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Protein unfolding by SDS: the microscopic
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The effects of detergent sodium dodecyl sulfate (SDS) on protein structure and dynamics are fundamental
to the most common laboratory technique used to separate proteins and determine their molecular
weights: polyacrylamide gel electrophoresis. However, the mechanism by which SDS induces protein
unfolding and the microstructure of protein—SDS complexes remain largely unknown. Here, we report a
detailed account of SDS-induced unfolding of two proteins—I27 domain of titin and p-amylase—obtained
through all-atom molecular dynamics simulations. Both proteins were found to spontaneously unfold in
the presence of SDS at boiling water temperature on the time scale of several microseconds. The protein
unfolding was found to occur via two distinct mechanisms in which specific interactions of individual SDS
molecules disrupt the protein’s secondary structure. In the final state of the unfolding process, the pro-
teins are found to wrap around SDS micelles in a fluid necklace-and-beads configuration, where the
number and location of bound micelles changes dynamically. The global conformation of the protein was
found to correlate with the number of SDS micelles bound to it, whereas the number of SDS molecules
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directly bound to the protein was found to define the relaxation time scale of the unfolded protein. Our
microscopic characterization of SDS—protein interactions sets the stage for future refinement of SDS—
enabled protein characterization methods, including protein fingerprinting and sequencing using a solid-
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izing the modes of protein dynamics.”*™'® The reverse process,

protein unfolding, has received its fair share of interest from

1. Introduction
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The three-dimensional shape of a protein is fundamentally
important to its biological function. In living cells, nascent
proteins begin to fold as soon as they are synthesized by a
ribosome,"* a process that is often aided by chaperones such
as GroEL/ES® or by translocons” that direct newly synthesized
peptide chains into designated membranes or compartments.
Protein unfolding or misfolding is known to promote protein
aggregation,” which in turn is associated with a range of
health conditions, for example, neurodegenerative diseases.®
Not surprisingly, determining exactly how disordered peptide
chains fold into well-defined, three-dimensional structures has
long been a topic of scientific inquiry,” > alongside character-
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both experimental'” and simulation'® investigations that were
primarily directed at gaining insights into the protein folding
mechanisms. Protein unfolding can be realized by a variety of
means, including a change in the solution temperature,'®"
pH,**** or pressure,”® the application of a mechanical
force,>>2” or the introduction of chemical denaturants, such
as urea®®° or sodium dodecyl sulfate (SDS).*

SDS-induced unfolding of proteins deserves particular
attention as it underlies the most common experimental proto-
col for determining the molecular weight of a protein, SDS
polyacrylamide gel electrophoresis.** In a typical measure-
ment, a protein sample is first mixed with an SDS buffer at
high temperature, which unfolds the proteins in a process that
is known to depend, in part, on the protein’s secondary struc-
ture.”® Subject to an applied electric field, a protein-SDS
complex migrates towards the positive electrode because SDS
unfolding imparts the protein with a negative charge.
Conducting such electrophoresis experiments on a polyacryl-
amide gel sorts the proteins from a mixture according to mole-
cular weight, with smaller proteins traveling farther. Staining
the proteins with a dye®* allows direct visualization of the pro-
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teins’ locations in a gel after electrophoresis. A quantitative
estimate of molecular weight is obtained through comparison
to a ladder of protein markers of known molecular weights.
SDS-unfolding of proteins is also central to Western Blot ana-
lysis,*® where proteins are identified from a complex biological
mixture with the help of antibody-antigen interaction.
Recently, SDS treatment of proteins has been explored for
nanopore protein sequencing, where the amino acid sequence
of a protein is determined by the modulations of the ionic
current flowing through a nanopore.***”

Despite being an essential part of the most commonly used
protein characterization techniques, the very mechanism by
which SDS induces protein unfolding has not yet been unequi-
vocally established. Based on rheological,®® binding,*
scattering,’™** and spectroscopic studies,”™” several struc-
tural models of a protein-SDS complex have been proposed,
including a rigid rods model,***® a necklace-and-beads
model***® where SDS micelles cover several protein regions
spatially separated by uncovered regions of protein, and a flex-
ible helix model,* in which the protein wraps around a single,
cylindrical SDS micelle. At extremely low concentrations of
SDS, proteins have been reported to adopt a compact state.”
Over the past decade, several scattering studies provided sig-
nificant evidence for protein-decorated SDS micelle complex
formation,"****>7 although the presence of intact disulfide
bonds may alter the configuration. Questions remain over how
exactly SDS denatures proteins in the presence of heat, the
degree to which SDS-protein complexes change dynamically,
and the relative preference of specific categories of protein
amino-acid residues to interact with SDS molecules.

Molecular dynamics (MD) simulations provide a means to
explore the fine details of protein-SDS structure and dynamics.
Coarse-grained and atomistic MD studies have examined the
self-assembly of detergent molecules into micelles,”* > includ-
ing an examination of hydrogen bonds at the micelle-water
2960 Furthermore, several MD simulations have been
performed to explore protein-SDS interactions. An MD study
provided an atomistic-level description of SDS aggregation and
helix association of transmembrane protein GpA in the pres-
ence of SDS.®" Another MD study observed individual protein
helices to partially unfold after being placed within an SDS
micelle.®* Studies combining experiment and MD simulation
investigated the effects of detergents DPC®*** and DDM®>°°
on membrane proteins, observing the proteins not to undergo
major unfolding, but that immersion in DPC micelles would
alter a membrane protein’s structure and function.®* MD
simulations examined specific interactions of SDS with
charged amino acids of model peptides®” and with the
common elements of protein structure: o-helices and
B-sheets.®® By combining MD simulations with nanopore
measurements, we recently showed that SDS-treated proteins
can translocate through a nanopore in an unfolded state,
moving through the pore by electrophoresis.®*

Here, we report a detailed microscopic account of spon-
taneous (i.e., not triggered by the application of external force
or electric field) protein unfolding induced by SDS at boiling

interface.
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water temperature based on the results of multiple all-atom
MD simulations. We characterize the mechanisms of the
unfolding process, the global features of protein-SDS assem-
bly, and the local properties of protein-SDS interactions using
two proteins, titin 127 domain and p-amylase, that differ in
molecular weight and secondary structure composition. The
unfolding process was found to depend on specific inter-
actions between individual SDS molecules and the proteins,
through two distinct mechanisms that will be described in
further detail in the Results and Discussion. Upon unfolding,
we observe the proteins to wrap around SDS micelles in a fluid
necklace-and-beads configuration, in which the location and
the number of bound micelles can change on the microsecond
timescale.

2. Results and discussion

2.1. Spontaneous unfolding of the 127 domain of titin
induced by SDS

To determine the molecular mechanism by which SDS induces
protein unfolding under conditions typical to sample prepa-
ration of SDS-PAGE and nanopore translocation experiments,
we built an all-atom system, Fig. 1a, containing one folded 127
domain of titin surrounded by 400 mM Nacl solution and 120
singly dissolved SDS molecules randomly dispersed through-
out the system, corresponding to a 110 mM SDS concentration
—a typical SDS concentration used for protein unfolding.®>”°
Starting from that configuration, three equilibration MD simu-
lations were run differing only by the random seed used to
initialize atom velocities. Each system was simulated at 1 bar
pressure and boiling (373 K) temperature for 6 ps. Based on
nanopore experiments performed under similar conditions,*
we estimate the critical micelle concentration to be about
3.5 mM SDS. Fig. 1b illustrates one such trajectory; Fig. S1-S4
and Movies S1-S37 illustrate the course of all three trajectories.
Structural details about 127 domain of titin are provided in ESI
Fig. S5.F

Despite starting from a dispersed configuration, the
majority of SDS molecules formed micelles within the first 40
ns of each MD simulations, Fig. S6.f During and after this
time period, SDS monomers and micelles associated with the
folded protein, both at the protein’s disordered termini and at
the loops connecting its folded core. Upon such binding, the
protein was observed to unfold, which we characterized quan-
titatively by plotting the root mean squared deviation (RMSD)
of the protein coordinates with respect to the folded structure,
Fig. 1c, and the protein’s radius of gyration R,, Fig. S7.1

Clearly, the unfolding process in the three systems did not
follow the same path: two of the three systems became
unfolded within the first 0.5 ps, whereas the third system
remained stable for approximately 1.5 ps followed by an abrupt
transition to an unfolded state. Differences in the unfolding
behavior also occurred after the protein lost most of its initial
folded structure: the protein was seen to undergo a spon-
taneous transition between compact and extended confor-
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Fig. 1 Spontaneous unfolding of titin 127 domain by SDS. (a) Simulation setup: the 127 domain of a titin protein in its folded conformation (yellow
molecular surface) is surrounded by 120 randomly-placed SDS molecules (red and cyan bonds) and 0.4 M NaCl solution (blue semi-transparent
surface). (b) Spontaneous unfolding of titin 127 by SDS and the conformational dynamics of the SDS-127 assembly. Images illustrate the state of the
simulation system over the course of a 6 ps equilibrium MD simulation at 373 K. Blue squares denote the system'’s dimensions. Periodic images of
some SDS molecules are shown to highlight micelle formation. (c) RMSD of the protein Ca atoms from their crystal structure coordinates in three
independent 6 ps simulations (blue, purple, green) performed at 373 K. Each system contained 120 SDS molecules. Panel b illustrates the trajectory
of the second replica with 120 SDS, purple curve in panel c. (d) RMSD of the protein Ca atoms from their crystal structure coordinates in a 6 ps simu-
lation performed in the absence of SDS molecules (red) and when 180 SDS molecules were present in the system (orange). RMSD calculations omit
intrinsically disordered N- and C-terminal tails. (e) The fraction of native contacts Q versus simulation time for all five titin 127 systems. The color
coding is the same as in panels c and d. The Q value calculations were done only for those residues that were identified as p sheets or bridges in the
folded structure. Vertical dashed lines in panels ¢ and d indicate the moment the protein unfolds completely (i.e. Q < 0.1). Note, purple and green

vertical lines overlap in panel c.

mations, Fig. 1b, which is reflected by the stochastic changes
in the RMSD value, Fig. 1c. Spontaneous unfolding of titin’s
127 domain was also observed in another MD simulation
carried out at a 50% higher SDS concentration, where 180 SDS
molecules were initially dispersed within the same simulation
volume, Fig. 1d and S8 and Movie S4.7 To directly show that
the spontaneous unfolding originates from the protein-SDS
interactions, we simulated titin 127 in the absence of SDS
under the same simulation conditions, Fig. 1d, Fig. S9 and
Movie S5.f Over the course of this 6 ps trajectory, titin
127 maintained its folded conformation, Fig. 1d, transitioning
between two stable states that differed from one another by
the conformation of the protein loop formed by residues 53 to
65: the loop was either folded over and in contact with
B-strands C & D or not in contact with strands C & D and more
free to flop around.

To gain more insight into kinetics of the protein unfolding,
we plotted the fraction of native contacts Q ”* versus simulation
time for all five MD trajectories, Fig. le, see Methods for the
mathematical definition of Q. Values of Q range from 0 and 1,
with Q = 1 indicating a native, folded state and Q = 0 indicating

5424 | Nanoscale, 2020, 12, 5422-5434

a state with no resemblance to the native state. In practice,
observing a Q value close to 0 is highly unlikely for proteins
and, hence, structures of Q < 0.1 are considered to be
unfolded. Plots of the Q value, Fig. 1le, indicate that the
protein unfolding transitions occur rather abruptly, that
reduction of the protein’s RMSD during the simulation trajec-
tory does not indicate partial protein refolding, and that some
abrupt unfolding transitions, such as in the 180 SDS system,
are not evident from the RMSD or R, plots. Experiments have
suggested that refolding is possible after unfolding by SDS,
especially in the presence of other surfactants.****>?

2.2. Mechanisms of SDS-induced protein unfolding

The multiple MD trajectories captured the process of SDS-
induced unfolding in all-atom detail, providing an opportunity
to determine the molecular mechanism by which SDS induces
protein unfolding. We found specific interactions between
individual SDS molecules and the protein to play a critical role
in promoting protein unfolding via one of the following two
mechanisms. An individual SDS molecule can become
inserted directly in between of two neighboring p strands, with

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Mechanisms of protein unfolding induced by SDS. (a) Illustration of an unfolding mechanism where an SDS molecule (blue) inserts between
two neighboring p strands at the surface of a protein, disrupting the interactions between the strands. (b) Illustration of a protein unfolding mecha-
nism where an SDS molecules (red) inserts between two 3 sheets, allowing an SDS micelle to wedge the two sheets apart. (c) Cartoon representation
of the 127 domain of titin, p strands distinguished by color and labeled. (d, e) Local structure of titin 127 as a function of simulation time. Residues pre-
serving their native f fold are shown in red (panel d), whereas those in direct contact with SDS are shown in green (panel e). Light blue background
highlights -sheet parts of the folded structure. (f) Examples of SDS—induced protein unfolding events. The time of each event is indicated by a verti-
cal line in panels d and e. SDS molecules are shown in blue (i, ii) or red (iii, iv) according to the mechanisms depicted in panels a and b, respectively.
The black oval in snapshot iv indicates SDS molecules that push the protein apart. Snapshot v shows a partially unfolded conformation stabilized by

SDS molecules (shown in gray).

the SDS molecule’s headgroup leading the way to disrupt the
protein’s inter-strand bonds, Fig. 2a. Alternatively, an individ-
ual SDS molecule can penetrate tail-first into the central fold
of the protein, making it possible for an SDS micelle to wedge
the two P sheets apart, Fig. 2b. Below we provide examples of
how these two mechanisms produce protein unfolding.

Titin’s 127 domain consists of two f sheets—ABED and A’
GFC—that are adjacent in the native, folded state, Fig. 2c. To
monitor the process of SDS-induced unfolding, we identify the
protein residues that preserve their native fold along the simu-
lation trajectory, Fig. 2d, and the residues that are in direct
contact with SDS, Fig. 2e. The superposition of the two plots
provides the timeline of the unfolding process. Fig. S47 illus-
trates the secondary structure changes in all four MD
trajectories.

The major unfolding events in the trajectory of the first
replica with 120 SDS occurred at 1.48 and 1.56 ps and were

This journal is © The Royal Society of Chemistry 2020

initiated by the mechanism schematically shown in Fig. 2a.
Being a part of an SDS micelle, one SDS molecule inserted
between two P strands at the protein surface, Fig. 2fi.
Subsequently, three neighboring p strands were reduced to
two, and then to a single p bridge, Fig. 2fii. Thus, the contacts
between the protein and the SDS molecule disrupted the inter-
protein contacts needed to maintain the local secondary struc-
ture. A more detailed look at the unfolding mechanism
observed for replica one of titin with 120 SDS at boiling temp-
erature is provided in ESI Fig. S10a.t

In the other three systems, protein unfolding proceeded by
the mechanism schematically shown in Fig. 2b. For the second
replica with 120 SDS, two specific SDS molecules inserted tail-
first into titin 127’s central fold, i.e. in between the two adja-
cent P sheets, Fig. 2fiii. At the time of insertion (about 0.05 ps),
these two SDS molecules were not part of a larger micelle.
Once inserted, the molecules pushed the two p sheets apart

Nanoscale, 2020, 12, 5422-5434 | 5425
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slightly. Following that, an entire SDS micelle attached to
the protein surface between the two sheets, wedging them
apart and producing a major disruption of the titin 127’s
hydrophobic core. A detailed visualization at the key steps
along the unfolding pathway for replica two is provided in
Fig. S10b.}

Major protein unfolding in the third replica with 120 SDS
(at 1.0 ps) and the system containing 180 SDS (at 3.0 ps) pro-
ceeded via a similar mechanism. Fig. 2fiv illustrates the
wedging step of the unfolding process in molecular detail. In
the 180 SDS system, after significant unfolding, several native
f strands settled on the surface of a single SDS micelle,
Fig. 2fv, and persisted throughout the remainder of the simu-
lation, Fig. 2d and S8 and Movie S4.f Interestingly, association
with SDS micelles was observed to facilitate the formation of
non-native helical structure for two of the three replicas con-
taining titin 127 plus 120 SDS at boiling temperature, see
Fig. S11.1 Conversion from p to a elements was also observed
in small angle X-ray scattering (SAXS) experiments.** In
general, experimental studies have demonstrated that SDS can
stabilize proteins in the presence of denaturing urea or
heat,”””* one proposed explanation being that SDS displaces
bound water.”®

One important distinction between the two unfolding
mechanisms is that, for the second mechanism, the protein’s
global arrangement is disrupted initially and then local
elements dissolve, whereas, in the first mechanism, a local
structural disruption leads to a global structural unfolding. As
the occurance of specific interactions at the center of each
mechanism is stochastic, so is the probability of observing
either unfolding pathway. Note that starting our simulations
with singly distributed SDS molecules might have increased
the likelihood of observing SDS unfolding via the first mecha-
nism. Indeed, a recent MD study reported an ACBP protein to
lose about half of its native contacts over the course of a 1 ps
room-temperature simulation when the simulation was
started with randomly dispersed SDS monomers and only one
quarter of such contacts over the same time period when the
simulation was started in the presence of pre-formed SDS
micelles.”®

2.3. Global features of protein-SDS assembly

To characterize the structure of a protein-SDS complex that
forms after SDS unfolds the protein, we computed the number
of SDS molecules bound to the protein in our MD trajectories.
For these calculations, we used only those portions of the tra-
jectories where the protein was unfolded. Fig. 3a shows that
the number of SDS molecules that form direct contacts with
the protein converges to about 50 for all four titin 127 systems.
On the other hand, the total number of SDS bound, directly or
through SDS-mediated contacts, varied significantly within a
single trajectory as well as across the systems.

The abrupt jumps in the total number of SDS molecules
bound to the protein reflect stochastic changes in the number
of SDS micelles bound to the protein, Fig. 3b. In our simu-
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lations, SDS molecules were found to either form micelles at
the surface of the protein or in free solution, or be dispersed
in solution, Fig. 3c. The number of micelles bound to the
protein could change over the course of the trajectory through
either binding of an additional micelle to the protein, unbind-
ing of a micelle off the protein, or fusion of the micelles. The
average number of SDS molecules comprising a single micelle
ranged from about 30 to 50, Fig. 3d, which agrees with the pre-
vious experimental estimate of about 36 SDS molecules per
micelle.”” The protein-bound micelles were found to consist
of slightly more SDS molecules than the unbound micelles,
Fig. S12.f Control simulations carried out in the absence of
any protein indicate that the average size of the micelles does
not strongly depend on the presence of the protein, Fig. S12.7
The concentration of dispersed SDS molecules in simulation
also remained unaffected by the presence of a protein and was
about 7 mM on average. Experiments have shown that the SDS
micelle aggregation number goes down as temperature
increases,”® which explains, in part, why the SDS micelles at
373 K are smaller than those observed experimentally at room
temperature. The ionic salt concentration also matters, as a
globular-to-rod transition occurs at a high enough concen-
tration,”® which we expect our simulation conditions to be
below. However, the limited sampling of micelle fusion and
fission events does not allow us to make a quantitative state-
ment about the equilibrium average micelle size in the
absence of protein.

In a complex with SDS molecules, the unfolded protein was
found to adopt two types of global conformations—either a
compact globule or a more extended tubule, Fig. 3c.
Accordingly, two peaks are observed in the protein’s R, distri-
bution, Fig. 3e; please see Fig. S7{ for plots of R, as a function
of simulation time. Thus, the unfolded protein was more likely
to adopt an extended state when more micelles were bound to
it, Fig. 3e. In our simulations, we observed one, two or three
micelles forming a complex with the unfolded protein, with
two bound micelles being the most common (69%) state,
Fig. 3e inset.

2.4. Temperature dependence of protein-SDS interactions

To examine the effects of temperature on protein-SDS inter-
actions, we performed two independent simulations of a
system containing 120 SDS molecules and unfolded titin 127
starting from two distinct configurations observed in the 373 K
runs: a compact, globule-like state having two SDS micelles
bound to the protein, Fig. 4a, and a more extended protein
conformation with three SDS micelles bound, Fig. 4b. From
the four structures shown in Fig. 4a and b, we can see that the
protein is often found at the SDS micelle’s amphiphilic inter-
face, weaving between SDS head groups, consistent with the
conclusions of an experimental study.®® During these room
temperature (300 K) simulations, the number of SDS mole-
cules bound to the protein either directly, or via SDS-mediated
contacts, did not change significantly, Fig. 4c, averaging 0.67
and 1.0 SDS molecules per amino acid residue in replica one

This journal is © The Royal Society of Chemistry 2020



Published on 12 February 2020. Downloaded by University of Illinois - Urbana on 7/8/2020 2:50:30 PM.

View Article Online

Nanoscale Paper
a 50 ) ‘ 3K, 1 120SDS, 373K, 2 120SDS, 373K, 3 180SDS, 373K
all bound

o 100
o
% 50 l' m ‘!Mﬂlm

direct contact

0% 2 4 6 0 2 4 6 0 2 4 60 2 4 6
Time (ps) Time (us) Time (ps) Time (ps)

O

41 bound
%\ 2] “l LI || rlll.nl.ll.l_’_'ll.l_l_l_ﬂl-l'l'l‘_l_l'l‘l.rl_"!_ﬂu_
T 0
ié, 4 unbound
= 5 F'I_|_II_LIII.I_H_I_
0 2 4 6 0 2 4 6 0 2 4 60 2 4 6
Time (us) Time (us) Time (us) Time (us)
C ! A d 601 e 6% _ 259
X 2 . 0.3 \{
S b Ly | @ 407 > 0.2 69%
N “% ) . * 9) E’ N micelles
L
0.0
0
b o :b‘ [ Vi Dispersed Unbound Bound 10 20 30 40
? : SDS  micelle  micelle Ry (R)

Fig. 3 Global features of protein—SDS assembly. (a) The number of SDS molecules in direct contact with the protein (black), and of all SDS mole-
cules bound to the protein (directly or via SDS-mediated contacts, red) versus simulation time. (b) The number of protein-associated (red) and free-
standing (blue) micelles versus simulation time. Shaded boxes indicate the fusion of an unbound and bound micelle (light blue), the unbinding of a
micelle off the protein (orange), and binding of an additional micelle to the protein (lime). Fig. S1-S3, S8 and Movies S1-S47 illustrate these global
rearrangements. (c) Examples of a system'’s configurations where SDS molecules form protein-bound (red) and free-standing (blue) micelles.
Dispersed SDS molecules are shown in green, the protein in yellow. (d) The average number of SDS molecules found in the protein-bound micelles
(red), free-standing micelles (blue), and dispersed in solution (green) in the simulation systems containing 120 (filled bars) and 180 (open bars) SDS
molecules. Error bars represent standard deviations. The average number of dispersed SDS corresponded to a concentration of about 7 mM. An SDS
molecule was counted to be in direct contact with the protein if any SDS atom was within 3 A of any protein atom. (e) Normalized distributions of
titin 127's radius of gyration when the unfolded protein is in a complex with one (light blue), two (red), or three (orange) SDS micelles. The pie chart
in the inset illustrates the percentage of time each number of micelles were bound. All systems analyzed in this figure were simulated at 373 K. For
panels d and e, analysis was performed on the parts of the simulation trajectories featuring the protein in the unfolded state (after 2, 1, 1 and 3 ps for
replicas 1, 2, 3 containing 120 SDS and the 180 SDS system, respectively).

and two, respectively. These values are in good overall agree-
ment with the range (0.79-1.08) predicted from experiments
performed under similar conditions.®' In one of the room-
temperature systems, the unfolded protein encircled the two
micelles bound to it for the entire duration of the simulation,
Fig. S13 and Movie S6.f In the second simulation, however,
two of the three micelles initially bound to the protein merged
into one micelle containing 80 SDS molecules, Fig. S14 and
S15 and Movie S7.F The shape of the 80 SDS micelle was seen
to deviate considerably from a spherical configuration, in
agreement with the results of scattering experiments.”® The
simulation snapshots shown in Fig. 4a, b and ESI Fig. S13,
S14t indicate that the protein does not cover the bound SDS
micelles uniformly in our atomistic MD simulations, whereas
previous SAXS measurements and coarse-grained MD simu-

This journal is © The Royal Society of Chemistry 2020

lations of a different protein/detergent system®” suggested a
close-to-uniform micelle coverage by the proteins.

The plots of the unfolded protein’s R, show that both a
lower temperature and being bound to more micelles favors a
more extended conformation of the protein, Fig. 4d. This be-
havior qualitatively matches the results of previous experi-
mental studies that found larger SDS aggregates at lower
temperatures.”””**%* The larger size of SDS-protein aggregates
at room temperature correlates with the larger number of SDS
molecules directly bound to the unfolded protein, Fig. 4e.
Interestingly, decreasing from boiling to room temperature
increases the average number of SDS molecules directly bound
to a protein residue by about 0.1, Fig. 4e, while keeping the
total number of SDS molecules bound the same, Fig. 4c. At
both room and boiling temperature, the micelles bound to a

Nanoscale, 2020, 12, 5422-5434 | 5427
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group is connected to a hydrophobic Ci, tail. (g) The average fraction of SDS-protein contacts formed by the head (red), tail (blue) or both (gray)
domains of SDS. Open, filled and hatch-filled bars correspond to the 120 SDS in 300 K; 120 SDS in 373 K; and 180 SDS in 373 K simulations. A
contact was defined as having any SDS or SDS domain atom located within 3 A of any protein atom. (h) The average fraction of direct protein—-SDS
contacts formed by the hydrophobic (green), polar (purple), positively-charged (orange) or negatively-charged (pink) residues divided by the fraction

of the corresponding residues in titin 127. Bar styles match those in panel g. Error bars in panels g and h represent standard deviations.

protein were found to be slightly larger than in control simu-
lations carried out in the absence of the protein, Fig. S12.f
The concentrations of SDS dispersed in simulation, however
dropped from about 7 mM at boiling temperature to about
3 mM at room temperature, regardless of the total SDS concen-
tration or the presence of a protein. From the simulation tra-
jectories, we also observe individual SDS molecules more
readily dissociate and re-associate with micelles at boiling
compared to room temperature.

Being a polar molecule, Fig. 4f, the local interactions of
SDS with the protein can be expected to depend on the bio-
physical properties of the amino acids. Considering binding of
the head and tail parts of SDS to the protein separately, we
found almost all SDS-titin 127 contacts to include a tail-
protein interaction, Fig. 4g, regardless of temperature or SDS
concentration. The endpoint simulation snapshots, Fig. 4a
and b, reveal that the unfolded protein wraps around the SDS
micelles at the level of the head-tail interface. Interestingly,
SDS molecules had a similar likelihood of forming direct con-

5428 | Nanoscale, 2020, 12, 5422-5434

tacts with hydrophobic and polar amino-acid residues, while
they formed many more contacts with positively-charged resi-
dues, and significantly fewer contacts with negatively-charged
residues, after taking the abundance of each residue type into
account, Fig. 4h.

2.5. Conformational dynamics of the protein-SDS assembly

To characterize the dynamics of the protein-SDS assemblies
after complete unfolding of the protein, we computed the
auto-correlation function (ACF) of the protein end-to-end dis-
tance, Fig. 5a. The plots of ACF assessed how rapidly (or
slowly) the protein conformation changes in time, with a
steeper decaying ACF (a shorter relaxation time) indicating
faster protein dynamics. For a random polymer coil, the
characteristic end-to-end autocorrelation time 7 is inversely
proportional to the temperature.®

Our analysis reveals that the end-to-end relaxation of the
unfolded protein in complex with SDS is not determined by
the temperature alone and depends also on the specific con-

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Dynamics of unfolded protein—SDS assembilies. (a) Auto-correlation of the protein’s end-to-end distance as a function of lag time. Dashed
lines show an exponential decay fit, exp(—t/zr), where t and 7z are the lag and the relaxation time, respectively. Labels to the right indicate the
number of SDS present, temperature and replica (if applicable). (b) End-to-end distance relaxation time, 7g, as a function of trajectory-averaged
number of SDS molecules forming direct contacts with an amino acid of the unfolded 127 domain of titin. The black dashed line shows a linear fit to

the data.

figuration of the protein-SDS assembly. Thus, faster relaxation
was observed in three out of four systems simulated at boiling
temperature in comparison to the systems simulated at room
temperature, Fig. 5a. The most pronounced exception is the
second replica simulation of the 127 domain system carried
out in the presence of 120 SDS at boiling temperature: its ACF
closely follows the curves observed for unfolded titin 127 at
room temperature, Fig. 5a. Among the three replicas of the 120
SDS systems simulated at 373 K, the second replica stands out
by the furthest deviation from the initial, folded conformation,
Fig. 1c, and the greatest average R,, Fig. S7a.f Thus, the
dynamics of individual protein-SDS assemblies is highly
heterogeneous, and appears to be affected by the protein’s
configuration, with a more extended state showing slower
dynamics.

Further analysis revealed a correlation between the end-to-
end relaxation time 7z and the average number of SDS mole-
cules directly bound to the unfolded protein, Fig. 5b. A larger
number of SDS molecules in direct contact with the unfolded
protein generally corresponded to a longer relaxation time,
and therefore slower conformational dynamics. Altogether, our
results indicate that the dynamics of individual unfolded pro-
teins bound to SDS is affected by both temperature and the
protein conformation, with the dynamics of individual assem-
blies being correlated with the number of SDS molecules
forming direct contacts with the protein.

2.6. Spontaneous unfolding of f-amylase by SDS

Thus far, we have investigated SDS-induced unfolding of the
127 domain of titin, whose folded state is made predominantly
of p sheets. Here, we computationally investigate the effects of
SDS on fp-amylase, shown in Fig. 6a, the folded structure of
which is predominantly a-helical.

Fig. 6b illustrates the initial state of the simulation system:
a folded B-amylase structure®® surrounded by 400 mM NaCl
solution and 500 SDS monomeric molecules (110 mM) dis-
persed randomly through the system. The system was simu-
lated at 1 bar pressure and boiling (373 K) temperature for

This journal is © The Royal Society of Chemistry 2020

15 ps, Fig. 6b. As in the case of titin 127, p-amylase was
observed to spontaneously unfold in the presence of SDS. The
plots of the protein’s RMSD, Fig. 6¢, and Ry, Fig. S7d,T indicate
gradual deterioration of the p-amylase structure over the first
ten microseconds of the simulation. The system’s trajectory,
visualized in Fig. S16, S17 and Movie S8, indicate that the
unfolding process largely consisted of o helices spreading
apart. Structural details about p-amylase are provided in ESI
Fig. S18.1

Quantifying the unfolding process further, the plot of the
B-amylase’s Q value, Fig. 6d, displays two abrupt drops, and
gradual decline thereafter. From about 2 to 3 p, the protein
can be considered to visit a molten-globular state characterized
by locally preserved secondary structure but globally distorted
overall configuration. The protein became unfolded (Q < 0.1)
after about 12 ps, when the protein’s central f§ barrel dissolved,
Fig. S17 and S19.1 Accordingly, the f-amylase’s RMSD, Fig. 6c,
and Ry, Fig. S7d,f increase considerably after 12 ps. Several
native a helices, on the other hand, persisted throughout the
trajectory, Fig. S17, S19 and Movie S8.f The 12 ps unfolding
time is significantly longer than that observed for titin 127
(1-3 ps), which makes sense considering that f-amylase (498
residues) is significantly larger than titin 127 (119 residues).
Fig. 6e and f plots the number of SDS molecules and micelles
bound to f-amylase during the unfolding trajectory. At its
highest, about 400 SDS molecules were bound to f-amylase,
Fig. 6e, about four fifths times the number of amino acid resi-
dues (498), corresponding a binding ratio of about 1.9 g SDS
per g Protein, within the range measured from simulations of
titin 127 and experiments performed under similar con-
ditions.®" The number of SDS molecules directly in contact
with B-amylase increased, however, to only about 200 during
the simulation, Fig. 6e, corresponding to an average of about
0.4 SDS molecules bound to a single protein amino acid,
matching the value for titin 127 at 373 K, Fig. 4e. In the
unfolded state (i.e. after 12 ps), between four and nine micelles
were bound to the protein, Fig. 6f, which is a significantly
wider range than the one to three micelles bound to unfolded
titin 127, Fig. 3b.

Nanoscale, 2020, 12, 5422-5434 | 5429
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Fig. 6 Spontaneous unfolding of f-amylase by SDS. (a) Cartoon representation of the p-amylase, secondary-structural elements distinguished by
color. (b) Simulation setup: a p-amylase protein in its folded conformation (orange molecular surface) is surrounded by 500 randomly-placed SDS
molecules (red and cyan bonds) and 0.4 M NaCl aqueous solution (semi-transparent blue) at 373 K. (c) Snapshots illustrating the time evolution of
the protein—SDS complex over 15.0 ps. Blue squares denote the system'’s dimensions. Periodic images of some SDS molecules are shown to highlight
micelle formation. (d) Protein RMSD with respect to the initial, folded structure. (e) Fraction of native contacts Q versus simulation time. The Q value
calculations were done only for residues that were identified as a helical or p sheet or bridge in the folded structure. RMSD and Q were calculated
based on Ca positions. The vertical dashed line indicates the moment the protein unfolds completely (i.e. Q < 0.1). (f) The number of SDS molecules
in direct contact with p-amylase (black), and of all SDS molecules bound to the protein (directly or via SDS-mediated contacts, red) versus simulation

time. (g) The number of protein-associated (red) and free-standing (blue) micelles versus simulation time.

3. Conclusions

Here, we reported the molecular mechanisms of spontaneous
protein unfolding induced by SDS. Previously, all-atom MD
simulations®>***” % and experiment®®®” examined titin 127
unfolding induced by a mechanical force, finding the unfold-
ing process to follow a largely deterministic pathway in which
B-strand pairs A/B and A'/G rupture first, and then a sequence
of P strand pairs break apart moving from the protein termini
inward. In our simulation of SDS-induced unfolding, the first
B-strand pair of titin 127 to break varied from one simulation
to another whereas the remaining f strands could either
abruptly dissolve or remain structured for a significant
amount of time after the first f-strand pair breakage. A similar
two-stage unfolding mechanism was observed in an MD simu-
lation study® of urea-induced protein unfolding, where urea
molecules were found to first penetrate the protein’s hydro-
phobic core and then flood into the protein’s interior, disrupt-
ing protein-protein hydrogen bonds. In contrast to previous

5430 | Nanoscale, 2020, 12, 5422-5434

studies that found detergent-induced unfolding to occur at the
millisecond to second time scale®”° at low millimolar SDS
concentrations and near room temperature, we found SDS
unfolding of protein to occur much faster (in tens of micro-
seconds) at the conditions realized by SDS-PAGE sample
preparation.

Equilibrium dialysis experiments®® performed on a range of
proteins at low SDS concentration (2-4 mM) determined a
remarkably constant ratio of the mass of SDS molecules bound
to a protein to the mass of the protein (1.4 to 1), corresponding
to the commonly referenced stoichiometry of “one SDS mole-
cule per two amino acids”. Follow-up experiments found that
the mass ratio could vary between 1.2 and 1.5 °° and depend
on the SDS concentration.®” In our simulations, the average
number of SDS molecules forming direct contacts with
unfolded titin 127 at room temperature was 0.52 + 0.06 per
amino acid, Fig. 4e, which matches the experimentally-derived
number at low SDS concentration.*®° When we considered all
SDS molecules bound to the protein, either directly or through

This journal is © The Royal Society of Chemistry 2020
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micelle formation, the binding ratio observed in our simu-
lations falls within the range of 0.6 to 1.0 SDS molecule per
amino acid, or, equivalently, 1.4 to 2.4 grams of SDS per gram
of protein. This range overlaps with the mass ratio range
measured in experiment at comparable SDS concentration (1.9
to 2.6 grams of SDS per gram of protein).®" The variability
observed in the simulations results from stochastic fluctu-
ations in the number of SDS micelles bound to the protein,
which could change on the microsecond time scale. Overall,
our simulations provide a direct support to the fluid necklace-
and-beads model previously suggested by scattering*™" and
spectroscopy’ ' measurements.

According to our simulations, the number of SDS micelles
bound to a protein determines both the overall conformation
and the relaxation kinetics of the protein-SDS assembly. A
larger number of bound micelles favors a more extended con-
formation of the protein-SDS assembly, an effect that
becomes even more pronounced for larger molecular weight
proteins (compare Fig. 6b to Fig. 1b). We hypothesize that,
subject to a hydrodynamic flow, a tethered protein-SDS assem-
bly may unravel to adopt an extended beads-on-a-string
conformation. Driving such a linearized SDS-protein assembly
through a nanopore large enough to admit SDS micelles
may enable single-molecule protein characterization and
fingerprinting.**®>>% In such measurements, blockades of
nanopore ionic current,’**®® or fluorescence of labeled amino
acids®>®* provide a sequence of signals that can be used to
determine the molecular weight of or identify the passing
protein.

4. Methods

4.1. General MD protocols

All MD simulations were performed using the CHARMM36
force field®* for proteins and sodium dodecyl sulfate (SDS), the
TIP3P water model,®® and custom CUFIX corrections for non-
bonded interactions between charged groups.”® Periodic
boundary conditions were employed in all simulations, and
long-range electrostatics were calculated using the Particle
Mesh Ewald®” method over a 0.12 nm spaced grid. Non-
bonded Coulomb and Lennard-Jones interactions were trun-
cated at 1.2 nm, and the non-bonded list was updated every 10
steps. Covalent bonds to hydrogen in water and in non-water
molecules were constrained using SETTLE’® and LINCS”’
algorithms, respectively. Systems were minimized using stee-
pest descent for 10 000 steps followed by a 1 ns equilibration
simulation during which harmonic restraints were applied to
the protein backbone (k = 1000 kcal mol™' nm™).
Minimization, restrained equilibration, and initial unrest-
rained production MD simulations of at least 100 ns were per-
formed using the gromacs 4.5.5 package,'®® with a 2 fs inte-
gration timestep in the constant number of particles N,
pressure P, and temperature T ensemble; specified temperature
maintained using the Nosé-Hoover thermostat,'*"'°> pressure
of 1.0 bar maintained using the Parrinello-Rahman baro-
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stat.'®3

Production runs in the NPT ensemble were completed
on the D. E. Shaw Research Anton 2 supercomputer.'® The
simulations on Anton 2 employed a set of parameters equi-
valent to those listed above, except for using the Martyna-
%% and the k-space Gaussian split Ewald

to calculate the electrostatic interactions.

Tobias-Klein barostat

method'*®

4.2. MD simulation of titin 127

The initial all-atom model of titin 127 was built by combining
the crystal structure of the folded titin 127 domain'®” (PDB ID:
1TIT) with the disordered His (MRGSHHHHHHGLVPRGS) and
Ssr-A (RSAANDENYALAA) peptide tags added to the N- and
C-termini of the protein, respectively,®” a construct containing
119 amino acids. 120 or 180 SDS molecules were placed ran-
domly within a cubic volume measuring 12 nm on each side
(0.11 and 0.17 M SDS concentration, respectively), ensuring no
SDS molecules overlapped with the protein. The volume was
filled with pre-equilibrated water molecules using VMD.'*®
The systems were then neutralized, and ions were added to
achieve a 0.4 M concentration of NaCl. Energy-minimization,
restrained equilibration, and production MD followed, as
described in the previous paragraph. Five independent simu-
lations were performed at 373 K of the folded titin 127 struc-
ture: three replica simulations in the presence of 120 SDS
molecules, one simulation with 180 SDS molecules and one
simulation with no SDS molecules added. Simulation configur-
ations from two 373 K simulation trajectories containing 120
SDS (the first replica at 6.0 ps and the second replica at 2.5 ps)
were chosen to initiate simulations of room (300 K) tempera-
ture that lasted 6.0 ps. Prior to room temperature simulation,
the systems were cooled down from 373 to 300 K over the
course of 50 ns. Table 1 summarizes all MD simulations
reported in this study.

4.3. MD simulations of f}-amylase

The sole B-amylase system was prepared starting from its
crystal structure®® (PDB ID: 1FA2). The psfgen tool was used to
add any missing atoms to this 498-residue protein. Five
hundred SDS molecules were randomly added to a cubic
volume measuring 14 nm on each side (0.11 M SDS concen-
tration), ensuring that no SDS molecules overlapped with the
protein. The resulting system was solvated and ions were
added to produce a 0.4 M NacCl solution. The energy-minimiz-
ation, restrained equilibration, and production MD was done
following the same protocols as for the titin 127 systems. The
production simulation of f-amylase lasted 15.0 ps and was
carried out in the NPT ensemble at 373 K and 1.0 bar.

4.4. MD simulations of SDS-water mixtures

Systems were also prepared consisting only of SDS molecules,
0.4 M NacCl, and water. 120 or 180 SDS molecules were placed
randomly within a cubic volume measuring 12 nm on each
side (0.110 and 0.165 M SDS concentration, respectively), and
the remaining volumes were filled with water, and then the
ions needed to reach a neutral 0.4 M NaCl solution. Nine
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Table 1 Summary of performed simulations

System name N(SDS) NacCl (M) SDS (M) Time (ps)
Titin 127, 120 SDS, 373 K, replica 1 120 0.4 0.11 6.0
Titin 127, 120 SDS, 373 K, replica 2 120 0.4 0.11 6.0
Titin 127, 120 SDS, 373 K, replica 3 120 0.4 0.11 6.0
Titin 127, 180 SDS, 373 K 180 0.4 0.17 6.0
Titin 127, 0 SDS, 373 K 0 0.4 0.0 6.0
Titin 127, 120 SDS, 300 K, replica 1 120 0.4 0.11 6.0
Titin 127, 120 SDS, 300 K, replica 2 120 0.4 0.11 6.0
f-Amylase, 500 SDS, 373 K 500 0.4 0.11 15.0

120 SDS, 300 K, replicas 1, 2, 3 120 0.4 0.11 4.5

120 SDS, 373 K, replicas 1, 2, 3 120 0.4 0.11 4.5

180 SDS, 373 K, replicas 1, 2, 3 180 0.4 0.17 4.5
systems in total: three replicas with 120 SDS molecules at 1.0 Acknowledgements

bar and 300 K; three replicas with 120 SDS molecules at 1.0
bar and 373 K; and three replicas with 180 SDS molecules at
1.0 bar and 373 K. Within each condition, the replicas differed
only by the random seed used to generate initial atomic vel-
ocities. The simulations were performed for 4.5 ps each, and
only simulation snapshots after 3 ps were considered for the
purpose of analysis.

4.5. Analysis

To quantify protein unfolding, we measured the fraction of
native contacts Q:

Q exp—((ry — rj™™)*/20%)], (1)

Npairs i<j—2

where N, is the number of pairs of residues considered,
is the instantaneous distance between the Coa atoms of resi-
dues 7 and j, rf]‘.aﬁve is the same distance in the experimentally
determined structure, and o; = (1 + |i — j|)*"°.

When protein secondary structure is shown, it was deter-
mined for each conformation separately using STRIDE'® in
VMD.108

An SDS molecule was considered to be in direct contact
with the protein if any SDS atom was within 3 A of any protein
atom. Layers of SDS molecules surrounding the protein (i.e.
the first layer being SDS in direct contact with the protein, the
second layer consisting of SDS molecules in contact with the
first SDS layer, and so forth) were found for each simulation
snapshot to determine the total number of SDS bound to the
protein.

To identify SDS micelles, we used the DBSCAN""’ clustering
algorithm, using the positions of the C6 atoms of SDS mole-
cules, counting a pair of C6 atoms within 9.5 A to be in the
same cluster, and requiring a cluster to have a minimum of
three SDS molecules.
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