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We investigate the folding of GlpG, an intramembrane protease,
using perfectly funneled structure-based models that implicitly ac-
count for the absence or presence of the membrane. These two
models are used to describe, respectively, folding in detergent
micelles and folding within a bilayer, which effectively constrains
GlpG’s topology in unfolded and partially folded states. Structural
free-energy landscape analysis shows that although the presence
of multiple folding pathways is an intrinsic property of GlpG’s
modular functional architecture, the large entropic cost of orga-
nizing helical bundles in the absence of the constraining bilayer
leads to pathways that backtrack (i.e., local unfolding of previously
folded substructures is required when moving from the unfolded to
the folded state along the minimum free-energy pathway). This back-
tracking explains the experimental observation of thermodynamically
destabilizing mutations that accelerate GlpG’s folding in detergent
micelles. In contrast, backtracking is absent from the model when
folding is constrained within a bilayer, the environment in which
GlpG has evolved to fold. We also characterize a near-native state
with a highly mobile transmembrane helix 5 (TM5) that is significantly
populated under folding conditions when GlpG is embedded in a bi-
layer. Unbinding of TM5 from the rest of the structure exposes GlpG’s
active site, consistent with studies of the catalytic mechanism of GlpG
that suggest that TM5 serves as a substrate gate to the active site.
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GlpG is a rhomboid protease that sits and functions in the cell
membrane. GlpG’s homologs are found across all kingdoms

of life. GlpG has been the subject of several biophysical exper-
imental studies aimed toward understanding membrane protein
folding and the relationships among protein structure, dynamics,
and function (1–5). An extensive experimental φ-value analysis
found φ-values significantly different from zero, indicative of struc-
tural changes during the rate-limiting step of folding, in trans-
membrane helices 1 through 5 (TM1-5) and the intervening loops
(4). Most of the nonzero φ-values, particularly in TM3-5 and in
the large loop L1, were negative, meaning that although the
corresponding mutation destabilizes the native state, the muta-
tion nonetheless accelerates folding. The preponderance of
negative φ-values was puzzling and unprecedented, and at the
time, these effects were tentatively ascribed to nonnative inter-
actions in the transition state ensemble. In this work, we show
that, in fact, simple models with perfectly funneled energy land-
scapes that lack nonnative interactions are able to explain the origin
of these negative φ-values and how the values arise when folding in
detergent micelles rather than bilayers.
α-Helical membrane protein folding is thought to occur in two

stages in vivo (6). The first stage, setting up the proper topology
of transmembrane helices, is handled by the translocon (7, 8). In
the present context, topology refers to specifying the directions
in which a membrane protein’s constituent transmembrane he-
lices traverse the bilayer. The second stage, converting from properly

inserted but dissociated helices into a functional folded struc-
ture, occurs spontaneously and is, in some ways, analogous to
soluble protein folding. However, we know, ranging from the
hydrophobic effect (9, 10) to water-mediated (11) and screened
electrostatic interactions (12), the solvent plays a role in de-
termining what types of noncovalent interactions are stabilizing
and destabilizing. Whereas soluble proteins fold in polar and
isotropic aqueous solutions, membrane proteins fold in largely
apolar and anisotropic environments. These environmental dif-
ferences complicate applying directly methods developed for
studying soluble protein folding to the study of membrane protein
folding. Nonetheless, experimentalists have been able to apply a
variety of methods to study the kinetics and thermodynamics of
membrane protein folding through the use of detergent micelles as
a membrane-mimicking environment. Experiments that probe the
folding mechanisms of membrane proteins have used micelles
composed of a mixture of anionic and nonionic detergents (4, 13, 14),
which not only keep membrane proteins soluble but also, through
use of mixed micelles, allow the equilibrium between folded and
unfolded states to be tuned. Micelles predominantly composed
of nonionic detergents, such as n-dodecyl-β-D-maltopyranoside
(DDM), preferentially stabilize a folded state that has been
shown to be functional and is therefore likely to be structurally
similar to the folded state in vivo. Micelles predominantly composed
of anionic detergents, on the other hand, preferentially stabilize an
unfolded state that contains significant amounts of secondary
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structure. This ability to tune the equilibrium means that stopped-
flow kinetic experiments can be combined with protein-engineering
techniques to determine folding mechanisms at the single-residue
level (4, 13, 15), in analogy to what has been done for soluble
proteins (16–18). Because carrying out these types of experiments
in bilayers is still difficult, it is presently unknown how folding
mechanisms determined in micelles compare with those in mem-
branes. Confining proteins to a 2D membrane is expected to
constrain unfolded and partially folded ensembles to having struc-
tures with helices that are largely properly aligned and embedded
in the membrane; such topological restrictions would be relaxed
in a micellar environment.
Theoretical (19, 20) and experimental (3, 4) work suggests that

at least some membrane proteins can reversibly fold and unfold
without the aid of the translocon or chaperones in vitro. It is
therefore likely that membrane protein folding landscapes are
funneled, much like globular protein landscapes (21, 22). Structure-
based models with perfectly funneled energy landscapes have
proven useful for investigating the folding and binding of proteins
(23, 24). In this study, we use a structure-based model to investigate
folding of a membrane protein in two different situations: in the
absence and presence of an implicit membrane energy term that
biases conformations to have the correct topology with respect to
the membrane. Simulations with the implicit membrane term are
thus taken to model folding in a bilayer, whereas simulations
without the implicit membrane energy are taken to model fold-
ing in detergent micelles. Although this way of modeling micelles
and bilayers is an oversimplification, it captures the significantly
increased topological freedom of membrane proteins in micellar
environments compared with lipid bilayer. Fig. 1 shows sche-
matic representations of the corresponding denatured states of
membrane proteins in bilayers and micelles.
The same energy landscape that dictates folding routes also

encodes functional motions. It has been suggested that the modu-
larity in the structure of GlpG supports functional motions (1, 25).
The N-terminal domain, which contains transmembrane helices 1
and 2 (TM1-2) as well as the intervening L1 loop, functions as a
structural scaffold (25), whereas the C-terminal domain with its four
transmembrane helices (TM3-6) includes the catalytic site (25). The
C-terminal domain is apparently more flexible than the N-terminal
domain; both the loop L5 (5) and the transmembrane helix TM5
(25) have been crystallized in multiple conformations. Because
of this flexibility, it has been suggested that either L5 alone (5) or
L5 and TM5 (25) may serve as a substrate gate for access to the
catalytic site. Using free-energy landscape analysis and pertur-
bation methods along with structural analysis, we show that there
is a near-native state significantly populated under folding con-
ditions and elucidate the state’s connections to GlpG’s folding
mechanism and function.

Methods
Simulation and Analysis Methodology. We performed molecular dynamics
simulations of a coarse-grained structure-based model (26) of GlpG based on
the crystal structure with Protein Data Bank (PDB) ID code 2XOV (27). We
carried out two parallel sets of simulations: one with an implicit membrane
present and one without a membrane. The implicit membrane model is
described in ref. 19, and the assignment of residues into the intramembrane
and extramembrane residues is described in Fig. S1. We sampled at multiple
temperatures above and below the corresponding folding temperatures and
used umbrella sampling at each of these temperatures to sample a wide
range of folded, partially folded and unfolded structures. We then used the
Multistate Bennett Acceptance Ratio (MBAR) method (28) to reconstruct
unbiased free-energy profiles, compute expectation values of structural or-
der parameters, and perform perturbative calculations to test the effect of
small changes to the Hamiltonian. We infer folding mechanisms by looking
for low free-energy routes between the unfolded and folded states in the
unbiased free-energy profiles and then performing analysis on structures
sampled in the basins and saddle points along these routes. Whereas the
appropriateness of various reaction coordinates for describing protein
folding kinetics is vigorously discussed (29–31), here we take the pragmatic
approach of comparing our inferred mechanisms to experimental data and
find highly nontrivial agreement based on reaction coordinates that mea-
sure the degree of nativeness of different parts of the molecule. See the
Supporting Information for a complete explanation of the methods.

Structure-Based Model of GlpG. The crystal structure used to define the sta-
bilizing native interactions in our structure-based model is shown in Fig. 2.
GlpG has six transmembrane helices connected by five loops. The first loop,
L1, is notable because it is large and contains several small interfacial helices.
Our definition of the N- and C-terminal domains of GlpG was arrived at
based on the analysis of our simulation results and is therefore not imposed
on the model beforehand; these two domains are found to fold semi-
independently (Results and Discussion) using our structure-based model.
Therefore, this definition arises as a direct consequence of the structure of
GlpG given our way of defining its contact map. Structural bioinformatics
studies have indicated that membrane proteins are stabilized by tight helix–
helix interactions that are mediated by small and polar residues (32). We
therefore used a 6.5-Å Cβ–Cβ cutoff to define stabilizing native interactions,
which is somewhat shorter than the cutoffs that have been applied
to simulations of soluble proteins in the past. We have also selectively
strengthened the local-in-sequence interactions to decouple secondary and
tertiary structure formation. This modification of the model is motivated
by the observation of native-like levels of secondary structure in the SDS-
unfolded state of GlpG (4). See the Supporting Information for a precise
description of the parameters used in the model.

Results and Discussion
Unfolding Always Corresponds to Loss of Tertiary Structure with
Retention of Secondary Structure but Leads to a More Expanded
Ensemble in the Absence of the Implicit Membrane. Experimental
circular dichroism and tryptophan fluorescence measurements

Fig. 1. Schematic diagrams of the unfolded state of α-helical membrane
proteins in bilayers (Left) and detergent micelles (Right). The transmem-
brane helices (cylinders) are connected by loops. Transmembrane helices are
either embedded in a membrane (rectangular prism) or are surrounded by
detergent micelles (transparent gray spheres). In this work, we use an im-
plicit membrane model to simulate folding within a bilayer and assume that
folding in detergent micelles corresponds to folding without constraints on
the alignment of helices. In both cases, we assume that the unfolded state
has near-native levels of secondary structure, as has been observed in ex-
periments on the SDS-denatured state of membrane proteins.

Fig. 2. Crystal structure of GlpG (PDB ID code 2XOV). A black sphere demar-
cates the boundary between the N- and C-terminal domains. The catalytic dyad
in the active site (AS), shown in yellow and located on TM4 and TM6, is buried by
TM5 and L5. The large loop L1 is made up of several interfacial helices whose
axes run parallel to the membrane surface. The color of the backbone varies
smoothly from red (N terminus) to white and then to blue (C terminus).
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Fig. 3. Free-energy analysis and structural characterizations of GlpG without (A–C) and with (D–F) the implicit membrane. (A and D) Two-dimensional free-
energy profiles above (Left), at (Center), and below (Right) the folding temperature (Tf) with respect to QN and QC. QN and QC measure the degree of folding
within the N- and C-terminal domains, respectively. Precise definitions are given in the Supporting Information. Key structural states are labeled, and the
inferred folding pathways are indicated with arrows. Areas shown in white are high in free energy. (B and E) Structural ensembles made up of 10 repre-
sentative structures selected from low free-energy basins and transition states; folded regions in each ensemble have been aligned for clarity. (C and F)
Schematic representations of the structural ensembles. Transmembrane helices and the large loop L1 are shown as fully folded (full color), partially folded
(half color), or unfolded (black). The colors used in B, C, E, and F are the same as those established in Fig. 2.
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indicate that unfolding of GlpG in micelles corresponds to loss of
tertiary structure but retention of native levels of secondary
structure (4). In the simulations, the expectation values of secondary
and tertiary structure formation order parameters (see the Sup-
porting Information for precise descriptions) as a function of tem-
perature indicate that likewise, both in the absence and the
presence of the implicit membrane, unfolding corresponds to
loss of tertiary structure and retention of secondary structure
(Fig. S2). When the implicit membrane is present, the unfolded
structures largely retain native-like topologies with respect to the
membrane (Fig. 3E), although excursions to the extramembrane
regions are possible. The simulated unfolded ensemble thus re-
sembles what is commonly understood to be the starting point
for the “second stage” of membrane protein folding (6), which
takes place once the helices have been inserted into the membrane
by the translocon in their native orientations. The simulated un-
folded ensemble in the absence of the bilayer is significantly more
expanded (Fig. 3B). In the Supporting Information, we discuss a
more detailed comparison of these two ensembles and experi-
ment (Fig. S3).

Folding Can Be Initiated in Either the N- or C-Terminal Domain of
GlpG. Both in the absence and presence of the implicit mem-
brane, free-energy profiles plotted as a function of QN and QC
(see the Supporting Information for precise descriptions), which
quantify how native-like the structures are for the N- and C-
terminal parts of the molecule, respectively, suggest that folding
can be initiated by moving either along QN or QC [i.e., by forming
native-like structure within either the N-terminal or C-terminal
parts of the molecule (Fig. 3)]. Above but near the folding tem-
perature and in the presence of the implicit membrane, the mole-
cule populates both the fully unfolded state (U) and the C-terminal
folded state (C) with TM3-6 folded. An orthogonal folding route
toward the N-terminal folded state (N) is also present, although
less favorable. In the absence of the implicit membrane and above
the folding temperature, the molecule prefers the fully unfolded
state (U) and a partially formed N-terminal structure with L1
folding onto TM1 (N1). Slightly higher in free energy in the same
direction is another state with both TM1 and TM2, as well as the
intervening L1, being well folded (N2). As in the case of the model
with the implicit membrane, another folding route is available at
higher free energy. There are also two intermediates along this
route, the first with TM4-6 folded (C1) and a second which also
includes folding TM2, TM3, and part of L1 onto the C-terminal
part of the molecule (C2).

Optimal Energy–Entropy Compensation for the Modular Structure
Results in a Multistep Folding Pathway That Backtracks During the Rate-
Limiting Step Without the Implicit Membrane but Does Not Backtrack
in the Membrane with Its Accompanying Topological Constraints.
After initiating folding through either the N- or C-terminal do-
mains, GlpG must fold the other half of the molecule to arrive
at the folded state. In the membrane, this completion of
folding occurs in a straightforward manner, with both pathways
(U→C→TS1→F and U→N→TS2→F) being approximately equal
in free energy (Fig. 3D). Without the implicit membrane energy
term to constrain the topology, however, folding becomes more
complex. Although initiating folding via the N-terminal domain
(U→N1→N2) is more favorable than initiating folding via the
C-terminal (U→C1→C2), starting along this route is ultimately
not productive as the molecule later encounters a relatively high
free-energy barrier (TS2) associated with organizing the large
and unconstrained C-terminal domain. Folding does not proceed
by propagating the folding “front” through the interface between
the N- and C-terminal domains because there are relatively few
contacts on the interface. Instead, the high free-energy barrier to
folding is lowered somewhat through simultaneous organization
of TM4-6 (a decrease in energy) at the same time as breaking
the interface between L1/TM2 and TM3 (an increase in en-
tropy), which was formed in N2. Breaking the interface between
L1/TM2 and TM3 is an example of “backtracking” (i.e., the

required unfolding of natively folded substructures while pro-
ceeding from the unfolded state to the folded state). By making
optimal use of energy-entropy compensation, GlpG is able to
reduce the free-energy barrier between a partially folded state
and the completely folded state because there are multiple sites
for nucleating folding. Once both domains are independently
folded in TS2, a saddle point in the free-energy surface is reached
and folding can proceed downhill to the folded state (F). This
effect is also operative when folding is initiated in the C-terminal
direction (U→C1→C2). Proceeding initially uphill in free energy,
GlpG arrives at C2 where TM2-6 and parts of the loop L1 are
folded. Because L1 is quite large, however, there exists a high
entropic barrier to consolidate folding of TM1. Again, a com-
promise is made by simultaneously forming the interface TM1-
TM2 and contacts within L1 along with releasing of L1 from its
position docked against L3 and breaking the interface between
TM2 and the C-terminal domain (TM3/L3/TM4). Finally, folding
can proceed downhill toward the folded state by reforming the in-
terface between TM2 and the C-terminal domain and reinserting
L1. Note that the presence of high-energy intermediates and mul-
tiple folding pathways are compatible with the apparent two-state
behavior observed in the micelle-mediated folding experiments.
Folding is cooperative in experiments and in our simulations, but
free-energy landscape analysis allows us to resolve high free-
energy intermediate states and multiple pathways that would not
necessarily be apparent from the initial experimental data alone.
With the simulation-derived structural model for the parallel

Fig. 4. Contact map of GlpG showing the C2→TS1 structural transition. The
axes are labeled with residue indices. Contacts that change their occupancy
by more than 20%when going from C2 to TS1 are shown in blue filled circles
(gained in TS1; upper diagonal) and red filled circles (lost in TS1; lower diagonal).
All other native contacts satisfying ji − jj > 4 are shown as empty circles. Positive
(blue) and negative (red) experimental φ-values satisfying j φ j > 0.2 are
plotted along the diagonal as filled diamonds. Arrows illustrate the pro-
posed connections between the experimental φ-values and the contacts that
are either lost or gained in the simulated structural ensembles. Text labels
indicate the interfaces that are either formed or broken during the transi-
tion. Note that the positive φ-value at position 219 (the only significantly
positive φ-value in the C-terminal domain) is derived from a mutation that
actually accelerates folding and unfolding, like those that lead to the neg-
ative φ-values, but is formally positive because the mutation slightly stabi-
lizes (rather than destabilizes) the native state.
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pathways, it should be possible to design experiments that probe
this aspect of GlpG folding.
Of the two putative folding pathways, the latter one, initiated

through folding the C-terminal domain, has the lower free-energy
transition state (TS1) and should be dominant. TS1 differs some-
what from the transition state ensemble with an unfolded C-ter-
minal domain and N-terminal folding nucleus, which was inferred
without the aid of modeling and based on the distribution of ex-
perimentally measured canonical (0 < φ < 1) φ-values in GlpG (4).
However, in that study, thermodynamically destabilizing mutations
that accelerated folding and unfolding were found throughout
TM3-5 and in L1. The resulting φ-values are negative. Destabilizing
mutations that slow folding, leading to positive φ-values, were found
largely on the interface TM1-TM2 but also in L1. Fig. 4 shows the
difference between the average contact maps of TS1 and C2 as well
as the connections between the contacts that are gained and lost in
going from C2 to TS1 and the experimentally measured φ-values.
Mutations that destabilize the interface between L1/TM2 and the
C-terminal domain accelerate folding because formation of TS1
involves breaking those contacts. Mutations that destabilize the in-
terface TM1-TM2 will slow folding because formation of TS1 also
involves forming that interface. Mutations that primarily affect
contacts within the C-terminal domain result in near-zero φ-values,
because those contacts are largely preserved in the C2→TS1 tran-
sition. Thus, we see that the dominant mechanism predicted by
simulations in the absence of the membrane (U→C1→C2→TS1→F)
provides a detailed structural explanation of the previously puzzling
preponderance of negative φ-values measured in the C-terminal
domain of GlpG. On a topologically unconstrained but perfectly
funneled landscape, folding is complicated by GlpG’s modular
structure and the high entropic cost of organizing helical bundles
from their unconstrained partially folded states. Nonnative frustrated
interactions need not be invoked to explain the presence of a large
number of negative φ-values in GlpG.
A recent single-molecule force spectroscopy study in bicelles

and micelles also found evidence for structural modularity in
GlpG unfolding (3). The authors found that the unfolding of
GlpG at high force was cooperative. The authors were also able

to characterize two transiently populated metastable states. The
authors’ structural interpretation of the unfolding via interme-
diates closely corresponds to the reverse of one of our folding
pathways (F→TS2→N→U) in the presence of the bilayer,
whereas the structural decomposition of GlpG into domains
given in the supplementary information of the study’s article
corresponds more or less exactly to the reverse of one of our
dominant folding pathways (F→C2→C1→U) in the absence of
the bilayer. These encouraging correspondences (see the Sup-
porting Information for a more detailed discussion) suggest that
further computational and experimental work should allow us to
create a unified picture of SDS- and force-induced unfolding of
GlpG in micelles and bilayers.

TM5 Is Loosely Bound Even Under Folding Conditions. GlpG is an
intramembrane protease of the rhomboid serine protease class
(33). GlpG cleaves specific transmembrane substrates using a
catalytic dyad that is buried within the lipid bilayer (25). Fig. S4
shows two crystal structures of GlpG, one in a “closed” confor-
mation, the one used to construct our structure-based energy
landscape, and the other in an “open” conformation, where L5
and TM5 have bent away from the rest of the structure to expose
partially the catalytic dyad. It has been suggested that TM5
functions as a substrate gate that opens for full-sized substrates
to gain access to the catalytic site (25).
Preferential stabilization of the contacts within the N-terminal

domain by 10% suffices to populate a near-native state (F*)
under folding conditions in the presence of the implicit mem-
brane (Fig. 5), according to our perturbation calculations. Structural
analysis of this state revealed a heterogeneous ensemble of near-
native conformations with a common feature: TM5 was unbound
from TM4 and TM6, thereby exposing the catalytic dyad. In this
state, deviations from the closed crystal structure occur most sig-
nificantly in TM5 and the connecting loops L4 and L5 (Fig. 6).
Whether or not TM5 must undergo significant conformational
rearrangements in order for full-sized substrates to access the pro-
teolytic site is a matter of some controversy (5, 25, 34). Our model
suggests that the conformation of TM5 is highly dynamic even
under folding conditions, which is consistent with the experimental
observation that tethering TM5 to TM2 eliminates enzymatic

Fig. 5. Two-dimensional free-energy profiles of GlpG without (Upper) and
with (Lower) the implicit membrane below the folding temperature, and with an
N-terminal domain destabilized (Left) and stabilized (Right) by 10%. A near-
native state (F*) is highly populated and accessible from the folded state
(F) when the N-terminal is stabilized and the implicit membrane is present.

Fig. 6. Representative structures from a near-native state (F*) (Fig. 5)
sampled while simulating with the implicit membrane present. The struc-
tures were all aligned to the closed crystal structure (PDB ID code 2XOV) and
colored according to the individual residue rmsd values. Blue indicates low
rmsd (high similarity to the crystal structure), and red indicates high rmsd.
The catalytic dyad is shown using yellow spheres. High rmsd values are lo-
calized to the C-terminal half of the molecule and to TM5 in particular.
Movement of TM5 exposes the catalytic dyad, thereby allowing substrate
access. This state is highly populated under folding conditions when
strengthening the contacts in the N-terminal half of the molecule by 10%
relative to the contacts in the C-terminal half of the molecule.
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activity (1). The fact that stabilizing the N-terminal part of
the molecule increases the population of this state agrees
with the experimental observation that destabilizing L1 reduces
enzymatic activity (1, 25), highlighting the role of the N-terminal
part of the molecule as a structural scaffold. Whereas TM5 is
mobile in F*, F* differs, crucially, from TS2 in the implicit
membrane (Fig. 3 D–F) by TM6 remaining bound to TM4. The
tight association between TM4 and TM6 is mediated by
GXXXAXXG and GXXXGXXXA motifs, which stabilize the
C-terminal domain and protect against unfolding during GlpG’s
functional motions.

Conclusions
Experiments that probe membrane protein folding on the single-
residue (4, 35) and the single-molecule (3) levels begin to allow us
to determine the mechanisms by which membrane proteins fold
and function. Nevertheless, many details of these processes remain
hidden to even the most sensitive experiments. Using mixed mi-
celles provides powerful tools for investigating membrane protein
biophysics because of the relative simplicity and general applica-
bility of these micelles, but the structure of the denatured state and
its effect on folding mechanisms needs to be better understood.
Thus far, studies of how residual structure in the denatured state
affects folding have focused on soluble proteins and have used
atomistic simulations (36), NMR and other types of spectroscopy
(37), or combinations of the two (38). The question of residual
structure is certainly no less important for membrane proteins, but
the membrane environment poses challenges to both NMR and
atomistic simulations. In this work, we used a coarse-grained energy
landscape model to explore two limiting models of the folding of

an intramembrane protease, GlpG: one limit in which the helices
largely remain embedded in the membrane with their proper
orientations, as is expected for the denatured state in lipid bilayers,
and another limit where no constraints are placed on the
alignment of helices in the unfolded state, this being taken as a
model for the SDS-denatured state in micelles. Despite the sim-
plicity of these models, on their basis, we have been able to pro-
pose a solution to the major puzzle in the experimental study of
GlpG’s folding mechanism, characterize a near-native state with
potential functional significance, and show how these phenomena
are related to GlpG’s modular structure and topological con-
straints on the motions of partially folded states. The modular
architecture of GlpG supports functional motions, including a
highly mobile TM5, and leads to backtracking during the rate-
limiting step of folding when the entropic cost of organizing helical
bundles is high, as is the case in the absence of a bilayer. By
providing a structurally detailed resolution of the φ-value puzzle,
our analysis gives strong support to the notion that GlpG folding
in mixed micelles proceeds by assembling helices with native levels
of secondary structure from a state with few other constraints, as
guided by a funneled, minimally frustrated landscape.
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