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Despite the ubiquity of helical membrane proteins in nature and
their pharmacological importance, the mechanisms guiding their
folding remain unclear. We performed kinetic folding and unfolding
experiments on 69 mutants (engineered every 2-3 residues through-
out the 178-residue transmembrane domain) of GIpG, a membrane-
embedded rhomboid protease from Escherichia coli. The only
clustering of significantly positive ¢-values occurs at the cytosolic
termini of transmembrane helices 1 and 2, which we identify as a
compact nucleus. The three loops flanking these helices show a pre-
ponderance of negative ¢-values, which are sometimes taken to be
indicative of nonnative interactions in the transition state. Muta-
tions in transmembrane helices 3-6 yielded predominantly ¢-values
near zero, indicating that this part of the protein has denatured-
state-level structure in the transition state. We propose that loops
1-3 undergo conformational rearrangements to position the folding
nucleus correctly, which then drives folding of the rest of the do-
main. A compact N-terminal nucleus is consistent with the vectorial
nature of cotranslational membrane insertion found in vivo. The
origin of the interactions in the transition state that lead to a large
number of negative ¢-values remains to be elucidated.
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he biologically active structure of a protein is encoded in its

sequence, and protein-folding studies aim to elucidate how this
native state is reached. Great progress has been made in under-
standing the mechanisms of folding of water-soluble proteins based
on comprehensive protein-engineering studies in combination with
computational efforts (1, 2) and application of theoretical models
(3-5). Much less is known about the folding mechanisms of
membrane proteins that present extra challenges such as low ex-
pression levels and the need for a membrane-like environment to
fold (6-11). In vivo, a-helical membrane proteins insert into the
membrane cotranslationally via the signal recognition particle and
Sec—translocon complex (12). Transmembrane helices exit one by
one or in pairs into the lipid environment through a lateral gate in
the translocon. Folding to the native state occurs spontaneously
after helices are inserted into the membrane. To mimic this process,
most in vitro membrane protein-folding experiments first denature
the protein in SDS; renaturation is then achieved by adding excess
nonionic surfactants such as dodecyl maltoside (DDM) (13).

A complete protein folding mechanism must include descript-
ions of the denatured state (D), the native state (N), any meta-
stable intermediates, and the transiently populated transition states
(TS) that connect them. TS can only be analyzed indirectly using
methods based on kinetic experiments, such as Fersht’s ¢-value
approach (14, 15). The ¢-value is the ratio between the energy
perturbation to N (from equilibrium measurements or a combi-
nation of folding and unfolding kinetics) and the energy pertur-
bation to TS (from kinetic measurements) caused by a mutation. A
¢-value of 1.0 implies that the mutated side chain is in a native-like
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environment in the TS, whereas a ¢-value of 0.0 indicates an en-
vironment similar to the denatured state D. Fractional ¢-values can
arise from partial formation of structure or multiple folding path-
ways (16). ¢-Value analysis of the seven-transmembrane helix (TM)
protein bacteriorhodopsin has now been performed twice. The
initial analysis highlighted a TS with D-level compaction (17)
wherein helix B (near the N terminus) has native-like contacts in the
TS and thus constitutes part of the folding nucleus (18), whereas
helix G (close to the C terminus) is essentially unfolded (19). It was
subsequently found that bulk solution concentration of detergent
can alter the folding kinetics of bacteriorhodopsin (20). Taking this
into account, a more recent analysis including 16 mutants located
throughout bacteriorhodopsin failed to find evidence for a distinct
nucleus, and instead indicated that the transition state is a loosely
packed ensemble of configurations with a largely native topology
(21). The four-TM disulfide bond reducing protein B (DsbB) pro-
ceeds from D through a rate-limiting TS to an intermediate state I
and finally to N (22). The TS shows similar compactness to D and
its folding nucleus consist of only a few residues (mainly Ala57 and
Ala62) at the terminal part of the TM helical bundle. The folded
region expands to the middle of the protein in I (22).

Here, we report a comprehensive ¢-value analysis of the
membrane-embedded rhomboid protease GlpG from Escherichia
coli whose homologs in other organisms have numerous functions
including cell signaling and are associated with several diseases
including diabetes and cancer (23, 24). The transmembrane
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Fig. 1. Equilibrium denaturation and kinetics of folding and unfolding of GlpG in SDS. (A) CD spectra of GIpG in DDM-state (black) and SDS-state (gray).
(Inset) Trp fluorescence spectra of GIpG in DDM (black) and SDS (gray). SDS leads to a spectral red shift as well as a decrease in intensity. (B) Equilibrium
denaturation of WT GIpG monitored by Trp fluorescence, starting from the folded state (filled circles) or from the unfolded state (empty circles). Spectra are
parametrized according to Eq. S1. Data are fitted to Eq. S2 and summarized in Table 1. (C) Chevron plot of log of observed refolding and unfolding rate

constants versus ysps for WT GIpG. Data are fitted to a two-state unfolding model (Eq. S6).

domain of GlpG (residues 95-272) forms a compact, helical
bundle composed of six transmembrane helices (TM1-TM6)
connected through five loops (L1-L5) (25, 26) (Fig. S1). L1 con-
tains two interfacial helices (H1 and H2). Our data show that
GlpG folds by a two-state mechanism from a SDS-denatured state
with N-level secondary structure. Our kinetic data from 69 mu-
tants of GlpG identify a folding core at the cytosolic termini of
TM1-2, which is also the part of the protein that is first inserted
into the membrane in vivo. There are a large number of negative
¢-values in the first three loops of GlpG, wherein mutations ac-
celerate both folding and unfolding. We tentatively interpret this
as evidence for nonnative interactions in the transition state. The
rest of GlpG mainly shows D-like structure in the TS.

Results

GIpG Unfolding Is Two-State-Like Under Both Equilibrium and Kinetic
Conditions over a Broad ysps Range. We drive reversible transitions
between the folded and unfolded state of GlpG using SDS to de-
nature GlpG and DDM to stabilize the native state. Empirically,
the free energy of unfolding in SDS/DDM mixed micelles appears
to scale with the SDS mole fraction ysps = [SDS]/([SDS] +
[DDM)]) (13). Mixed micelles do not probe bilayer properties such
as lateral pressure and curvature (27). However, they uniquely
allow us to monitor membrane protein folding and unfolding
directly. D and N have essentially identical far-UV CD spectra,
indicating high levels of a-helicity (Fig. 14) in both states. Thus,
GlpG folding in mixed micelles is not a question of acquiring
secondary structure, but rather a reorganization and assembly of
helical elements. Trp fluorescence spectra show a red shift in
maximum fluorescence wavelength and a decrease in signal in-
tensity upon adding SDS (Fig. 14, Inset). This indicates that SDS
perturbs the tertiary structure of GlpG, while leaving the sec-
ondary structure largely unaffected. Plotting parametrized Trp
spectral data (Eq. S1) versus ysps reveals a cooperative, two-state
unfolding transition (Fig. 1B, fitted with Eq. S2). This transition is
reversible, because equilibrium curves starting from the native
state (unfolding) and the denatured state (refolding) yield—within
error—the same midpoint of denaturation (0.583 + 0.004 and
0.587 + 0.0075, respectively) and mp_y value (9.9 + 1.8 and 12.5 +
2.9, respectively). These data lead to a free energy of unfolding of
8.23 + 1.43 kcal/mol (Table 1 and Egs. S3 and S4). This value is
higher than the previously reported value of 4.2 + 0.8 kcal/mol
(28) due to differences in the steepness of the unfolding transition
(the mp._n value), which typically shows the greatest variation in
individual titrations. The midpoint yspg value for the two studies
is very similar (0.583-0.587 in our unfolding studies versus 0.59 in
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ref. 28). The origin of the difference in mp_y values is unknown,
but we note that the average of all mutant mp_y values (9.5 = 0.5)
overlaps with that of wild type (WT) (11.2 + 1.8). Stopped-flow
unfolding kinetic data and manual-mixing refolding kinetic data
(Fig. S2 and Eq. S5) provide refolding and unfolding rate constants
for WT GlpG between 0.05 and 0.98 ysps. A chevron plot (log of
the refolding and unfolding rate constants versus ysps) shows a
distinct V shape with linear refolding and unfolding limbs (Fig. 1C).
Importantly, refolding and unfolding rate constants nicely overlap
in the transition region around 0.45-0.6ysps, consistent with a fully
reversible reaction. The data fit well to a two-state folding model
(Eq. S6), which can be used to calculate the stability and mp_y
value of WT GIpG. The close agreement between equilibrium and
kinetic data (Table 1) supports the conclusion that GlpG does
indeed fold according to a simple two-state model.
Bacteriorhodopsin’s refolding rates cannot be determined at low
xsps for practical reasons, and recent work by Bowie and coworkers
(29) has questioned the ability to extrapolate unfolding data from
bacteriorhodopsin’s transition region to low SDS mole fractions. In
contrast, GlpG’s chevron plots provide direct data over the entire
SDS mole fraction range, including the regions corresponding to the
baselines for the native and denatured states in equilibrium titra-
tions. The linear correlation between log ks and ysps down to
extremely low ysps argues for mixed SDS/DDM micelles as simple

Table 1. Folding parameters for WT GlpG

Parameter Kinetic data Equilibrium data
Zsps 0 0.54 + 0.08" 0.585 + 0.005*
log kPOMS -1.56 + 0.05 —

Mre® —2.11+0.14 —

log kPoMS -7.00 + 0.14 —

Munt 6.93 + 0.16 —
logkBPM 5.43 + 0.15" 6.07 + 1.05%
—Mpy 9.04 + 0.56 11.17 + 1.8'F
AGBEPM, kcal/mol* 7.39 +0.20 8.23 + 1.43
"Value of ysps Where log kres = 10g kunt.

*Midpoint of denaturation, obtained from fitting data to Eq. S2. Average of
refolding and unfolding data (Fig. 1B).

Sparameters defined in Eq. S6.
YlogkBPYN, kinetic = log k22M — log kBBM.

*logkBPN, equilibrium = —mo )(SDSSO/" (based on Eq. S3).

l_ kln?thc = Myef — Mynt-

""Defined in Eq. S3. Average of refolding and unfolding data (Fig. 1B).
*Calculated using Eq. S4.

PNAS | June 30,2015 | vol. 112 | no.26 | 7979

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424751112/-/DCSupplemental/pnas.201424751SI.pdf?targetid=nameddest=STXT

L T

/

1\

=y

but robust folding systems where a uniform type of SDS denatur-
ation is seen throughout the mole fraction range. It is also consistent
with our earlier demonstration that SDS/DDM micelles do not
suffer from the complications arising from imperfect surfactant
mixing and possible differences in micellar versus bulk surfactant
composition (30).

Mutagenesis of 69 Positions. The resolution of ¢-value analysis is
only limited by the number of mutated side chains and the extent
to which they destabilize the protein. To obtain a detailed picture
of the folding TS, we therefore produced and analyzed 69 GlpG
mutants where side chains were mutated in the membrane domain
between positions 95 and 269. We mutated side chains on average
at every second to third position along the sequence. To avoid
introducing new interactions (14), the vast majority of mutations
involved substitution of larger side chains with Ala (the few mu-
tations that increased side-chain size, such as Gly/Ala—Val, were
all highly destabilizing). All mutants could be unfolded in SDS and
their equilibrium denaturation was analyzed in the same way as it
was for WT GlpG. Representative denaturation curves are shown
in Fig. S34, and data are summarized in Fig. S3B. Mutations in
the core of GlpG give rise to significant differences in unfolding
free energy. Although the small H2 helix (residues 129-143) is not
part of the inner core of protein, mutations in this region are
highly destabilizing. Only mutations of residues from TMS5 and H1
(residues 116-123) were not significantly destabilizing.

The Kinetic Behavior of GIpG Mutants Falls into Three Broad Classes
with Different ¢-Values. We have obtained a full set of refolding
and unfolding rate constants for all 69 GlpG mutants, which all
fit to two-state chevron plots for folding and unfolding. All
chevron plots are shown in Fig. S4 A-L and summarized in Table
S1; representative plots are shown Fig. 2.4-D. Although there is
a reasonable correspondence between denaturation midpoints
determined by equilibrium and kinetic data (Fig. S54) as well as
their associated errors, the errors on the mp_n values are on
average fivefold larger for the equilibrium data than the kinetic
data. This reflects the greater robustness of the kinetic analysis
wherein m values are based on linear fits over broad mole
fraction ranges rather than a transition within a narrow mole
fraction range, as is the case with equilibrium data. Therefore,
we base our analysis of the folding TS of GlpG entirely on kinetic
data, using robustly interpolated rate constants for refolding at
xsps = 0 and unfolding at ysps = 0.8, similar to previous ¢-value
analyses (15, 31). Our analysis assumes that the energy level of
the denatured state is not significantly affected by the mutation.

Five mutants (WF158, QA190, RA214, LA229, and MA247)
show kinetic values essentially indistinguishable from that of WT

and are excluded from our analysis. We divide the remaining 64
mutants into three groups, based on chevron plots and corre-
sponding ¢-values (Table 2).

Group 1, the largest group (33 mutants), consists of mutants
with WT-level refolding rate constants but increased unfolding
rate constants. This translates to ¢-values around zero, i.e., TS is
close to D in structure for all these mutated residues (represen-
tative plots in Fig. 24). Group 1 residues are found throughout
GlpG including most positions probed in TM5-6.

The second group of mutations are those with decreased
refolding rate constants and increased unfolding rate constants
(Fig. 2B), with associated ¢-values significantly larger than zero
(>0.2). This group is of particular interest because its members by
definition constitute the folding nucleus. As seen in other protein-
engineering studies, this group is small, boasting only nine mem-
bers. (We disregard P219A whose anomalous ¢-value of 3.85 +
(0.72 arises from a combination of strongly accelerated folding and
unfolding and a very small change in overall stability; see category
3 below.) One-half are found in TM1, where P95, T97, and M100
have ¢-values around 0.5-0.6; ¢ decreases to around 0.2 at C104
and is 0 at residue 111. In loop 1, Y138 has a ¢-value of 0.5. Fi-
nally, in the C-terminal part of TM2, E166 and L169 have ¢-values
of 0.22 and 0.81, respectively; the ¢p-value of G170 shows a rela-
tively large error (0.17 + 0.23), but its refolding rates are consis-
tently lower than those of WT, indicating a small but positive
¢-value. P95, T97, M100, and C104 are close in space to E166,
L169, and G170 in the native state, although the side chain of
L169 points away from TMI. In contrast, Y138 is located physi-
cally somewhat away from this cluster. Y138 is in located in a
region where a number of residues close by (134, 137, 139, 140,
143, and 144) have skewed chevron plots with steeper refolding
limbs and less steep unfolding limbs. For reasons discussed below,
we therefore do not include Y138 in the folding nucleus.

An unexpected finding is the large number of mutants that,
although destabilizing, give rise to both faster unfolding rates
and faster refolding rates. Seventeen mutants fall into this third
category, including LA143 and SA171 whose increases in refolding
and unfolding essentially cancel out, leaving them with WT-level
stability (Fig. 2D). Almost all of these mutated residues are found
in loops L1-3 (L1 includes H1 and H2). Formally, faster refolding
rates in combination with destabilization lead to negative ¢-values
because the energy of TS is decreased, whereas that of N is in-
creased, relative to the denatured state.

A Relatively Compact but Loosely Structured TS. Our kinetic pa-
rameters allow us to calculate frs, the position of the TS (in
terms of compaction) on the reaction coordinate between the
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Fig. 2. Representative plots of mutants belonging to different classes according to their chevron plots. (A) Class 1: the mutation accelerates unfolding but
does not affect refolding (¢ = 0). (B) Class 2: the mutation slows down refolding and increases unfolding (0 < ¢ < 1). (C) Class 2b: as class 2, but the slope of
refolding limb is increased. (D) Class 3: the mutation increases both refolding and unfolding rates (¢ < 0).
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Table 2. Classification of the 64 GlpG mutations according to their chevron plots

Total number
of mutations

(hydrophobic/

polar/charged)

Class Characteristics

Mutations and position in GlpG

@ ~ 0 (D-level
structure in TS)

1: Unaltered refolding,
faster unfolding.

33 (18/13/2)

C-end of TM1: MA111, QA112; H1: MA120, LA123; TM2: HA150, NA154,
LA155, YF160, GV162; TM3: LA174, LA175, 1A177, TA178, LA179, 1A180,

LA184; Loop 3: GA199; TM4: GA202, VA203, YA205, AG206, YF210, GV215,
DA218, SA221; Loop 4: QA226; TM5: WG236, WA241; Loop 5: DA243; TM6:
AV253, GV257, GV261, SV269

2: Slower refolding, 0 < ¢ < 1 (part of 9 (6/2/1)
faster unfolding. folding nucleus)

2b: log kPRM similar ¢ ~ 0 (altered TS) 4 (2/1/1)
to WT limbs and slow
refolding rates.

3: Faster refolding, ¢ < 0 (frustrated 18 (8/8/2)

faster unfolding. region)

N-end of TM1: PA95, TA97, MA100, CA104, CV104; Loop L1: YF138; C-end of
TM2: EA166, LA169, GA170
Loop L1: EA134, FA139; TM2: SA147, FA153

H2: WA136, RA137, TA140, HA141, LA143; Loop H2-TM2: MA144, HA145,
FA146; Loop 2: SA171, KA173; Loop 3: GV194, FA197, GV198, LA200,

SA201; TM4: LA207, GV209, PA219

SDS-denatured state (8p = 0) and the native state (By = 1) (32).
Prs =-my/(m, —mys) = 0.23 + 0.02 for WT GlpG. The distribution
of frs values for the GlpG mutants has an average of 0.33 and a
SD of 0.09. These values imply that the TS is closer to D than to
N. This f7s value is higher than that of bacteriorhodopsin (0.13—
0.14) (17) and DsbB (~0) (33). Although these values are lower
than is generally found for globular proteins [typical frg values >
0.6 (34)], it is not straightforward to compare S5 for membrane
proteins (based on the SDS/DDM system) and globular proteins
(based on unfolding in urea or GdmCl). The SDS-denatured state
is more compact than the random coil formed by most globular
proteins in urea/GdmCl (35), shrinking the “window of change” in
terms of compaction during folding. Thus, even small changes in
membrane protein compaction could correspond to major changes
in overall folding levels. Several category 3 mutations (residues 134,
137, 139, 140, 143, 144, 147, 153, 194, and 197) have visibly skewed
chevron plots compared with WT GlpG (steeper refolding limbs
and less steep unfolding limbs), leading to an average frs value of
0.45 + 0.02. This indicates a significant shift in the overall structure
of the TS. The small differences in compaction and the compli-
cations in trying to model the structure of the SDS-denatured state
probably also explain the lack of correlation between changes in
stability and changes in solvent-accessible surface area for our GlpG
mutants (Fig. S5B). Nevertheless, the low f7s value for GlpG is fully

consistent with the preponderance of side chains with no native-
like structure in the TS. We observe no correlation between neg-
ative ¢-values and changes in m;or m,, (Fig. S6 A and B), indicating
that these mutations do not exert a systematic effect on frs.

Discussion

A Polarized Folding Transition State Suggesting a Simple Membrane
Insertion Mechanism. We emphasize that detailed interpretation of
membrane protein folding/unfolding data are challenged by the
inherent complexity of the process and the possible artifacts that
arise from the use of mixed micelles. However, we only consider
changes in folding behavior compared with WT GlpG, which we
believe will somewhat simplify our conclusions. Our results high-
light three distinct regions in the folding TS of GlpG in mixed SDS/
DDM micelles (Fig. 3): a small nucleus involving the N-terminal
part of TM1 and the C-terminal part of TM2, an apparently non-
native region mainly in the first three loops (on both sides of the
membrane), and large regions with the same low level of struc-
ture as the SDS-denatured state. The ¢-values at the eight positions
identified as part of the nucleus only reach levels up to ~0.5-0.6 and
show a gradation down to 0.2. Fractional positive ¢-values suggest
partial, but not complete, formation of native-like structure in the
TS. In principle, other interpretations are possible, such as parallel
folding pathways, in which the nucleus is completely folded in one

Cytoplasm

Fig. 3.
dimensional topological diagram of GIpG. Note that loop L1 (residues 114-148) also includes the two interfacial helices H1 and H2. Residues in both A and B
are colored according to their ¢-values as indicated by the color bar. Sites that were not mutated or where the ¢-value of a particular mutation could not be
determined are omitted from the 3D structure and shown in black in the 2D structure.
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Structure of the GIpG TS ensemble. (A) Three-dimensional structure of GlpG highlighting mutations sites giving rise to different ¢-values. (B) Two-
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pathway and completely unfolded in another (16). Relatively high
¢-values are also found for residues 138 and 147 close to the N
terminus of TM2; we argue against their inclusion in the nucleus
due to skewed chevron plots and a possible altered folding pathway
in this region but emphasize that this needs to be further validated
by, e.g., computational studies. Even if we include residues 138 and
147, the analysis identifies TM1 and TM2 as the site of a folding
nucleus in GlpG. A folding nucleus in the first two GlpG TM he-
lices agrees well with a vectorial insertion of GlpG into the mem-
brane in vivo, where one intuitively expects the N-terminal part to
initiate the folding process. Supporting this, TM1-2 are predicted
to have a significantly more favorable free energy of transfer into
the bilayer (36) than TM3-4 and TM6 (Fig. S1B).

Interestingly, GlpG’s stability heat map (28) does not correlate
with the inferred structure of the TS in TM4 and TMG6; stability is
more consistent with its functional architecture rather than its
folding. Part of GIpG’s active site region is comprised by TM
helices 4-6, where TMS is the gate for substrate entry. Mutations
in TM5 do not contribute noticeably to stability (28), despite fa-
vorable free energy of transfer into the lipid bilayer (Fig. S1B).
This indicates a very dynamic conformation, highlighting struc-
tural flexibility to allow substrate entry. In contrast, side chains in
TM helices 4 and 6 lead to significant stability changes, yet TM
helices 4-6 are essentially without structure in the TS. The D-level
structure of the whole C-terminal part of GlpG (including TMS5)
means that this region is the first to unfold. Such a polarized
folding mechanism, in addition to being consistent with vectorial
insertion, would also facilitate localized unfolding around TMS5 to
allow substrate entry to the active site. However, the stability data
indicate that TM4 and TM6 interactions, which contribute cata-
Iytic residues, must be maintained for catalysis but not folding.

A Simple Two-State Folding Mechanism for a Large Transmembrane
Protein. The analysis of GlpG’s folding pattern is simplified by the
fact that all mutants follow WT GIpG’s V-shaped chevron plot
indicating two-state folding behavior. Thus, we do not need to in-
voke transient intermediates in GlpG’s folding process. It is sur-
prising that a protein as large as GlpG with six TMs and two
interfacial helices folds to the native state in a single step. For
globular proteins, single-step folding is typically restricted to small
single-domain proteins (15, 37), whereas multidomain proteins tend
to accumulate one or more intermediates (38). However, mem-
brane proteins are conformationally restricted from the early stages
of folding; even in the SDS-denatured state they may have native-
like levels of secondary structure, and thus folding in a membrane-
like environment likely requires the protein to rearrange or extend
existing helical segments (39) rather than starting de novo from the
random coil state. The seven-TM membrane protein bacteriorho-
dopsin has a more complex folding route than GlpG when starting
from the apo-state, but can be analyzed in a two-state scheme once
the cofactor retinal is bound (17, 21). Furthermore, the very sim-
plicity of the structure and localization of the folding nucleus of
GIpG rationalizes the simple folding scheme and provides a link to
the in vivo scenario: nucleation requires the presence of the first
two helices, which will also be the first two segments to be inserted
into the membrane during cotranslational folding in the cell.

An Extensive Nonnative Region of Folding: Restrictions in Topology
Flanking the Nucleus? It is remarkable that the distribution of
¢-values in GlpG is so segmented and the nucleus is so confined:
most of the protein has the same (low) level of structure as the
SDS-denatured state apart from the class of residues with negative
¢-values (class 3 residues in Table 2). These residues may be
viewed as folding blockers: truncation of their side chains accel-
erates both folding and unfolding, although it also destabilizes the
native state overall. The types of mutations in this class (changes in
hydrophobicity, polarity, and charge) are not markedly different
from those of the other classes; in all cases, there is a plurality of
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hydrophobic truncation mutations. Nor are they unusual in terms
of changes in hydropathy or helix propensity, making it unlikely
that changes in the denatured state lead to these unusual kinetic
features. The nonnative region contains many residues on the “front
face” of GlpG, a region that likely needs to be stable to counter-
balance the more flexible active face. Loops 1-3 (the nonnative
region) have many packing interactions with GlpG’s internal
core, whereas loops 4-5 (outside the nonnative region) line the
flexible TMS5 and are dynamic in molecular dynamics simulations
(40). However, there is not a simple stabilization pattern: one
of the critical stabilizing residues in GlpG found from Baker and
Urban’s heat-mapping study (28) is found in the folding nucleus
(E166) and another in the nonnative region (R137).

A clue to their role in the folding process may be found in their
predominant clustering in the first three loops of GlpG, which also
arranges them in a well-defined region of the GlpG structure sur-
rounding the folding nucleus. A prerequisite for correct initiation of
folding, i.e., formation of the nucleus in the first two helices of
GIpG, is that the helices can approach and dock against each other.
In the SDS-denatured state ensemble, different conformations are
in rapid equilibrium with each other, and individual helices form
and unravel in a continuous fashion. GlpG may be initially con-
strained to a set of helical conformations that are not compatible
with the native topology and therefore requires some structural
rearrangement to access the topology that allows folding to start. It
is not necessarily the SDS-denatured state per se that constitutes a
barrier. Folding is initiated by diluting out SDS with DDM; al-
though the exchange of surfactants occurs on the millisecond scale
(41), the DDM-solubilized state from which folding is initiated may
still be dominated by populations with nonnative helical structures.
Truncation of side chains may reduce the barriers to these rear-
rangements by removing interactions that favor nonnative confor-
mations. Such rearrangements will only be rate-limiting if the
affected helices are involved in the folding nucleus. This is indeed
the case: the nonnative three loops define the extension and to-
pology of the first three helices of GlpG, of which the first two are
involved in the folding nucleus, whereas the N-terminal part of the
third helix is immediately downstream of the nucleus. Although
there may be similar nonnative interactions elsewhere in GlpG,
their rearrangements are not rate-limiting because TM4-6 are not
part of the folding nucleus and all have ¢-values near zero (with the
exception of a few residues in TM4). It is therefore tempting to
speculate that the very nature of the membrane environment,
which imposes strong restrictions on the structural arrangement of
helices conversely raises the barrier to folding because it requires
the protein to become properly oriented to initiate folding. This
view is consistent with our own previous work on DsbB and a
recent ¢-value analysis of bR (21), where native-like interactions
need to be formed at the helical termini to allow folding to occur.
Most of the 11 residues with skewed chevron plots and increased
Prs values are in this nonnative class, indicating that avoiding these
nonnative interactions may not only accelerate folding but also
alter the overall structure of the TS, pushing it toward the native
structure on the reaction coordinate. This change in compaction
may conceivably shift the nucleus and could explain the isolated
high ¢-values of Y138F (0.50 + 12) and S147A (0.35 = 0.20).

We note that the folding of membrane proteins is significantly
restrained by the bilayer in vivo. Such restraints would likely be
relaxed in vitro when folding in SDS/DDM mixed micelles. The
differences between the mixed micelle environment and the bilayer
environment that membrane proteins evolved to fold in could, in
practice, translate into the nonnative phenomena that we report.
The origin and significance of anomalous ¢-values is almost en-
tirely unexplored in the context of membrane proteins and requires
additional investigation. The work in this paper provides the in-
formation needed for focused molecular dynamics simulations in
appropriate membrane-mimicking systems (42) to investigate the
existence and molecular details of these nonnative phenomena.
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Methods
More details may be found in S/ Methods.

GIpG Purification. Full-length 276-residue GIpG, expressed in fusion with GST,
was purified, and GST was removed as described (43).

Spectroscopy. Far-UV CD wavelength spectra were recorded on a Jasco J-810
spectrophotometer (Jasco Spectroscopic Company). Fluorescence spectra
were recorded on an LS55 luminescence spectrophotometer (Perkin-Elmer)
with excitation at 280 nm.

Equilibrium Unfolding of GlpG. For unfolding titrations, GlpG was incubated in
5 mM DDM and varying concentrations of SDS to obtain SDS mole fractions,
xsps, between 0 and 0.97. For refolding experiments, GlpG was initially un-
folded in 10 mM SDS and subsequently transferred to various concentrations
of SDS and DDM at appropriate ysps values. Fluorescence spectra were pa-
rametrized as the average emission wavelength (44) <i> = X(4;F;)/2F;, where
J; and F; are the wavelength and the corresponding fluorescence intensity at
the ith measuring point. Denaturation curves (<i> versus ysps), were fitted
to a two-state model which assumes a linear relationship between log Kp.n,
the equilibrium constant for unfolding, and ysps (13). This allowed us to
calculate the free energy of unfolding AG3PY (eq) = —1.36m}"79°423%, where
223% is the midpoint of denaturation and m35;?%® is the average of individual
mp_y values obtained for each mutant.

GlpG Unfolding and Folding Kinetics. Unfolding kinetics were measured using a
SX18MV stopped-flow microanalyzer (Applied Photophysics) (33). GlpG was
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mixed 1:5 (volume ratio) with SDS to different values of ysps. The reaction was
followed by fluorescence using excitation at 280 nm with a 320-nm cutoff
filter. Data were fitted to single-exponential decays with linear drift. Refolding
kinetics were monitored by manual mixing and steady-state Trp fluorescence.
GlpG was unfolded at a ysps of 0.8 and refolded to desired ysps while re-
cording emission spectra were recorded every minute. <1> was plotted against
time and fitted to exponential decays with linear drift to obtain apparent
refolding rate constants. The log of the measured rate constants plotted
against ysps (chevron plots) were fitted to a two-state equation (15).

¢-Value Calculations. ¢-Values were calculated based on kinetic data:

DDM (i
_136log (kref (wild type))

on AAGEDM kPPM(mutant)
AAGp_y(kin) KP2M (wild type) KOBD5 (wild type) )
—1.36log kDDM ~ | 708505
et (Mutant) kunf " (mutant)

We interpolate unfolding rate constants to 0.8 ysps to reduce errors (15, 31).
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