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ABSTRACT: The essential forces stabilizing membrane proteins and governing
their folding and unfolding are difficult to decipher. Single-molecule atomic force
spectroscopy mechanically unfolds individual membrane proteins and quantifies
their dynamics and energetics. However, it remains challenging to structurally
assign unfolding intermediates precisely and to deduce dominant interactions
between specific residues that facilitate either the localized stabilization of these
intermediates or the global assembly of membrane proteins. Here, we performed
force spectroscopy experiments and multiscale molecular dynamics simulations to
study the unfolding pathway of diacylglycerol kinase (DGK), a small trimeric
multispan transmembrane enzyme. The remarkable agreement between experi-
ments and simulations allowed precise structural assignment and interaction analysis of unfolding intermediates, bypassing existing
limitations on structural mapping, and thus provided mechanistic explanations for the formation of these states. DGK unfolding was
found to proceed with structural segments varying in size that do not correlate with its secondary structure. We identified
intermolecular side-chain packing interactions as one of the major contributions to the stability of unfolding intermediates.
Mutagenesis creating packing defects induced a dramatic decrease in the mechano-stability of corresponding intermediates and also
in the thermo-stability of DGK trimer, in good agreement with predictions from simulations. Hence, the molecular determinants of
the mechano- and thermo-stability of a membrane protein can be identified at residue resolution. The accurate structural assignment
established and microscopic mechanism revealed in this work may substantially expand the scope of single-molecule studies of
membrane proteins.
KEYWORDS: membrane protein folding, single-molecule force spectroscopy, atomic force microscopy, diacylglycerol kinase,
unfolding pathway and intermediate, MD simulations

■ INTRODUCTION
Membrane protein folding is governed by a delicate balance of
various types of interactions between protein residues and the
lipid bilayer.1−6 The amphiphilicity of membrane proteins and
their surrounding environment makes them experimentally
challenging to study.4,7 Atomic force spectroscopy (AFM) is
inherently suitable to study membrane proteins in near-native
artificial lipid bilayers8−10 or native membranes.11−15 AFM-
based single-molecule force spectroscopy (SMFS) can provide
unique insights into mechanisms of folding and function that
may be otherwise hidden in ensemble-based methods.16−20

Mechanical unfolding is typically the first and most basic step
in SMFS studies.21 A wealth of information can be deduced by
analyzing the unfolding pathway and quantifying the physical
properties of unfolding intermediates.21 For example, the
kinetics and energetics of structural segments can be
quantified14,22−24 and used to fingerprint different functional
states11,14 or understand how these molecular properties
respond to ligand binding,9 mutation,23,25 or environmental
changes.26 Recent developments in new AFM technologies13

and magnetic tweezers-based assays27 greatly enhanced the
resolution and the scope of SMFS on membrane protein

studies and thus allowed hidden intermediates and the
secondary stage of membrane protein folding to be directly
observed.

Despite the tremendous contributions of SMFS to the
understanding of membrane protein folding,8,28 AFM-based
SMFS has its own limitations in structural mapping and
interpretation of unfolding intermediates. The essentially one-
dimensional information obtained, i.e., the contour length
(LC), strongly restricts the precision of the structural
assignment and limits the microscopic details that can be
deduced. The current method for LC-to-structure mapping
typically employed assumptions about: (i) the location of a
nonspecific attachment point9,26 or a reference state,13 (ii)
parameters in polymer models such as the contour length per
amino acids unfolded,9,11−13,15,29 (iii) partially folded states
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adopting native conformation, and (iv) fully stretching of the
unfolded polypeptide.12,30 As typically estimated from the
standard deviation of LC, the accuracy for structural assignment
of unfolding intermediates of α-helical membrane proteins was
around 5−10 amino acids in general.9,14,26,30 Although a
resolution of 2−3 amino acids in the detection of
intermediates was achieved by recent technical advances,13,31

inaccuracy remained in the structure mapping and interpreta-
tion of these states without advanced instrumentation or data
acquisition schemes, imposing practical limitations on the
resolution of actual state identification. In particular, with the
improved resolution and an expanded database, more
intermediates were found to populate at unconventional
locations apart from the ends of transmembrane helices
(TMHs); thus, the unfolding pathways do not always correlate
with the secondary structure.9,13,21,26,32 How specific residues
or individual physical interactions contribute to the mechanical
stability of unfolding intermediates remained largely unknown,
hindering the submolecular-level understanding of membrane
protein folding.

Complementary to experiments, molecular dynamics (MD)
simulations resolve structural dynamics at atomic resolu-

tion.33−35 All-atom simulations have long been used to study
the folding/unfolding mechanisms of various membrane
proteins and provided extended microscopic insights into
experimental observations.36−41 However, the high computa-
tional cost of the conventional all-atom MD simulation makes
it impossible to sufficiently equilibrate the intermediate
structures and recover the correct pulling process in SMFS.
Instead, MD simulations based on coarse-grained models42,43

could efficiently sample the unfolding pathway and reproduce
major experimental observations, including the short-lived
unfolding intermediates and their near-equilibrium folding
dynamics.

To better elucidate the microscopic mechanism of key
interactions stabilizing membrane proteins, it is essential to
determine more precisely the stepwise transitions involved in
force-induced unfolding. To this end, we examined the
mechanical unfolding of Escherichia coli diacylglycerol kinase
(DGK). DGK is a homotrimeric transmembrane kinase,44

consisting of three TMHs (TMH1 to TMH3) and one
amphipathic surface helix (SH) (Figure 1A). The structure of
DGK has been resolved in different membrane environments
by X-ray crystallography45 and nuclear magnetic resonance

Figure 1. Single-molecule force spectroscopy of DGK unfolding. (A) Cartoon illustrating the unfolding of individual DGK molecules from the
reconstituted trimer assembly initiated from the N terminus. (B) Representative FECs showing common signatures of the N-terminal unfolding
pathway of DGK. Three groups of force peaks can be readily observed, as labeled by gray bars denoting the relevant extension range of each group.
Six major intermediates are denoted by the theoretical curves (colored dashed lines with state labels). (C) Force vs time trace demonstrating that
DGK covalently attached to an AFM tip can be held in state I1.1N at ∼50 pN for 10 s (red) before the molecule was further stretched until
complete unfolding. (D) Superpositions of 96 FECs plotted in heat maps, highlighting the population of major intermediates. Scale bars denote the
density of the data points in each bin. FECs obtained by site-specific attachment with a longer PEG linker cannot be superimposed together due to
the stretching of the extra PEG linker. But common features such as relative positions and the strength of major force peaks can be well reproduced
(Figure S3). (E, F) Unfolding force versus contour length plot (F−ΔLC plots, (E)) and the contour length histogram (F) showing the relative
position and stability of major intermediates. Empty dots and histograms denote statistics of all intermediates observed, and the colored dots and
histograms represent data points that were classified into specific major intermediates. The mean contour length changes for major intermediates
relative to the first state I1.1N were labeled (Ntotal = 161). Errors represent the standard deviation.
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(NMR) techniques.46−48 As a classical model for membrane
protein folding, DGK was found to exhibit considerable
thermodynamic and kinetic stability.49,50 Over 100 mutations
of DGK have been probed, and many of them exhibit defective
folding or function.51−53 But the molecular mechanism for
securing its stability or inducing its misfolding is not clear. A
comprehensive study of the forced unfolding of DGK provides
key information for understanding the physical interactions
that govern DGK folding, the molecular determinants of DGK
misfolding, and the general mechanism of membrane protein
folding.

Here, we used SMFS measurements in combination with
multiscale MD simulation approaches to understand the
structure transition and the molecular mechanism involved in
the mechanical unfolding of DGK. The good agreement
between results from simulations and experiments established
an excellent rationale to use predictions from simulations to
precisely map the locations of intermediates observed in
experiments, which could be otherwise difficult to assign by
established experimental approaches. All-atom free energy
simulations were utilized to identify specific interactions that
contribute to the stability of unfolding intermediates and
therefore provided mechanistic explanations to the formation
of these states. Furthermore, we were able to alter the
predicted interaction network by mutagenesis, resulting not
only in a significant reduction of the mechanical stability of
related intermediates but also in a decrease of the stability of
the DGK trimer. Correlated results obtained from SMFS and
stability measurements, coarse-grained and all-atom simula-
tions demonstrate connections between the mechano-stability
of unfolding intermediates and the molecular determinants of
membrane protein stability and therefore provide extra
significance beyond existing understanding of the mechanical
unfolding of membrane proteins.

■ RESULTS

Mechanical Unfolding of DGK from the N Terminus

DGK was expressed in E. coli, purified by Ni-NTA affinity
chromatography, and reconstituted into liposomes.46,54

Reconstituted DGK formed trimer (Figure S1A) and its
functionality was verified by the established activity assay.44,54

Proteoliposomes containing native DGK were absorbed onto
freshly cleaved mica and imaged. AFM topology showed
proteoliposomes opened up to form single-layered membrane
patches containing densely packed DGK (Figure S1B).

We first conducted SMFS nonspecifically using clean
unfunctionalized AFM tips. The AFM tip was pushed onto
membrane patches containing unlabeled DGK with a contact
force of ∼700 pN for 1 s to facilitate the nonspecific adhesion
to the protein. The tip was then retracted by a constant
velocity (v = 500 nm/s) and induced unfolding mechanically
when a single DGK was attached. The force−extension curves
(FECs) recorded the sequence of events in the unfolding
pathway of DGK. In principle, unlabeled DGK could adhere to
the AFM tip from either the N- or C-terminal end or the
periplasmic and cytoplasmic loops (Figure 1A). In practice,
after screening for FECs showing force peaks extending over a
distance corresponding to the contour length of the fully
stretched DGK, representative FECs showed only one major
class of unfolding patterns (Figure 1B), indicating one of the
termini preferentially attach to the AFM tip via nonspecific
adhesion.

To assign from which terminus DGK was unfolded in
nonspecific experiments, SMFS was then performed using a
site-specific attachment scheme based on the click chemistry55

to preferentially unfold DGK from one prelabeled end. To do
this, DGK labeled at the N-terminal end by dibenzocyclooctyl
(DBCO) (Figure S2) was probed by an azide functionalized
AFM tip with a reduced contact force of ∼200 pN for 3 s.
FECs recorded from the N-terminally labeled DGK repro-
duced all features observed in nonspecific FECs (Figure S3),
suggesting DGK attach predominantly to the AFM tip from
the N-terminal end in the nonspecific pulling experiments. We
further verified this covalent attaching preference by extensive
waiting (∼10 s) at an elevated force (∼50 pN; Figure 1C).
Unfunctionalized tips preferentially attach nonspecifically to
the N terminus, partly due to a longer N-terminal unstructured
loop followed by the surface-exposed helix SH. Alternatively,
when DGK was unfolded specifically from the C terminus, a
new class of unfolding patterns was observed (Figure S4),
exhibiting its own distinct features.
Mechanical Signatures of DGK Unfolding

The superimposition of FECs initiated from the N-terminal
end showed three distinct groups of force peaks, denoted by
I1N to I3N (Figure 1D). Each group of force peaks was
composed of one or more obligate (with 100% occupancy) or
nonobligate (with occupancy <100%) unfolding intermediates.
Six major intermediates (with occupancy >50%) from the N-
terminal pathway were identified and denoted as I1.1N (i.e., the
first intermediate in group I1N), I1.2N, etc., two of which (I1.1N
and I3.1N) were observed to be obligate. A full list of
intermediates is summarized in Table S1.

To determine the contour length of each state, the unfolding
segments from each individual FEC were fitted by polymer
models describing the elasticity of unfolded polypeptide chain
with or without the poly(ethylene glycol) (PEG) linker56−58

(Methods Section). The contour length changes ΔLC between
states allowed determination of structural segments unfolded
in each step. The unfolding force of each intermediate gives a
relative measure of the mechanical stability of each state. The
resulting unfolding force versus contour length (F−ΔLC) plot
therefore represents a fingerprint of the unfolding pathway of
the protein (Figure 1E,F). The unfolding pathway was
dominated by the topology of the protein in the lipid bilayer,
similar to other membrane proteins.21 Roughly speaking, each
group of intermediates is likely related to the unfolding of one
TMH. However, when trying to map the structure of each
intermediate more precisely, contradicted results may appear
when using different assumptions about reference states or
different choices of model parameters (Figure S5). As common
hypotheses in the conventional LC-to-structure mapping,9,13,26

either the tip attachment point was assumed to locate at one
terminal end of the protein in nonspecific experiments (Figure
S5B,C), or major obligate intermediates were assumed to
correlate with the topology of the protein in a specific
attachment scheme using the PEG linker with variable lengths
(Figure S5D,E). In addition, possible inaccuracies in polymer
models and the model parameters, such as the contour length
per amino acid (reported values ranging from 0.36 to 0.4 nm/
aa9,11−13,15,29) (Figure S5A) or the persistence length of the
unfolded polypeptide9,13,19,59−63 (Figure S6), may further
increase the uncertainties in structural mapping.
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Unfolding Pathway from Coarse-Grained Simulations

We then performed MD simulations to seek more accurate
ways of structural assignment and residue-level explanations of
the unfolding intermediates. We first employed a recently
developed coarse-grained MD simulation algorithm, Upside,42

to characterize the unfolding pathway of DGK. Upside uses a
physics-based model that simplifies the protein residues by five

atoms (N, Cα, C, H, and O) and a side-chain bead and the
membrane and the aqueous solution by an implicit solvent
model. The energy function includes hydrogen bonds, side
chain/side chain and side chain/backbone interactions, and a
solvation term. DGK was modeled based on the X-ray
structure45 (PDB code: 3ZE4). Force was applied vertically
via a virtual spring attached to the Cα atom of the terminal

Figure 2. Unfolding pathway and structural assignment of intermediates from coarse-grained simulations. (A) Simulated FEC (red) reproducing
major unfolding intermediates observed in experiments (gray). (B) Density plot of superimposed FECs from simulations (red: Ntotal = 56) showing
good agreement with experimental traces (gray). (C) F−ΔLC plots (top) and the contour length histograms (bottom) of major intermediates
determined from simulated FECs (color) compared with experimental results (gray). The contour length changes of most major intermediates
from simulations are in good agreement with experiments. (D) Histograms of amino acid positions of major intermediates (last residue remains
folded in each state) obtained from simulations showed the positions of states I1.2N, I2.1N, and I2.2N can be precisely determined with errors less
than one amino acid. (E) Positions of major intermediates mapped into the secondary structure of DGK (yellow circle). Each structural segment
with filled colors represents the folding unit that stabilizes each major intermediate. Residues with multiple color shades indicate the standard
deviations of the boundaries. (F) N-terminal unfolding pathway illustrated as representative snapshots of major intermediates from simulations.
TMH1 and TMH3 were extracted from the side of the membrane where the force was applied (the forward-pulling geometry), whereas the
unfolding of TMH2 was started from the opposite side (the reverse pulling geometry).
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residue in one of the subunits. The spring (with spring
constant k = 0.1kBT/Å2 or ∼42 pN/nm) is moved away from
the membrane at a constant velocity (v = 10−4 nm/step). The
slow pulling velocity enabled by Upside ensures sufficient
relaxation of the partially unfolded protein. Indeed, simulations
performed at pulling velocities differing by 3 orders of
magnitude showed no quantitative difference in the population
of major unfolding intermediates (Figure S7). Although the
slowest speed used in simulations is still estimated to be 2
orders of magnitude faster than the highest pulling speed used
in our experiments (Methods Section), the essential character-
istics of major intermediates reproduced the experimental
observations, similar to other proteins tested previously.42

FECs from Upside simulations aligned well with the
experimental results (Figure 2A). To get better statistics and
more quantitative comparison, in total of 56 independent
simulations were performed. Key features of major unfolding
intermediates were recapitulated in all simulations, including

the positions and relative unfolding forces (Figure 2B,C).
Interestingly, MD simulations based on the solution NMR
structure of DGK in detergent micelles48 (PDB code: 2KDC)
deviate from the experimentally observed unfolding behavior
with states I2.1N and I2.2N not observed (Figure S8),
suggesting DGK adopts a native structure in our preparation
similar to that resolved by X-ray. This result is consistent with
a recent verification by the solid-state NMR that DGK in lipid
bilayers showed a global folding similar to that determined by
X-ray,46 and indicates that DGK in detergent micelles may lack
key interactions stabilizing the missing unfolding intermediates
that are otherwise present in the lipid bilayer environment.
Structural Assignment and Verification of Intermediates

Based on the unfolding process obtained from the MD
simulations, we were able to assign structures to the
experimentally observed intermediates. To identify intermedi-
ate states and their positions from the simulated trajectories,
the folding status of each residue was analyzed and the position

Figure 3. Verification of the structural assignment of unfolding intermediates. The structural assignment based on simulations was examined by
three sets of control experiments. (A−C) The L48C mutant was anchored to a gold substrate at Cys48 and unfolded from the N-terminal end (A).
The density plot of superimposed FECs (B) and the contour length histogram (C) from L48C (red) and cWT DGK (gray) showed that Cys48 was
linked to the gold surface and detached by applying larger unfolding forces (yellow dashed line). The cartoons in B showed one type of plausible
positions of intermediates based on conventional assumptions (upper) relative to our state assignments (lower). The fact that the L48C attachment
point locates in close proximity to I1.2N agreed with our state assignment and was inconsistent with the plausible results. (D−F) The periplasmic
loop 1 of DGK was elongated by 8 amino acids and the construct was mechanically unfolded from the N terminus (D). The density plot of
superimposed FECs (E) and the contour length histogram (F) showed that all intermediates after I1.2N from the loop-insertion mutant (color
dashed lines and histograms) were shifted to a longer extension compared to results from cWT DGK (gray dashed lines and histograms), as
expected from our state assignment (cartoons in (E)). (G−I) The C122 mutant was anchored to a gold substrate and unfolded from the N-
terminal end (G). The density plot of superimposed FECs (H) and the contour length histogram (I) from C122 and cWT DGK showed the
position of the Cys122 surface attachment point (the yellow dashed line and histogram) relative to the major unfolding intermediates (gray dashed
lines and histograms). The contour length difference between I3.1N (Figure 1F) and Cys122 was 3 ± 2 nm, positioning I3.1N in the middle of
TMH3.
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of the last residue remaining folded in the α-helical
conformation was determined for each step. An intermediate
was identified when one specific conformation was occupied
for long enough time (>50 simulation steps) and the last
residue remaining folded in this particular conformation was
used to represent the position of the state (Figure S9). The
averaged positions of major intermediates determined in this
way (Figure 2D) were mapped to the secondary structure of
DGK (Figure 2E,F). The boundaries of several states (I1.2N,
I2.1N, and I2.2N) can be localized with a single amino acid
precision. For example, the I2.1N-to-I2.2N transition was
designated to unfold from Met63 to Ile67, involving the
unwinding of just four amino acids or one α-helical turn.
Nevertheless, some intermediates exhibit larger errors,
indicating possibilities of larger conformational flexibility or
the existence of closely spaced states. Interestingly, the width
of the contour length distribution of each state obtained from
the simulated trajectories remained as large as that of the
experimental results (Figure 2C). In contrast, a direct analysis
of the population of conformations within each intermediate
from simulations, as measured from the distribution of last
folded residues (Figure 2D), provides superior precision in
structure assignment compared with the traditional protocol
based on the analysis of the contour length distribution.

In addition to the superior precision in the state boundary
assignment, our coarse-grained simulations also identified the
formation of non-native intermediate structures during the
unfolding of DGK. We found three different scenarios of non-
native conformations from the simulations, with corresponding
intermediates observed in SMFS experiments. (i) The
unfolded segments may not be fully stretched, forming
intermediate helical structures lying on the membrane interface
(Figure S10A−C). (ii) TMHs may bend without unfolding
when pulled in a reverse pulling geometry, especially in the
unfolding of TMH2, leading to extra minor intermediates
observed around I2.1N and I2.2N (Figure S10D−F). (iii)
TMHs may translate vertically within the lipid bilayer without
unfolding in the forward-pulling geometry, as observed in the
unfolding of TMH1 and TMH3 (Figure S10G−I). The
presence of the non-native intermediate states may further
conflict with assumptions employed in conventional structural
mapping.

Having demonstrated that structures of intermediates can be
mapped with high accuracy, we next examined whether the
assigned positions reflect actual folding segments that stabilize
the protein. Unexpectedly, the boundaries of intermediates
identified from simulations (Figure 2E) deviate from the
plausible assignments based on conventional assumptions
(Figure S5). I1.1N and I3.1N were assigned to the middle of
TMH1 and TMH3, positioning I1.2N to the N terminus of
TMH2 and I3.2N close to the end of the protein. To verify the
potentially controversial assignment of intermediate structures,
we performed additional specifically designed control experi-
ments (Figure 3). First, the positions of I1.1N and I1.2N were
confirmed by anchoring a single cysteine mutant at L48C in
the periplasmic loop 1 (PL1) to a gold substrate (Figure 3A−
C) and by elongating PL1 with a poly glycine extension
(Figure 3D−F). Both mutants provided anchoring points or
extensions at PL1, which is predicted to locate between I1.1N
and I1.2N in our structural assignment but after I1.2N based on
conventional assumptions. Our results showed that the
anchoring point at Cys48 is located in close proximity to
I1.2N (Figure 3B,C), and the loop extension increased the

separation between I1.1N and I1.2N (Figure 3E,F), in good
agreement with our structural assignment. Second, the position
of I3.1N was verified by anchoring the end of TMH3 at the C
terminus of the protein (Cys122) to a gold substrate (Figure
3G−I). The wormlike-chain (WLC) fitting revealed a contour
length difference of 3 ± 2 nm between I3.1N and Cys122
(Figure 3I), corresponding to a contour length change of ∼13
amino acids (after taking into account the size of the folded
helical structure), suggesting I3.1N locates closer to the middle
of TMH3. Interestingly, the Cys122 surface attachment peak
was observed to be 2 ± 2 nm shorter than state I3.2N (Figure
3H,I), suggesting that the C-terminal segment of TMH3
involves vertical translation within the membrane at the final
stage of forced unfolding of free DGK molecules, as observed
in the coarse-grained simulations (Figure S10 G−I).

With structures of all major intermediates unambiguously
assigned, DGK was found to unfold sequentially, with
structural segments varying in size from a few amino acids to
half of a helix. The identified unfolding intermediates do not
correlate exactly with the secondary structure of DGK, as
evidenced primarily by the following two aspects. First,
obligate intermediates (I1.1N and I3.1N) were positioned 5−
10 amino acids away from the top of the corresponding helices.
For example, I1.1N was assigned to Val38, whereas TMH1
starts at Ala30. MD simulations revealed that the unfolding of
the N-terminal segment of TMH1 occurred at lower forces
(Figure S11A). Experimental FECs, when examined carefully,
also showed similar early transition events before the unfolding
of I1.1N (Figure S11B). Similarly, the position of I3.1N at
Ala100 also deviates from the top of TMH3 (Ser90),
indicating reduced stability of the terminal segment of the
corresponding TMHs near the membrane-water interface.
Second, additional intermediates with TMH2 resisting forces
in a reverse pulling geometry (i.e., I1.2N, I2.1N, I2.2N in Figure
2F) were highly populated (>90%) and have high mechanical
stability. The unfolding forces of these states were comparable
to the unfolding forces of two other obligate intermediates
(I1.1N and I3.1N), both from experimental observations
(Figure 1E and Table S1) and simulation predictions (Figure
2C). However, in a reverse pulling geometry, TMHs may not
resist high stretching forces without extra stabilizing inter-
actions. Such discrepancies between stable folding segments
and the secondary structure were also observed in the
unfolding of other membrane proteins,21 but the reason
remains unclear. Interestingly, the I2.1N and I2.2N states were
not observed in simulations unfolding individual DGK
monomers (Figure S12) in contrast to the results based on
trimeric models (Figure 2), indicating that intermolecular
interactions may play a role in stabilizing these states. The high
propensity of TMH2 to populate stable intermediates against
high reverse pulling forces may suggest a possible novel
mechanism with unknown extra interactions that stabilize
DGK, which will be probed in the following sections by all-
atom simulations and mutagenesis.
Unfolding Mechanism and Interaction Analysis from Free
Energy Simulations

To seek for in-depth explanation of the population of
unfolding intermediates at unexpected locations and identify
key interactions that stabilize the states, we then applied all-
atom MD simulations combined with enhanced sampling
technique64,65 to simulate DGK unfolding in an explicit lipid
bilayer environment. All-atom simulations provide more
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accurate information about residue contacts that may be
missing in coarse-grained models without explicit side chains
and membrane lipids. A specially designed simulation protocol
(Methods Section) was performed to characterize the

unfolding of each TMH separately. To mimic the sequential
extraction of TMHs from the N terminus by force, we removed
all residues before the N-terminal end of the particular helix
being considered and applied biased potential only to the helix

Figure 4. Free energy landscape and interaction analysis from all-atom simulations. (A, B) Two-dimensional FEL for N-terminal unfolding of
TMH1 (A) and TMH2 (B) as a function of the helix length and the position of the N-terminal end of the helix (Z). Corresponding one-
dimensional free energy profile along a lowest free energy path against each coordinate is shown in the left and bottom panels. (C, D)
Representative structures of intermediates observed in the FEL of TMH1 (C, TMH1 in red) and TMH2 (D, TMH2 in blue) unfolding. The
subunit being unfolded is shown as ribbon, with the last residue remaining folded in α-helical structure colored yellow and the free end colored
light green. The other two subunits are shown as surface in gray. (E) Occupancies of residue−residue contacts within each intermediate observed in
the FEL of TMH1 unfolding in (A). A higher contact occupancy indicates the two residues form a stable interaction that may contribute to the
stability of the specific intermediate. Here, all three pairs of interactions observe high contact probability in states I1.0Nsimul and I1.1Nsimul, and the
residues lose their contact in I1.2Nsimul, indicating these interactions may contribute to the stability of I1.1Nsimul. (F) Occupancies of residue−residue
contacts within each intermediate observed in the FEL of TMH2 unfolding in B. Most interaction pairs observe high contact probability in state
I2.0Nsimul, and lose their contact in the sequential unfolding steps. (G) The identified residues in (F) were plotted on the tertiary structure of DGK.
Two critical packing interfaces formed by these apolar residues, one between subunit A (suA, white) and B (suB, green) and the other on the
opposite side, can be observed. Constitute residues in TMH2 facing the interface between subunits A and B were shown in red, and the
corresponding interaction pairs in B were shown in yellow. Constitute residues in TMH2 facing the opposite side were shown in blue, and the
corresponding interaction pairs in subunits A and C (suC, cyan) were shown in yellow.
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being unfolded. This allows us to calculate the folding free
energy landscape (FEL) for each TMH and analyze key
interactions that stabilize the observed intermediates.

The two-dimensional FEL for unfolding TMH1 and TMH2
from the N terminus was plotted as a function of the helix
length and the position (Z) of the free end of the helix (Figure
4A,B). Multiple metastable states can be readily observed from
the local minima of the FEL. The unfolding pathway of a given
helix can be then identified by characterizing a lowest free
energy path from the fully folded state to the fully extended
state passing multiple energy minima and valleys. Intermedi-
ates detected from the free energy simulations (Figure 4C,D)
recapitulate major intermediates observed in the SMFS
experiments and the coarse-grained simulations. In addition,
individual interactions between residues that contribute to the
stability of these intermediates can be also determined by
analyzing the occupancy of contacts between pairs of residues

within each energy minimum observed on the FEL (Methods
Section). Residue pairs with high contact probability were
identified that lose their interaction as unfolding proceeds
(Figure 4E,F), indicating the two residues form a stable
interaction that may contribute to the stability of the specific
intermediate.

The FELs obtained from the all-atom enhanced sampling
simulations provide explanations for the unusual unfolding
behavior of the DGK observed in experiments. Indeed, the
reduced mechanical stability of the N-terminal segment of
TMH1 and the resulted deviation of I1.1N from the very top of
the helix could be readily understood. Based on the FEL and
the one-dimensional free energy profiles (Figure 4A),
unfolding of TMH1 was found to proceed in two major
steps. TMH1 first unfolds from fully folded state I1.0Nsimul,
crossing the barrier I1.0N‡, to first intermediate I1.1Nsimul, in
which helical structures up to Val38 are unfolded. Then, a

Figure 5. Relative mechano- and thermo-stability of the M63A/I67A mutant. (A) Representative FECs upon N-terminal unfolding of the M63A/
I67A mutant (color) plotted in comparison with results from cWT proteins (gray). (B) Density plot of 56 FECs from the M63A/I67A mutant
(red) showing destabilization of I2.1N and I2.2N (red arrow) compared with results from cWT proteins (gray). (C) F-ΔLC plot and the unfolding
force histogram of representative intermediates showing that the unfolding forces of I2.1N and I2.2N were significantly decreased (panels on the
right), whereas the unfolding forces of other intermediates (I1.1N and I3.1N shown on the left panels) were largely unchanged. (D) cWT DGK
(top) or the M63A/I67A mutant (bottom) reconstituted into proteoliposomes titrated with SDS and subjected to glutaraldehyde cross-linking. (E)
Fraction of monomeric, dimeric, and trimeric forms of cWT DGK and its mutant under each SDS concentration was determined by analyzing
corresponding bands in (D). cWT DGK trimer was highly resistant to SDS up to a molar percentage of 80%. The double mutant formed a trimer
without SDS, but disassociated quickly into dimers and monomers at low SDS concentrations.
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higher barrier I1.1N‡ compared to I1.0N‡ must overcome to
unfold I1.1Nsimul. Contact analysis revealed that this rate-
limiting step involves the breaking of side-chain interactions
between Val38 and Ala41 in TMH1 with Val62 and Met66 in
TMH2 and Trp112 in TMH3 (Figure 4E). The existence of
these extra pairs of intramolecular interactions generated a
higher barrier to unfold I1.1Nsimul. As a result, a mechanically
stable state that required higher forces to unfold occurs at
Val38, whereas the lower first barrier I1.0N‡ results in low-force
unfolding of the N-terminal segment of TMH1.

More importantly, the microscopic basis of the impact of
specific residue−residue interactions on the stability of each
intermediate can be determined from the FEL analysis. We
particularly focus on interactions involving TMH2, and seek
understanding of the molecular determinants of the unusually
stable intermediates at the reverse pulling geometry, i.e., I1.2N,
I2.1N, and I2.2N. We found that side-chain packing mediated
by a large number of hydrophobic residue pairs is essential for
stabilizing these states (Figure 4F). Particularly, residues in
TMH2A, including Ile53, Val56, Met63, Ile67, Ile70, Ala74,
and Val78 (Figure 4G, red residues), participated in
intermolecular interactions with partners from subunit B
(Figure 4G, yellow residues in suB). Geometrically, these
apolar side chains in TMH2A are facing outward to the
interface between the adjacent subunits and are separated
mostly by one α-helical turn (Figure 4G). This interaction
network stabilizes the three major intermediates, I1.2N at
Ala52, I2.1N at Met63, and I2.2N at Ile67, and one minor
intermediate at Val56 observed in both experiments and the
coarse-grained simulations (Figure S13). The positions of the
four states coincide with the first four constituting residues in
TMH2A that contribute to the packing interactions. After the
unfolding of Ile67, the interaction network could be largely
destabilized, and no more metastable state exists. In addition to
the strong packing interface between subunit A and B, the
opposite face of TMH2A (Figure 4G, blue residues) also forms
a second critical area of packing with TMH3A and TMH2C
(Figure 4G, yellow residues in suA and suC). These findings
suggest that the hydrophobic side chains, when facing the
interface, are contributing to the high stability of the DGK
trimer. The higher mechanical stability of the unexpectedly
stable intermediates I1.2N, I2.1N, and I2.2N is directly related to
the distinct tight intermolecular packing of DGK assembly.
Effect of M63A/I67A on the Mechano- and
Thermo-Stability

To examine the impact of intermolecular interactions on the
stability of the mechanical unfolding intermediates and the
trimeric assembly of DGK as predicted by simulations, two
alanine mutations were introduced at the Met63 and Ile67
positions. These two sites were identified as the locations of
the two special intermediates I2.1N and I2.2N, and were also
predicted to participate key intermolecular interactions that
stabilize these states. We hypothesized that the M63A/I67A
variation might induce packing defects into the side-chain
interaction network, weaken interactions between TMH2A,
TMH2B, and TMH3B, thus reducing the mechanical stability
of I2.1N and I2.2N, and also reducing the stability of the DGK
trimer.

The influence of the double alanine mutations on the
mechanical stability of the DGK unfolding intermediates was
first determined by SMFS. DGK carrying M63A/I67A
mutations were expressed, purified, and reconstituted by the

same procedures as the cysteine-modified variant of the wild-
type protein (cWT DGK). M63A/I67A mutants were
unfolded from the N-terminal end and the resulting FECs
were superimposed with FECs from cWT proteins (Figure
5A,B). We found that the positions of all major unfolding
intermediates of M63A/I67A were identical to those detected
in cWT proteins. But the unfolding forces of I2.1N and I2.2N
were significantly reduced, while the unfolding forces of other
major intermediates were barely changed (Figure 5C).
Combining these results showing a significant reduction of
the mechanical stability of I2.1N and I2.2N upon mutation
(Figure 5), along with the coarse-grained simulations showing
the complete elimination of the two states when unfolding
individual DGK monomers (Figure S12), our findings verified
the dominant role of the intermolecular interactions in
stabilizing these mechanical unfolding intermediates.

We then examined the effect of the double mutations on the
relative thermodynamic stability of the DGK trimer.
Reconstituted proteoliposomes containing cWT and M63A/
I67A proteins were destabilized by various amounts of sodium
dodecyl sulfate (SDS) and cross-linked with glutaraldehyde.51

The trimeric, dimeric, and monomeric fraction as a function of
SDS concentration was then determined by SDS-polyacryla-
mide gel electrophoresis (PAGE) (Figure 5D,E). The cWT
DGK exhibited high stability, resisting high concentration of
SDS (up to 80%). The M63A/I67A mutant formed trimer
without SDS, but was unstable and quickly dissociated into
dimers and monomers even at low concentrations of SDS.
Overall, these results confirmed that the intermolecular
interactions revealed by MD simulations were crucial for
both the mechano-stability of corresponding intermediates and
also the thermo-stability of DGK trimer.

■ DISCUSSION
The molecular mechanisms of membrane protein folding are of
broad interest. Although mechanical unfolding by AFM-based
SMFS has been used for over 20 years to explore the principles
of membrane protein folding and function,12 the microscopic
basis of each unfolding step remained controversial.21 Here we
combined force spectroscopy with multiscale simulations and
mutagenesis to study the pathway and mechanism of DGK
unfolding. We were able to achieve robust and precise
structural assignments to major unfolding intermediates and
understand their molecular determinants. Unfolding transitions
involving structural changes of four amino acids or one α-
helical turn can be well resolved and assigned to a precision of
a single amino acid. We find apolar side-chain packing
constructed by an intermolecular network of hydrophobic
residues as the major contribution to the special intermediates
observed in our experiments with TMHs resisting high forces
in the reverse pulling geometry. The relation between the high
mechano-stability of unfolding intermediates and the high
thermo-stability of the DGK trimer was therefore established
via the identification of this tight interaction network.

Traditionally in SMFS, the putative structures of unfolding
intermediates were inferred from a direct mapping of contour
length changes into the secondary structure.21 The boundaries
of folding segments determined in this way may observe large
systematic or random errors,30 partly due to possible
uncertainties in the chosen reference state.9,13,26 Given the
disagreement between our state assignment (Figure 2E) and
the plausible results based on conventional assumptions
(Figure S5), extra care should be taken when using the
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terminal end of the protein or the top of helices as the
guidance in state assignment. Since the nonspecific adhesion
could in principle happen at any exposed positions near the
terminus, the averaged attachment point may deviate from the
very end of the protein. Extra verification or guidance from
simulations or control experiments is necessary. In addition,
uncertainties in model parameters used (Figures S5 and S6)
and the formation of non-native structures in both the folded
and unfolded segments of the partially unfolded protein
(Figure S10) may further affect the accuracy of structural
mapping. At least three different scenarios for forming non-
native conformations during DGK unfolding were observed in
our SMFS experiments and simulations (Figure S10). All three
cases involve global movement of partially folded helical
segments within or at the surface of the lipid bilayer, and could
also result in noncooperative hump transitions in the unfolding
of DGK (Figure S14) and other membrane proteins.15 The
unfolding humps occurred infrequently (11%) in FECs taken
from the cWT DGK, but they can become significantly more
pronounced in the unfolding of the M63A/I67A mutant
(42%). This increased propensity of movements of folded
helical segments also suggests reduced helix−helix interactions
upon mutation, in agreement with our interaction analysis.

DGK was found to have high stability,49,50 whereas many of
its mutants were misfolding prone or functional defective.51,52

How inter- and intramolecular interactions contribute to
maintain its stability and how these interactions were tuned by
mutations leading to misfolding remained unclear. Our result
showed that mutations at the trimer interface disrupt
intermolecular interactions and cause significant destabilization
of the DGK trimer. Two packing interfaces, one between
TMH2A, TMH2B, and TMH3B, the other between TMH2A,
TMH3A, and TMH2C, are used to solidify the inter- and
intrahelical assembly of this protein. Among the many types of
forces that stabilize membrane proteins, this interaction
network lacks charged, polar, or aromatic residues that
participate in charge−charge, hydrogen bonding, or aro-
matic−aromatic interactions. We performed energy decom-
position analysis66 and found attractive van der Waals
interactions were present between the predicted interacting
residue pairs (Figure S15). Thus, in a bilayer environment
where the hydrophobic effect is not contributing to folding,1,2,5

the global stability of DGK folding is mainly dominated by the
dense van der Waals packing resulting from interactions
between hydrophobic residues at the helix−helix interface.
This finding also supports the previous hypothesis that
stabilizing contributions from the interface is providing a
high level of stability of DGK50 and other membrane protein
oligomers.5,67,68 When packing defects were created by
mutations, the helix−helix interactions and the trimeric
assembly were destabilized.

In summary, our results highlight the experiment-simulation
combined approach is potentially a more precise way for
structural assignment and can provide a detailed molecular-
level description of membrane protein folding. A key feature of
this study is the demonstration of a frequently under-
appreciated relation between the mechano-stability of unfold-
ing intermediates from vertical pulling experiments and the
underlying microscopic basis of interhelical interactions that is
orthogonal to the pulling axis. The high stability of DGK was
found to be secured largely from a network of weak van der
Waals interactions that can be tuned by mutations. These
findings further offer applications in the general understanding

of the currently poorly elucidated misfolding mechanism of
membrane proteins.3 The destabilizing mechanisms discovered
here may offer explanations to one type of frequently observed
disease-causing mutations that induce misfolding by disrupting
helix−helix interactions.3 This approach, complementary to
other recent efforts in developing new methodologies for
deciphering submolecular details of membrane proteins from
SMFS,15,23,24,27,40,41 may provide fundamentally new insights
into understanding membrane protein folding and misfolding.

■ METHODS

DGK Expression, Purification, and Reconstitution
The plasmid of DGK was generously provided by Prof. Jun Yang. The
construct harbors a His6 tag at the N terminus for purification and
one cysteine at either the N-terminal (N3C-DGK) or the C-terminal
(C122-DGK) end for site-specific modification. All internal cysteines
of DGK were mutated (C46A, C113A). These single cysteine variants
were referred to as cWT DGK in our work, which allowed DBCO
functionalization at one specific terminus. Other mutations were
generated based on the cWT DGK construct by PCR-based site-
directed mutagenesis. The sequence of all DGK variants used in this
work is shown in Table S2. cWT DGK or the mutants were expressed
in BL21 Star (DE3) competent E. coli cells and purified by Ni-NTA
Superflow agarose (Thermo Scientific) as previously described.46

To label the protein with DBCO, we first reduced the terminal
cysteine by incubating the protein with 10 mM tris(2-carboxyethyl)-
phosphine (TCEP) for 3 h at room temperature. The sample was
buffer exchanged into the coupling buffer (20 mM sodium phosphate
buffer (NaPi), pH 7.2, 0.2% SDS) using centrifugal filters with a 10
kDa cutoff. DGK was then incubated with DBCO-PEG4-maleimide or
DBCO-PEGn-maleimide (molecular weight (MW) = 5000 Da) at a
molar ratio of 1:1 to 30:1 for 24 h at room temperature. The free
DBCO was removed by dialysis or a buffer exchange. The labeling
efficiency was assessed by SDS-PAGE (Figure S2).

Reconstitution of DGK was performed following existing protocols,
with minor modifications.54 Briefly, purified cWT DGK or its variants
were mixed with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) micelles containing 50 mM POPC and 200 mM
dodecylphosphocholine (DPC) in water at lipid-to-protein ratios of
50:1 to 120:1. The mixture was incubated on the rotator at room
temperature overnight and then transferred into a dialysis tubing with
a molecular weight cutoff of 10 kDa (Spectra-Por, Spectrum). The
sample was dialyzed for 7−14 days at 18 °C against the dialysis buffer
(20 mM NaPi, pH 6.6, 0.5 mM ethylenediaminetetraacetic acid
(EDTA)), which was changed twice per day.
Activity Assay
The activity of DGK reconstituted into proteoliposomes was
monitored using the established assay.44,54 Briefly, the assay was
prepared by adding 10 μL of 50 mM nicotinamide adenine
dinucleotide (NADH) and 50 μL of 1000 U/mL pyruvate kinase/
lactic dehydrogenase (PK/LDH) (Sigma-Aldrich) into 440 μL of the
assay mix containing 75 mM piperazine-N,N′-bis (2-ethanesulfonic
acid) (PIPES), 50 mM LiCl, 0.1 mM ethylene glycol-bis (β-
aminoethyl)-N,N,N′,N′-tetraacetic acid (EGTA), 0.1 mM EDTA,
21 mM n-dodecyl-β-maltoside (DM), 3 mM cardiolipin (Avanti), 3
mM dibutyrin (DBG) (Macklin), 20 mM adenosine triphosphate
(ATP), 55 mM MgCl2, 1 mM phosphoenolpyruvate, monopotassium
salt (PEP-K), and 1 mM TCEP, pH 6.8. Then, 5 μL of reconstituted
DGK stock (∼0.1−1 mg/mL) was added and transferred into a 96-
well microplate. The decrease of absorbance at 340 nm as a result of
NADH oxidation was recorded using a microplate reader (Molecular
Devices FlexStation 3).
Single-Molecule Force Spectroscopy Assay
To prepare DGK samples for force spectroscopy, we diluted the
reconstituted DGK to ∼10 ng/μL in the absorption buffer (10 mM
Tris, 300 mM KCl), and deposited 50 μL onto freshly cleaved mica.
After 1 h, the mica surface was rinsed extensively by the phosphate-

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00829
JACS Au 2024, 4, 1422−1435

1431

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00829/suppl_file/au3c00829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00829/suppl_file/au3c00829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00829/suppl_file/au3c00829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00829/suppl_file/au3c00829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00829/suppl_file/au3c00829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00829/suppl_file/au3c00829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00829/suppl_file/au3c00829_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, and 1.8 mM KH2PO4, pH 7.2). All measurements were
performed in PBS.

DGK carrying single cysteine mutations at L48C or Cys122 was
directly linked to the gold substrate via thiol-Au bonds. To prepare
DGK attached to the gold substrate, a gold-coated silicon wafer was
prepared by ultrasonic cleaning in isoproposol and water, respectively,
for 5 min and then oxidized by soaking it in H2O2 for 12 h. Oxidized
wafers were again treated with ultrasonic cleaning in water 3 times
and blow-dried with nitrogen. Finally, the protein sample was
deposited within 5 min of surface preparation. After 1 h incubation,
the gold surface was rinsed extensively by PBS.

We measured the unfolding of DGK using BioLever mini
cantilevers (AC40TS, Olympus) in a commercial AFM (Cypher ES,
Asylum Research). To specifically attach the AFM tip to one
prelabeled end of DGK, the cantilevers were functionalized using
protocols developed previously.55,69 Briefly, cantilevers were first
rinsed in toluene, isopropanol, and deionized water and then activated
using a UV ozone system. We then incubated the cantilevers in the
toluene solution of silane-PEGn-azide (0.15 mg/mL) at 60 °C for 3 h.
Two different lengths of PEG linkers were used (MW = 600 or 3400
Da). Cantilevers were finally rinsed in toluene, isopropanol, and
deionized water again and stored in a humidity chamber at 4 °C.

Analysis of Force−Extension Curves
To screen out multiple tethers or partial unfolding, the contour length
change from the first major state to the last major state (ΔLC

last) was
used as a criterion. Traces with ΔLC

last = 20−50 nm were included in
our analysis. Further inspection based on common unfolding features
excluded an additional ∼20% of traces.

To determine the contour length of each state, we fit each segment
of FECs associated with major intermediate states with proper models
describing the elasticity of the stretched polypeptide chain and the
PEG linker. For the nonspecific FECs and the simulated traces, only
the unfolded polypeptide was stretched. An improved approximation
of the WLC model was used to analyze these curves56,58
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where Lp is the persistence length (0.4 nm) of the polypeptide and
kBT is the thermal energy. For specific FECs, we fit each state using
two components in series. The first part describes the elasticity of the
unfolded polypeptide using eq 1. The second part uses the freely
jointed chain to model the elasticity of the PEG linker57
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where NS is the total number of PEG segments, Lplanar is the contour
length of a PEG monomer in the ttt state (0.28 nm), Lhelical is the
contour length of a PEG monomer in the ttg state (0.358 nm), ΔG is
the free energy difference between the two conformations (3 kBT), LK
is the Kuhn length, and K is the enthalpic stretch modulus. Global
fitting was performed to determine the contour lengths of all major
intermediates identified, and an average change of contour lengths for
these states was reported in Figure 1 and Table S1.

Stability Measurements of the DGK Trimer
The relative thermodynamic stability was determined by a cross-
linking/SDS-PAGE assay.51 Reconstituted DGK in POPC vesicles
was first equilibrated in 75 mM PIPES, 50 mM LiCl, 0.1 mM EGTA,
0.1 mM EDTA, and 12 mM DM, pH 6.9. Samples were then titrated
using SDS to concentrations ranging from 0 to 80% (mol/mol). The
molar concentration of SDS was calculated by [SDS]/([SDS] +
[DM] + [POPC]). 32 mM glutaraldehyde was added to the mixture

for cross-linking overnight and the sample was analyzed by 12% SDS-
PAGE. Protein band intensities were quantified using ImageJ.

Upside Simulations of DGK Unfolding
The Upside simulations were performed using the simulation package
from Wang et. al.42 With a near all-atom representation of membrane
proteins and implicit models of solvent and membranes, Upside is
efficient and completes each simulation replica of the unfolding
process of DGK within 1−2 days’ time on a single CPU-core. With an
implicit membrane, the lipid−protein interactions are described by
the level of residue side-chain immersed in lipids and calculated based
on a knowledge-based membrane burial potential.42

The structure of DGK was adopted from the Protein Data Bank.
The position of DGK relative to the membrane was predicted by
Positioning of Proteins in Membranes (PPM) 2.0 Web Server.70

Springs were attached to the Cα atom of the N-terminal residue. The
pulling forces were added in the direction perpendicular to the
membrane surface. The spring constant was set to be 0.1 kBT/Å2

(∼42 pN/nm at 300 K) and the standard pulling velocity was 10−4

nm/step. The estimation of the real time scale of the Upside
simulation remained controversial, as pointed out by Wang et. al.42 A
simulation velocity of 0.001 Å/step was estimated to be ∼106 nm/s.42

Although this value is still 2 orders of magnitude higher than the
fastest pulling speed used in experiments, the characteristics of
unfolding pathway, including the population and unfolding forces of
unfolding intermediates, match well with experimental results. The
discrepancy of speed values used in experiments and simulations
could be due to unknown errors in the conversion of the simulation
time step to the real time, or other inaccuracies in the energy
function.42

Free Energy Simulations of DGK Unfolding
The all-atomic MD simulations combined with enhanced sampling
techniques were employed to investigate the free energy of unfolding
intermediates and identify key interactions that stabilize these states.
The free energy simulations were performed in an explicit lipid bilayer
environment with explicit solutions. To simulate the sequential
unfolding of each TMH, the protein segment unfolded prior to the
relevant helix was truncated. For example, to study the unfolding of
TMH1 from the N-terminal end, residues from the N terminus of the
protein up to Ala29 (before the N terminus of TMH1) were removed,
and the rest of the protein was inserted into the lipid bilayer
composed of 200 POPC molecules. In the simulation, the bias
potential was added only to the helix considered to enhance the
unfolding of the particular helix. Sodium and chlorine ions were
added to neutralize the system and the final concentration of sodium
chloride was set to be 150 mM. The charmm36 force field was
employed for the proteins and the membrane71 and the TIP3P model
was used for water molecules.72 All bonds related to hydrogen atoms
were constrained with the LINCS algorithm.73 An isotropic scheme
was utilized to couple the lateral and perpendicular pressures
separately. The Particle-Mesh Ewald method74 was employed to
calculate long-range electrostatics with a cutoff of 10 Å. The
temperatures were coupled with the Nose−Hoover method75 and
the pressures were coupled by a Parrinello−Rahman barostat.76 To
obtain the free energy landscapes of each TMH, we employed the
well-tempered metadynamics simulations77 to sample the conforma-
tions in the unfolding/folding process. The estimation of free energy
at time t as a function of the collective variables (CVs) s was
determined by the following formula

F s t T T
T

V s t( , ) ( , )= +
(3)

where V(s,t) is the biased potential deposited on the system and ΔT is
the difference between the fictitious temperature of the CV and the
temperature of the simulation, which tunes the height of the biased
potential in the simulation. The vertical position of the N-terminal
end (Z) and the helicity of the corresponding helices were employed
as the two CVs in the metadynamics simulation. The initial height of
the Gaussian potential is 1 kJ/mol and deposited every 5 ps. The bias

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00829
JACS Au 2024, 4, 1422−1435

1432

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00829/suppl_file/au3c00829_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


factor was set to be 16. For the free energy sampling of different
helices, 200 to 600 ns production runs were performed with 2 fs time
step by GROMACS2019.78

Contact Analysis
Contacts between residues were defined as the residue pairs that are
close within a distance threshold (4.5 Å for any heavy atom pairs in
these two residues) in the protein conformation. The occupancy of
residue−residue contacts measures the ratio of conformations to the
contacted residue pairs in each intermediate. The occupancy of
contacts between residue i and j in state s is defined as

O
Ni j

s t
N

i j
t

,
,

s

s

=
(4)

where δi,jt = 1 if the residues i and j are in contact with each other in
conformation t, otherwise it equals 0. Ns is the conformation number
in state s. Here, the intermediate states are defined based on the free
energy minima on the FEL, and all of the conformations belonging to
the state are utilized to perform the contact analysis.
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