 4.0 and negative charge at pH
6.0. This can be explained by not only the electrostatics but also
hydrophobic interactions determining the stoichiometry of TlL:
SDS complexes. We have previously shown that an uncharged pro-
tein adopted the CS structure at high [SDS], indicating that
hydrophobic interactions are of greater importance than electro-
static interactions in protein-surfactant systems [58].
3.6. TlL does not unfold at pH 8.0, but forms dimer complex with SDS

We finally turned to pH 8.0 where we recorded SAXS data at
four ITC transition points at pH 8.0 (Fig. 7A). The p(r) functions
show that these samples are not aggregated (Fig. 7B) and that even
at the highest [SDS], there is no shoulder/minimum around 1 nm,
unlike for pH 4.0 and 6.0. We conclude that the CS structure is
not formed at pH 8.0. Furthermore, the data show that a dimer is
induced at the lowest [SDS] of 1.6 mM and is sustained at all con-
centrations (# Monomer IFT, Table 5). At 1.6 mM SDS, ITC data
indicate a negative binding number (Table 1) which we attribute
to dimerization, since increasing protein concentration will
increase dimerization and thus reduce the amount of possible
SDS binding sites due to reduction in accessible surface area. We
therefore fitted a dimer without SDS to the data as was done for
the lowest [SDS] at pH 6.0. This was again found to be a sufficient
description of the data (Fit in Fig. 7C, Table 5, sketch Fig. 8B). At
4.6–7.3 mM SDS, the model with a PDB dimer and a rim of SDS
was used to model the data employing a Monte Carlo simulation
search. Data were fitted with SDS on either one or two sides of
the dimer complex. To maintain the binding number predicted
from ITC, the structures were best described with the SDS rim posi-
tioned only on one side (Fit in Fig. 7C, Table 5, sketch Fig. 8CDE).
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However, for 7.3 mM the binding number was large enough to
be compatible with a structure having a hemi-micelle on both
sides, but this could only be optimized to an average v2 value of
6.19 ± 0.48, which is significantly larger than the average v2 value
of 4.15 ± 0.53 with the hemi-micelle only on one side.
3.7. HDX-MS reveals a constant TlL destabilization level above the cmc
at which TlL remains natively folded

To further interrogate the dimeric structure observed in SAXS at
pH 8.0, we utilized HDX to gain local information on structural sta-
bility at the various [SDS], measured as the extent of exchange (the
greater the exchange, the lower the stability). Details of the HDX
data set are provided in Table S1. Secondary structures in TlL are
termed H1 and S1 for the first a-helix and b-strand in the sequence
respectively etc. (full notation can be seen using chain A of PDB
structure 1EIN).

The HDX-MS data allowed us to construct heatmaps visualizing
the relative deuterium uptake along the TlL sequence at 0, 1.6, 4.6,
6.1, and 7.3 mM SDS (Fig. 9 and Fig. S4-S8 secondary structures
were plotted using the Biotite python framework [59]). The rela-
tive deuterium uptake (relative deuteration) is the measured D-
content of the peptide relative to the number of backbone amides
in the peptide. At 0 mM SDS, the overall structure of TlL is rigid as
most regions are strongly protected against isotopic exchange with
the solvent as evidenced by the low deuterium uptake (<21%) in
most of the peptides throughout the sequence after 50 min of
exchange (Fig. 9). However, a few regions are less protected and
these, more dynamic regions are the N- and C-terminal, the active
site lid a-helix (H2), a small surface exposed a-helix (H5), a bend
(A122-R126) in a surface exposed a-helix (H3) and several surface
exposed loop regions (C36-A40, E56-D62, F188-L193, V203-E210,
S224-R232, I238-A243). We attribute the dynamic behavior of
the active site lid to an interconversion between the two conforma-



Fig. 7. SAXS data, p(r) functions and fits for TlL:SDS complexes at pH 8.0. A) SAXS data overlaid. P1-4 in the parentheses indicate the ITC transition point. B) p(r) functions
calculated from data in A). C) Stacked SAXS data with fits from the modelling shown as black lines.

Table 5
IFT and selected fitting results for TlL:SDS complexes at pH 8.0. All fitting parameters and results can be found in Table S4 that include parameters relating to hydration and
structure factor effects.

[SDS] (mM) 1.6 4.6 6.1 7.3

# Monomers of protein IFTa 2.136 ± 0.009 2.28 ± 0.01 1.975 ± 0.01 1.987 ± 0.009
Rg (Å) IFTb 28.29 ± 0.09 29.0 ± 0.1 28.2 ± 0.1 27.9 ± 0.1
Modelling
Model Dimer Dimer + hemi-micelle Dimer + hemi-micelle Dimer + hemi-micelle
v2 2.50 8.45 ± 1.4 4.42 ± 1.10 4.15 ± 0.53
Primary unit
c(TlL) (mg/mL)r 2.26 ± 0.01 1.73 ± 0.01 1.59 ± 0.02 1.63 ± 0.03
Rcore (Å)c – 11 (f) 12 (f) 13 (f)
Dshell (Å)

d 5 (f) 5 (f) 5 (f)
ecorey

t – 1.7 (f) 1.5 (f) 1.47 ± 0.30
ecorez

u – 1.7 (f) 1.6 (f) 1.80 ± 0.35
Nagg

f – 35 ± 3 37 ± 4 54 ± 5
SDS½ �bound (mM)v – 0.94 ± 0.07 0.94 ± 0.09 1.39 ± 0.13
# SDSbound /Monh – 17.5 ± 1.2 18.5 ± 2 27 ± 2

a Number of monomers calculated from the I(0) obtained by the IFT procedure.
b Radius of gyration obtained by the IFT procedure.
r Fitted TlL concentration.
c Radius of the core.
d Width of the shell.

t,u Axis ratio of the hemi-micelles in the dimer + hemi-micelle model in y and z direction, respectively.
f Aggregation number of SDS molecules per complex/micelle.
v Concentration of bound SDS fitted in the dimer + hemi-micelle model.
h Number of bound SDS molecules per TlL monomer defined as (Nagg � Nmicelle)/#Monomer. All results for the dimer + hemi-micelle model (including v2 values) are the

average value of ten simulations and the uncertainty is the standard deviation.
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tional states ‘‘lid open” and ‘‘lid closed”. Furthermore, our results
suggest that the a-helical lid region largely unfolds when it opens,
rather than moving as a rigid body which would preserve internal
hydrogen bonding. This interpretation is supported by molecular
dynamics [60].

The relative deuterium uptake of peptides for each [SDS] at
50 min of exchange can be visualized by plotting the frequency
of peptides at a given relative deuteration level (Fig. 10A). It
shows there is an increase in the median of the relative deu-
224
terium uptake from 12.0 % to 24.2 % as we go from 0 to
7.3 mM SDS, showing that SDS destabilizes the protein structure.
This destabilization of TlL due to SDS is expected as the melting
temperature, Tm, of TlL decreases from 72 �C to 40 �C in 10 mM
SDS [7,13].

The overall relative deuterium uptake increases from 0 mM to
1.6 mM SDS (12.0 to 16.5 %) and again from 1.6 mM to 4.6 mM
SDS (16.5 % to 24.2 %), but largely stays constant between
4.6 mM and 7.3 mM SDS, indicating distinct destabilization



Fig. 8. Sketches of models that can describe the SAXS data for TlL:SDS complexes at each SDS concentration at pH 8.0. A) TlL in its native form in cartoon representation with
glycosylation. B) SDS induces a TlL dimer. The SDS concentration is so low that SDS is not visible by SAXS. C-E) TlL dimer with SDS bound near the interface forming a hemi-
micelle. The cyan color represents the tail groups of SDS, and the magenta color represents the head groups of SDS. The bottom panel gives an overview of Trp fluorescence,
activity, and pyrene fluorescence (which gives cmc) using data from Fig. 1, as well as median relative deuterium uptake from HDX-MS data density plots in Fig. 10A.

Fig. 9. Heatmap showing the relative deuterium uptake for each position in TlL for 0 mM SDS at 0.5, 5, and 50 mins of exchange as determined by the HDExaminer software.
The bars above the sequence represent the measured peptides and the colors represent the relative deuterium uptake for that peptide. b-strands are numbered and marked
by orange arrows, a-helices are numbered and marked by green waves. The secondary structure annotations were plotted using the Biotite python framework [59].
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Fig. 10. (A) Relative deuterium uptake frequency plot for 50 min time point at 0 mM (red), 1.6 mM (blue), 4.6 mM (green), 6.3 mM (purple) and 7.1 mM (orange) SDS. The
median relative deuteration percentage is indicated by vertical dashed lines. (B) Heatmap showing the average difference in deuteration for each position in TIL for 0 vs
4.6 mM SDS for 0.5, 5, and 50 mins. b-strands are numbered and marked by orange arrows, a-helices are numbered and marked by a green wave using Biotite python
framework [59]. Only differences that are both greater than the global measurement error of 0.3203 and individually significant (p � 0.05) are shown. (C) TIL overlaid with
HDX difference heatmap data from 0 vs 4.6 mM SDS at 50 mins of exchange. Black indicate no HDX coverage. Visual representation was created in PyMOL. (D-F) Uptake plots
for peptides; 85SIENWIGNL93 located in the lid region (H2), 181FAEFLTVQTGGTL193 located at a small surface exposed a-helix (H5), and 118RSVADTLR125 located at an a-helix
bend (H3). Error bars indicate 95% confidence intervals. Identical time points are slightly offset for legibility.
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regimes below and above the cmc (Fig. 10A). This is in line with the
SAXS models which indicate distinct quaternary structures at
0 mM, 1.6 mM and above 1.6 mM of SDS, where the SDS hemi-
micelle is detected by SAXS. It is also evident from the HDX data
that TlL retains the natively folded structure even at the highest
[SDS], which is seen by the broad distribution of relative uptake
levels with a tail towards low relative uptake even at 50 min of
exchange (Fig. 10A). In addition, for 4.6–7.3 mM SDS there is pro-
gression in deuterium uptake from 0.5 min to 50 min of exchange
showing that exchange remains slow. This provides further evi-
dence that TlL is still folded.

3.8. HDX-MS identifies SDS anchor points

To determine which specific regions of TlL that are affected by
SDS, difference heatmaps were made by subtracting the relative
deuteration obtained in the presence of SDS from the relative
deuteration level without SDS for each peptide at each exchange
timepoint (Fig. 10B and S9-S12). By mapping the heatmap colors
onto the 3D structure of TlL, the SDS-induced differential exchange
is visualized in a structural context (Fig. 10C). Increased protection
from exchange can either be caused by protein–protein interac-
tions, SDS binding, allosteric effects or a combination of these.

Interestingly, at 4.6 mM SDS, H2 (lid), H3, and H5 have a lower
deuterium uptake than in the absence of SDS (Fig. 10BC, compare
green and red D-uptake curves in Fig. 10D-F). The difference in deu-
ILE-90
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TRP-89

LEU-93

ALA-180
ARG-179

PHE-184
VAL-187

ILE-241

A B

C D

Lid closed

Fig. 11. Sites on TlL which show a reduction in deuterium uptake in the presence of SDS
(A) TlL lid in closed state with hydrophobic H2 (lid) residues rotated away from the sol
towards the solvent (PDB: 1EIN). (C) H5 showing reduced exchange in the presence of SD
and Ile241 in close proximity (PDB: 1EIN). (D) H3 showing protection from exchange
Representations were created in PyMOL.
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terium uptake is most pronounced at the longest exchange time
(50 min) reflecting that the SDS-induced protection predominantly
affects backbone amide hydrogens that are already protected to
some extent because they are part of a-helices. Several other pep-
tides covering H2 (lid) and H3 also show a decrease in exchange
above 1.6 mM SDS. Uptake data for these and the peptides in
Fig. 10D-F including all [SDS] are available in Table S5. Overall,
SDS causes an increased stabilization of helices H2, H3 and H5,
while most other regions in TlL exchange more readily in the pres-
ence of SDS reflecting a general structural destabilization of TlL, as
noted earlier.

To better understand what causes the protection of these sites,
they were investigated in more detail. It was found that the
decrease in deuterium uptake observed in H2 (lid) coincides with
an amphiphilic a-helix, for which the hydrophobic side is buried
when the lid is closed and solvent exposed when the lid is open
(Fig. 11A-B). Thus, opening provides a binding site for SDS which
in turn stabilizes the lid in the open position. Two factors can
directly explain the protection at the lid. First, the binding of SDS
will cause water displacement from the site, potentially reducing
the exchange rate by limiting access to solvent. Second, in the open
state the lid helix is rotated close to 180� when comparing Fig. 11A
(open) and Fig. 11B (closed). This rotation could increase stabiliza-
tion of the open state interactions between residues that are other-
wise solvent exposed in the closed state and the rest of the
structure. H5, also protected in the presence of SDS, is part of a
TRP-89

LEU-93
ILE-86

ILE-90

LYS-127

ARG-125

ARG-118

Lid open

. Selected side chains are shown as sticks with carbon in green and nitrogen in blue.
vent (PDB: 1DT3). (B) TlL H2 (lid) in open state with hydrophobic residues rotated
S. H5 contains a number of hydrophobic residues on the surface along with Arg179
in the presence of SDS, the site is surrounded by positively charged sidechains.
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hydrophobic patch on the surface, which is flanked by the surface
exposed Arg179 (Fig. 11C). The long H3, which show reduction in
exchange around positions R118-R125 in the presence of SDS, is
not hydrophobic but does contain Arg118, Arg125 and Lys127, all
with surface exposure (Fig. 11D). As all sites are hydrophobic
and/or positively charged, they are most likely anchor points for
SDS.

We note that, at the lower concentration of 1.6 mM SDS, only
H2 (lid) and H5 show protection from exchange (Fig. S9). This indi-
cates that H2 (lid) and H5 are part of the initial binding interface in
the TlL:SDS complex, whereas protection of H3 could be due to an
expanding protein-SDS interface as the [SDS] increases.
4. Discussion

We have combined SAXS and HDX-MS to analyze the overall
structural aspects and specific interactions between TlL and the
anionic surfactant SDS. At all three pH values, SDS-free native TlL
is primarily present as a monomer, but the response to increasing
amounts of SDS differs strongly. At pH 4.0, large aggregates are
formed already at the lowest [SDS] of 0.6 mM, leading to a milky
suspension. These aggregates become smaller as [SDS] increases,
until the CS structure is adopted with only 1.7 micelles and one
monomer per complex. This stands in contrast to TlL:SDS com-
plexes at pH 6.0 that initially form a dimer which binds more
SDS before rearranging and adopting the CS structure with a dis-
placed core (i.e. an asymmetric protein distribution). Thus, at pH
6.0 there are no large aggregates, and the asymmetry of the CS
structure shows that the structure is more robust towards SDS
denaturation. At pH 8.0, the structures of TlL:SDS complexes at
low [SDS] resemble initial structures at pH 6.0, but they start to dif-
fer at higher SDS concentration where TlL does not rearrange to the
CS structure, but instead remains a folded dimer that can bind an
SDS hemi-micelle. HDX-MS data show that TlL is destabilized but
not unfolded even at high [SDS] and identify interaction sites for
the TlL:SDS dimer complex at pH 8.0. The protected sites coincide
with hydrophobic patches and a cluster of positively charged side
chains, making them likely anchor points for SDS.
4.1. Comparison of SAXS and HDX-MS data

At first glance, the structural progression observed in SAXS does
not lend itself to an interpretation of the protection pattern in HDX.
For instance, while SAXS identifies a dimer at 1.6 mM SDS, HDX
shows two distant protected sites already at 1.6 mM SDS. In addi-
tion, there is no progression in protection for HDX between 4.6 mM
SDS and 7.3 mM SDS, while SAXS show association of a growing
number of SDS molecules to TlL. These apparent differences can
likely be attributed to the fundamental difference in the way SDS
is detected in HDX and SAXS, respectively. Initial binding of only
a few SDS molecules will drive most of the reduction in HDX. Addi-
tional SDS molecules are more in contact with the hemi-micelle
than the protein surface and will therefore have decreasing impact
on HDX. In turn, protection is detected in HDX before enough SDS
has associated to be detectable by SAXS. Furthermore, it should be
stressed that the resolution of the SAXS complexes is not high
enough to determine at what side of the dimer the hemi-micelle
is situated. Therefore, we cannot directly compare the position of
the hemi-micelle in the SAXS model to protected sites in HDX-
MS. Instead, we can evaluate if the protected residues in HDX-
MS are compatible with the overall structure with a hemi-
micelle on one side. With this in mind, we can reconcile the HDX
data with the SAXS structures. H2 and H5, being the first sites to
show protection in HDX, could be part of a protein–protein inter-
face and/or a protein-SDS interface. However, as noted in Results,
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these regions have cationic and hydrophobic patches making them
likely anchor points for SDS. Protection of multiple sites is compat-
ible with the SAXS models, given the large surface area which is
either covered by the SDS hemi-micelle or participating in dimer
formation. This leaves H3, which only show SDS-induced protec-
tion above 1.6 mM SDS. This indicates that the charged cluster in
H3 interacts with a charged head-groups of SDS at the rim of the
hemi-micelle. Thus, SAXS models and HDX-MS exchange patterns
can be reconciled but are not directly comparable due to the large
difference in sensitivity where HDX-MS detects binding of single
SDS molecules and SAXS only detects larger clusters of SDS. How-
ever, by combining these two complementary techniques, it is pos-
sible to achieve great insight into both specific interactions and
overall structure. SAXS provide the overall low-resolution struc-
ture with the organization of the SDS and HDX-MS gives details
on the specific parts of the protein that interacts with the SDS
(hemi-) micelle.
4.2. Charge neutralization and aggregation

The net charge of TlL is computed to be + 18, �5, and �12 at pH
4.0, 6.0 and 8.0, respectively. Thus, we would expect a strong
protein-SDS interaction at pH 4.0, where TlL has a positive overall
charge and SDS is anionic. Electrostatic interactions clearly play a
large role for TlL interactions with SDS, but the underlying mecha-
nisms are complex. Thus, repulsion between SDS and TlL at pH 7.0
(which is expected to increase SDS resistance) is decreased by
increasing salt concentrations, which provides shielding of the
charges, but nonetheless still increases SDS resistance [61]. This
was correlated with the decrease of cmc with increased salt con-
centration, which indicated that TlL was more sensitive towards
single SDS molecules compared to SDS micelles [61]. It is not sur-
prising in itself that protein and SDS interactions are pH sensitive;
it has been observed that protein-surfactant systems can form
large aggregates close to charge neutralization when mixing either
positively charged proteins and anionic surfactant [16,62–64] or
negatively charged proteins and cationic surfactants [7].

Furthermore, large aggregates around charge neutralization are
a known phenomenon in surfactant/polymer systems with compo-
nents of opposite charge [65–69]. These systems can be modelled
in a similar way as our TlL series at pH 4.0 with components such
as CS form factor, RF structure factor and a contribution from addi-
tionally larger cluster especially around charge neutralization [65–
68]. The similarities of TlL:SDS complexes at pH 4.0 to surfactant/
polymer complexes close to charge neutralization also stress that
TlL is unfolded at this pH and therefore acts more as an extended
polymer than a folded protein with a well-defined tertiary
structure.

It is not only close to charge neutralization that SDS is known to
induce aggregates. This is also the case for a number of amyloid-
forming proteins such as Ab, tau and a-synuclein [70]. Here aggre-
gation is generally induced in a [SDS] below cmc where SDS mole-
cules interact with more than one protein and thereby increase the
local protein concentration at the interface of a shared micelle. For
a-synuclein, a SAXS study was carried out to understand the com-
plex formation and growth at various [SDS] [56]. This showed that
in a narrow concentration range of 0.3 – 0.7 mM SDS, it was possi-
ble to induce aggregation that produced Thioflavin T binding fibrils
growing as a RF chain of connected CS structures. At higher [SDS], a
stable CS structure was formed with one a-synuclein monomer
and one micelle. These different concentration regions are similar
to what is seen for pH 6.0, where the dimer with a hemi-micelle
forms in the cmc region and at higher concentrations rearranges
to the stable CS structure.
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4.3. Dimerization and hemi-micelle modelling

At pH 6.0 and 8.0, a dimer is induced at the lowest [SDS] (1.4
and 1.6 mM, respectively). The formation of a dimer at low [SDS]
is also seen for ubiquitin [71] and the cellulose binding domain
(CBD) of a Cellulomonas fimi xylanase [58]. For these proteins the
dimer structure was bridged with small clusters of 4–7 SDS mole-
cules sitting at the interface. It should be noted that while ubiqui-
tin exists as a pure monomer in solution, as seen for TlL in this
study, around 70 % of CBD exists in a dimeric state at the investi-
gated concentration of 2 mg/mL CBD without SDS present. When
more SDS is added to these systems, the proteins unfold and adopt
the classical CS structure. As very few SDS molecules were bound,
the shape and position of the SDS contribution were not optimized.
However, this shows that similar structures with small SDS cluster/
hemi-micelles have been observed with a much lower SDS binding
number.

Additionally, other studies have reported structures at a low to
intermediate [SDS] where the tertiary structure is not completely
broken down, but nevertheless still supports micelle-like struc-
tures on the proteins. This has been revealed by pyrene fluores-
cence for example for the proteins zein [72], bromelain [73] and
myoglobin [74]. Moreover, myoglobin also showed an initial ITC
transition independent of protein concentration (binding number
equal to zero) [74] and a tendency to form larger structures with-
out a CS structure at an intermediate concentration of the biosur-
factant rhamnolipid as seen by SAXS data (though the SAXS data
were not modelled) [17]. This is similar to what we see for TlL,
where the first ITC transition at pH 6.0 and 8.0 gave a binding num-
ber of 0 and �18 (Table 1), respectively, which could suggest that
these kinds of complexes are also more common, but not well
characterized due to the difficulty of obtaining detailed structural
information for example through SAXS modelling. This is challeng-
ing even with SAXS data, as the contribution from the hemi-
micelles structure to the SAXS signal is low (e.g. compared to con-
tribution from CS structure), as seen from the relatively modest
difference from 1.6 mM to 7.3 mM at pH 8.0 (Fig. 7A).

Furthermore, it should be noted that a study of TlL and the bio-
surfactants rhamnolipid (RL) and sophorolipid (SL) showed that
dimers were induced at pH 6.0 and that SAXS data could be mod-
elled with 5–10 molecules of either RL or SL at the dimer interface
[75]. However, no complex formation was seen at pH 8.0, where
SAXS data could be described as coexisting folded TlL monomers
and RL/SL micelles. The modelling performed in this study also
optimizes the size and shape of the lipid structure. However, ITC
data did not show characteristic transitions, so it was not possible
to extract binding numbers and moreover the lipids RL and SL are a
mixture of molecules with slightly different structure, which
makes the calculated contrast levels of the head and tail groups
more uncertain. Because of this and the lack of suitable software,
the structures could not be modelled with the same level of detail
as our study where we were also able to vary the orientation and
position of the hemi-micelle as part of the fitting.

To the best of our knowledge, the detailed modelling performed
in the present work has not previously been done for protein hemi-
micelles structures. However, similar approaches have been
applied to model SAXS data of membrane proteins encapsulated
in membrane mimicking entities consisting of various kinds of sur-
factants [47,48,76–79]. In these works, pseudo-atom types are
used that consider the scattering contrast of the head and tail
group of the surfactants. Then, a search is performed to optimize
shape parameters such as the height and ellipticity of the structure.
This is very similar to our approach of describing the SDS hemi-
micelles with dummy atoms representing the head or tail group
of SDS. One large difference between the two systems is that parts
of a membrane protein must be in contact with the hydrophobic
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core to be stable, which limits the possible arrangement of the
membrane mimicking entity relative to the protein. For the
hemi-micelles there are more possible orientations and positions.
In the study of protein-surfactants, especially membrane proteins,
small-angle neutron scattering (SANS) is often used either alone
[80] or in combination with SAXS [81,82]. With SANS it is possible
to contrast match the lipids using a certain H2O/D2O ratio, which
essentially gives a spectrum of only the protein. It is then possible
to fit SAXS and SANS data using one model, which can make the
results more robust. This approach could also be useful for partic-
ularly the hemi-micelle structures observed in our study, so the TlL
and SDS contribution each could be studied (almost) alone through
a H2O/D2O contrast variation. However, it should be noted that the
contrast in SAXS is good for protein-surfactants systems, as the
surfactants have a very different electron density compared to pro-
teins and variation in the structure will therefore be clear. This is
exemplified by the very different SAXS data seen at the various
pH and [SDS] in this study.

4.4. Hemi-micelle structure as locked unfolding intermediate

A combination of rapid-reaction CD, SAXS, and Trp fluorescence
data of SDS unfolding of b-lactoglobulin show that micelles bind
rapidly to the protein initially, forming large asymmetric aggre-
gates that quickly disintegrate to micelles bound to individual pro-
teins [44]. Subsequently, the tertiary structure of b-lactoglobulin
breaks down and it starts to wrap around the micelle. Similarly,
a molecular dynamics study of titin and b-amylase together with
SDS shows that micelles initially bind to the protein and then indi-
vidual SDS molecules insert into the structure, thereby unraveling
individual structural components before the entire protein is
wrapped around the micelles [83]. In our study, only the equilib-
rium structures of TlL:SDS are considered, but detailed knowledge
of the mechanism of unfolding could help understand the struc-
tures. It could be speculated that a micelle binds to TlL, but the
activation energy for SDS molecules inserting in the TlL structures
and thereby disrupting the structure is too large and therefore a
stable complex is formed in the form of a dimer with a hemi-
micelle. For pH 6.0, it is seen that the activation barrier can be
overcome at higher [SDS] where the CS structure is adopted, but
this does not happen at pH 8.0. The increased activation barrier
at pH 8.0 that results in a higher kinetic stability has been dis-
cussed thoroughly in our earlier study [13]. The formation of a
dimer with the hemi-micelle can be viewed as an alternative to
the CS structure formed between stable proteins and SDS, which
is feasible without unfolding as the SDS hemi-micelle has a large
contact surface with the protein at the dimer interface that can sta-
bilize the dimer by specifically binding to this species. This can be
adopted at intermediate [SDS] (as for pH 6.0) or at SDS saturation
(as for pH 8.0).

Despite the overall stabilization of TlL at pH 8.0 for high [SDS],
our HDX-MS data and the known reduction in Tm from 72 �C to
40 �C in the presence of 10 mM SDS [7,13] show that the structure
is somewhat destabilized upon addition of SDS (Fig. 10A). This
effect has also been seen for other proteins such as cytochrome
P450 2B4 where addition of nonionic surfactants produced a mix
of local increased and reduced deuterium exchange [84]. Further-
more, a global decrease in deuterium uptake has been reported
for ubiquitin when comparing 0 mM SDS to 1.4 mM SDS, indicating
that SDS is binding to ubiquitin in a partially folded state [85]. A
later study using SAXS showed that under these conditions ubiqui-
tin is in fact participating in a complex of four ubiquitin and 41 SDS
[71]. Thus, while ionic surfactants are thought to disrupt protein
structure, they may still interact with specific substructures to
shield them from exchange and in our case even stabilize a possi-
ble unfolding intermediate. Binding of individual SDS molecules
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has also been invoked to explain a reduction in the rate of Cys-
labelling kinetics of the membrane protein GlpG at low SDS mole
fractions in mixed micelles of SDS and the non-ionic surfactant
dodecyl maltoside [86].
5. Conclusions

We provide a structural analysis of the response of TlL to SDS
over a range of pH values and in this process describe a dimeric
hemi-micelle structure formed under slightly alkaline conditions.
At pH 8.0, we identify specific SDS anchor points and show a con-
stant level of destabilization above cmc although TlL remains
folded. Furthermore, we have performed a detailed modelling of
the hierarchical structures formed close to charge neutralization
and find a clear progression in the hierarchy of aggregation, in
which compaction is gradually reduced before the classical CS
structure is formed at high [SDS].

We have extended our SAXS modelling to encompass a broad
swathe of structures, ranging from large particles leading to a
milky suspension via exceptionally stable hemi-micelle structures
to classical CS structures. This modelling has been paired with an
optimized form of HDX-MS that made it possible to investigate
specific interactions even at high [SDS].

We hypothesized that the pH dependent stability arose from
structurally distinct complexes of TlL:SDS, and this has been vindi-
cated through SAXS and HDX-MS analysis.

Both modelling of SAXS data and the use of HDX-MS within
protein-surfactant systems have been advanced compared to pre-
vious studies. The detailed modelling of SAXS has resulted in an
unprecedented insight into the structure formation of SDS-
protein systems. This modelling has employed recently developed
structure factors for describing aggregation [41] and the novel
modelling method based on Monte Carlo generated points and
optimization by random searches, in combination with both
high-resolution structure and analytical form factors for the CS
structures, where both types of modelling have been done on abso-
lute scale employing molecular and concentration restraints. Such
modelling has been lacking in previous studies [16,20,71,87]. For
HDX-MS on protein-surfactant systems, surfactant removal prior
to MS analysis is crucial [27,28,33,34]. To the best of our knowl-
edge, this is the first demonstration of automated SDS removal
implemented in an HDX-MS set-up which applies reversed phase
LC for analyte separation. The observations and analyses presented
in this study are important to achieve a better understanding of
protein-surfactant systems both from a fundamental and applied
point of view. The analysis of similar systems of surfactant-stable
proteins could elucidate if the structures of TlL:SDS complexes
are representative of this class of protein complexes. A better
understanding of this may enable the development of more stable
protein formulations for the detergent industry as well as within
e.g. food and personal care.
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