
Structural cavities are critical to balancing stability
and activity of a membrane-integral enzyme
Ruiqiong Guoa, Zixuan Cangb

, Jiaqi Yaoa, Miyeon Kima, Erin Deansc,1, Guowei Weib, Seung-gu Kangd,2
,

and Heedeok Honga,c,2


aDepartment of Chemistry, Michigan State University, East Lansing, MI 48824; bDepartment of Mathematics, Michigan State University, East Lansing, MI
48824; cDepartment of Biochemistry & Molecular Biology, Michigan State University, East Lansing, MI 48824; and dComputational Biology Center, IBM
Thomas J. Watson Research Center, Yorktown Heights, NY 10598

Edited by William F. DeGrado, University of California, San Francisco, CA, and approved July 30, 2020 (received for review October 25, 2019)

Packing interaction is a critical driving force in the folding of helical
membrane proteins. Despite the importance, packing defects
(i.e., cavities including voids, pockets, and pores) are prevalent in
membrane-integral enzymes, channels, transporters, and recep-
tors, playing essential roles in function. Then, a question arises
regarding how the two competing requirements, packing for sta-
bility vs. cavities for function, are reconciled in membrane protein
structures. Here, using the intramembrane protease GlpG of
Escherichia coli as a model and cavity-filling mutation as a probe,
we tested the impacts of native cavities on the thermodynamic
stability and function of a membrane protein. We find several sta-
bilizing mutations which induce substantial activity reduction
without distorting the active site. Notably, these mutations are
all mapped onto the regions of conformational flexibility and func-
tional importance, indicating that the cavities facilitate functional
movement of GlpG while compromising the stability. Experiment
and molecular dynamics simulation suggest that the stabilization
is induced by the coupling between enhanced protein packing and
weakly unfavorable lipid desolvation, or solely by favorable lipid
solvation on the cavities. Our result suggests that, stabilized by
the relatively weak interactions with lipids, cavities are accommo-
dated in membrane proteins without severe energetic cost, which,
in turn, serve as a platform to fine-tune the balance between sta-
bility and flexibility for optimal activity.
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The van der Waals (vdW) packing interaction is one of the key
molecular forces that stabilize proteins (1–5). In general,

globular proteins are efficiently packed to minimize the size of
cavities (i.e., voids, pockets, and pores) (6). The protein interior
has a mean packing density (∼0.74) similar to the crystals of
small organic molecules (0.70 to 0.78) and the close-packed
sphere model (0.74 to 0.76) (6, 7). Proteins also have a liquid-
like character. Protein structures are remarkably tolerant to
amino acid substitutions, and the size distribution of cavities
agrees with that predicted from the random-packed sphere
model (7–9). Creating a cavity in the protein interior involves the
loss of packing interaction, which incurs the free energy cost of
25 cal/mol to 30 cal/mol per unit cavity volume (Å3) (1, 2, 4).
Nonetheless, in globular proteins, ∼15 cavities are found for
every additional 100 residues with a broad size distribution from
a few to ∼1,000 Å3 (7). Why are cavities so prevalent despite
their unfavorable contribution to protein stability? Since the
folding of globular proteins is majorly driven by the hydrophobic
effect rather than by vdW packing, cavities may form randomly
as a consequence of folding (7). Certain cavities are nevertheless
strictly conserved playing a critical role in function such as ca-
talysis, ligand binding, allostery, and transport (10–12).

Regarding the impact of cavities on protein stability, helical
membrane proteins may serve as a counter model because
packing interaction is a critical driving force in the folding (3–5,
13). The folding of helical membrane proteins can be divided
into two thermodynamically distinct stages (13): In stage I,

nonpolar segments in a polypeptide chain insert into the mem-
brane as transmembrane (TM) helices, majorly driven by the
hydrophobic effect and backbone hydrogen bonding (14, 15). In
stage II, the inserted helices associate to form a compact native
structure. In the latter stage, the hydrophobic effect cannot drive
the compaction of the membrane-embedded structural elements
because of the lack of water inside the lipid bilayer. Thus, to
stabilize the native structure, attractive packing and polar in-
teractions between TM helices should overcome favorable in-
teractions between individual TM helices and solvating lipids
(3–5, 13, 16–18).

With a similar energetic contribution of packing to the sta-
bility, globular proteins tend to accommodate large nonpolar and
aromatic residues in the interior, while membrane proteins
preferentially bury small residues such as Gly, Ala, and Ser
(19–21). Hence, membrane proteins can pack closely, burying a
larger fraction of residue areas than globular proteins (22).
These studies suggest that membrane proteins extensively utilize
packing to achieve their stability (4, 20). However, a number of
studies suggest that membrane proteins are not tightly packed. In
comparison to globular proteins, the average internal packing
density of channels and transporters, which require pores and
pockets for function, is low, and that of receptors and
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photosystems is similar (23). On average, membrane proteins
have a larger fraction of the number of residues which contact
cavities than globular proteins (19). A recent NMR relaxation
study shows that the internal side chains of folded membrane
proteins are highly dynamic compared to those of globular
proteins (24). This implies that membrane proteins may not be as
tightly packed as globular proteins, and the resulting low side-
chain entropic cost can significantly compensate the lack of the
hydrophobic effect as a driving force for membrane protein
folding (24).
Here, we focus on elucidating how the two competing re-

quirements, that is, packing for stability vs. cavities for function,
are reconciled in the native structures of membrane proteins.
Toward this goal, we test three hypotheses using the intra-
membrane protease GlpG of Escherichia coli as a model
(Fig. 1A): 1) If cavities compromise the stability, improving
packing by cavity-filling mutation will generally enhance the
stability. 2) If cavities are critical to function, protein confor-
mation can be locked into either inactive or active state by
modifying the cavity size. 3) Lipid solvation can reduce the en-
ergetic cost of cavity formation such that cavities can be accom-
modated despite their unfavorable contribution to the stability.
GlpG is a member of the widely conserved rhomboid protease

family. Rhomboids are intramembrane serine proteases with a
Ser−His catalytic dyad buried in the membrane (25). They reg-
ulate diverse biological processes such as epidermal growth
factor signaling, mitochondrial quality control, cell adhesion, and
cell-to-cell communication by cleaving a specific peptide bond in
membrane-bound signaling proteins or enzymes (26). Extensive
enzyme kinetic and structural studies have been carried out to
elucidate the proteolytic mechanisms (27–36). Recently, GlpG
has emerged as an important model for studying membrane
protein folding (37–42).

So far, the contribution of packing to the stability and function
of membrane proteins has been mainly studied using deletion
(large-to-small) mutations (4, 37, 40). Here, using experiment
and molecular dynamics (MD) simulation, we approach this
problem in an opposite way; that is, the role of the structural
cavities in GlpG is probed by cavity-filling (small-to-large) mu-
tation. We find that, although compromising stability, cavities in
membrane proteins are critical to facilitating conformational
changes and balancing stability and flexibility for optimal activity.
Cavities can be accommodated without severe energetic cost,
through weak stabilization by lipid solvation, and this weak in-
teraction fine-tunes the stability−flexibility balance.

Results
Stable Membrane Protein GlpG Has Packing Features Similar to
Globular Proteins. GlpG has moderate thermodynamic stability
(ΔGo

U = 5 kcal/mol to 6 kcal/mol) and resistance to thermal
denaturation (Tm = ∼70 °C) in mild dodecylmaltoside (DDM)
micelles (37, 38). The internal packing density (PD) of GlpG is
0.724, which falls within the typical range for globular (0.74 ±
0.03) and helical membrane proteins (0.73 ± 0.02; MP:PD,
Membrane Protein Packing Database; Fig. 1B) of known struc-
ture (7, 43). Using a 1.4-Å-radius probe on the CASTp (Com-
puted Atlas of Surface Topography of proteins) server (44),
we found a total of 24 cavities with a broad size distribution
(molecular surface volume, Vms = 2.0 Å3 to 141.7 Å3) in GlpG
(Fig. 1C and SI Appendix, Table S1). This number corresponds to
13.4 cavities/100 residues, which is similar to the average fre-
quency of cavities in globular proteins (∼15/100 residues) obtained
with the same method (7). We also analyzed the packing of other
rhomboid proteases. Since only one rhomboid structure is avail-
able from a distinct origin other than E. coli (Haemophilus influ-
enzae GlpG, 40.1% sequence identity to E. coli GlpG) (32), we
built a structural model of a distant homolog, human RHBDL2
(26.2% sequence identity to E. coli GlpG) (25), using homology

modeling and structural refinement with MD simulation (SI Ap-
pendix, Fig. S1). The packing features of the three rhomboids, that
is, the PD (0.702 to 0.737), and the frequency (8.6 to 19.1/100
residues) and size distribution (Vms = 3.9 Å3 to 523.6 Å3) of
cavities, are comparable to those of globular proteins (SI Appen-
dix, Fig. S2) (7, 43). Among the 24 cavities in E. coli GlpG, 13
overlapped with the cavities in the structurally equivalent regions
of the other two rhomboids (SI Appendix, Fig. S3).

A

B

C

Fig. 1. Structure and packing of GlpG. (A) Structural snapshot of the TM
domain of E. coli GlpG (residues 91 to 272) from the MD simulation in the
lipid bilayer (POPE:POPG, molar ratio = 3:1). (B) Distribution of the internal
PD of membrane proteins of known structure (resolution <2.8 Å; n, the
number of structures). The PD was calculated on the MP:PD server (http://
proteinformatics.charite.de/mppd/links/). (C) Size distribution of the cavities
in E. coli GlpG (PDB ID code 3B45) (55), H. influenzae GlpG (PDB ID code
2NR9) (32), and human RHBDL2 (modeled). The cavity volumes (Vms) were
obtained on the CASTp server (http://sts.bioe.uic.edu/castp/index.html).
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Analyzing the Impacts of Cavity-Filling Mutations on the Structure,
Dynamics, and Packing of GlpG Using MD Simulation. Among the 13
common cavities which are possibly conserved among rhomboid
proteases, we selected five with Vms > 40 Å3 and designed 11
single cavity-filling mutations (Fig. 2). The cutoff volume corre-
sponds to the approximate volume difference between Ala and Val,
which allows room for small-to-large mutation (45). The fraction of
electronegative atoms (N and O) surrounding each cavity ranges
from 0.09 to 0.36 (SI Appendix, Table S2). Thus, the selected cav-
ities have a largely nonpolar or moderately polar surface.
The effects of mutations on the structure and dynamics of

GlpG were examined using all-atom MD simulations of wild-
type (WT) and variants in a lipid bilayer. In the simulations up
to 1.1 μs to 1.4 μs, the rmsds of the backbone heavy atoms rel-
ative to those of the reference WT structure reached a plateau
within 200 ns to 600 ns (Fig. 3A), indicating the equilibration of

protein conformation during simulation. The small plateau rmsd
values at 1 Å to 2 Å imply the stability of the fold and the
compatibility of the substituted residues with the WT structure.
The residue rms fluctuations (rmsfs) of WT and variants show
that the TM helices are rigid (<1 Å) and the interhelical loops
are relatively flexible (<4 Å) (SI Appendix, Fig. S4A). The dif-
ferences in rmsf between WT and a variant are small in both TM
helical (<|∼0.2 Å|) and loop (<|∼2 Å|) regions (SI Appendix, Fig.
S4B). Thus, the mutations did not noticeably alter the dynamics
of WT.
All cavities of interest are lipid accessible, except for water-

filled cavity II (Fig. 2). To ensure that lipid conformations and
lipid−protein interactions reached an equilibrium during our
simulation, we analyzed the rmsds of lipid molecules in the bulk
bilayer and the resident times of lipid molecules at the protein
surface. For the former, we selected lipid molecules located >40 Å

A

B

C

D

Fig. 2. Impacts of mutations on the stability and activity of GlpG for cavities (A) I, (B) II, (C) III and IV, and (D) V. (Left) Locations of the cavities of interest (the
surfaces in orange) and target residues for mutation (the spheres) in the WT structure. The catalytic dyad, Ser201(TM4)-His254 (TM6) (in the rectangular box),
are shown in the ball-and-stick model. The text labels of the residues for small-to-large mutations are in green, and those for large-to-small mutations are in
black. (Right) Thermodynamic stability (ΔGo

U) of GlpG WT and variants and their activities relative to WT. The variants which are stabilized above the
threshold level (ΔGo

U,WT + RT: ΔGo
U,WT, the stability of WT) are labeled with asterisks. Errors in ΔGo

U denote ± SD from fitting. Errors in activity denote ± SEM
(n = 3 to 4).
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Fig. 3. All-atom MD simulation of GlpG WT and variants in the lipid bilayer (POPE:POPG, molar ratio = 3:1). (A) The rmsds of the backbone heavy atoms
relative to those in the crystal structure of WT (PDB ID code 2IC8) (35). (B) Equilibration of the lipid conformation in the bulk bilayer region measured by the
average rmsd as a function of the time lag τ for (Top) POPE and (Bottom) POPG lipids. The color codes of the traces for WT and variants are the same as in A.
(C) The lipid exchange at the protein surface measured by the lipid contact autocorrelation function on time. The color codes of the traces for WT and variants
are the same as in A. (D) Impacts of the mutations on the packing in the cavities measured by the differences in cavity volume (<VCav>WT − <VCav>Mut), OSP
(<OSPMut> ‒ <OSPWT>, averaged over the residues surrounding each cavity), and BA (BAMut ‒ BAWT, summed over the residues surrounding each cavity).
“Control” (red bar) indicates the mean of each difference packing parameter calculated over WT and the variants which do not contain the mutation on the
designated cavity. The error bar in “Control” corresponds to the SD. When a mutation induces an increase in packing exceeding the upper SD limit of the
corresponding control, the mutation is regarded as “cavity filling” and marked with an asterisk.
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away from the protein surface as the bulk lipids (45 ± 2 POPE,
1-palmitoyl-2-oleoyl-phosphatidylethanolamine, and 12 ± 1 POPG,
1-palmitoyl-2-oleoyl-phosphatidylglycerol). Then, we calculated the
rmsd for each lipid molecule as a function of time lag, which was
averaged over all selected lipid molecules (SI Appendix, Materials
and Methods). For WT and variants, the average rmsds of POPE
and POPG reached a plateau at 3.6 Å to 3.8 Å within ∼20 ns, in-
dicating that our simulation can sample lipid conformations under
equilibrium conditions (Fig. 3B). Next, to test the equilibration of
protein−lipid interactions, we evaluated the autocorrelation func-
tion on time for all lipid heavy atoms in contact with the proteins (SI
Appendix,Materials and Methods). The characteristic lipid residence
times at the protein surface, τ1 and τ2 (the times when the corre-
lation function decreased by 1/e and 1/e2 from the start, respec-
tively), were 83 ± 9 ns and 291 ± 25 ns, respectively, which were 4 to
15 times longer than the relaxation of the bulk lipids (Fig. 3C). This
result indicates that our simulation is long enough for lipid mole-
cules to fully exchange at the protein surface as well as for protein
conformations to equilibrate with the surrounding lipids.
Did the small-to-large mutations indeed improve packing in

the targeted cavities? To answer this question, we took three
approaches from MD simulation of WT and variants. Taking the
structures from all time frames after the equilibration (>500 ns),
we measured the volume of each cavity (VCav) using a grid-based
method (46). With the equilibrated structures at 1 μs, we eval-
uated the occluded surface packing (OSP) (20) and buried sur-
face area (BA) for each residue.
All cavities displayed a dynamic feature. The volume of each

cavity fluctuated with the SD (σVol) of 20‒150% relative to the
mean cavity volume (<VCav>; SI Appendix, Figs. S5 and S6).
Despite the fluctuation, four mutations, L143F (cavity I), A142L
(cavity II), M208I (cavity III), and A164L (cavity IV), effectively
reduced the volume of the cavities targeted for mutation
(i.e., <VCav>WT ‒ <VCav>Mut,targeted is larger than <<VCav>WT ‒
<VCav>Mut,not-targeted> + σ<VCav > WT‒ <VCav > Mut,not-targeted)
(Fig. 3D and SI Appendix, Fig. S6). The difference in OSP and
BA values between WT and a variant fluctuated as a function of
residue number apparently in a random manner (SI Appendix,
Figs. S7 and S8, respectively). Nevertheless, L143F (cavity I),
M249L (cavity II), and M208I (cavity III) from the OSP analysis,
and L143F (cavity I), V203I (cavity I), A142L (cavity II), A164L
(cavity IV), A250L (cavity V), and G252L (cavity V) from
the BA analysis, improved packing in the respective cavities
(Fig. 3D). Overall, 8 out of 11 single small-to-large mutations

improved packing in the targeted cavities by any measure, thus
regarded as cavity-filling mutations.

A Benchmark Study to Validate Mutation-Induced Changes in Packing
from MD Simulation. How do the changes in packing induced by
cavity-filling mutations influence the stability and function of
GlpG? Before answering this question, we validated our ap-
proach for quantifying mutation-induced changes in packing by
carrying out a benchmark MD simulation using bacteriorho-
dopsin (bR) as a model. Joh et al. (4) have measured the changes
in cavity volume induced by a series of cavity-creating mutations
from the crystal structures of bR WT and variants. From the
relationship between the changes in stability and cavity volume,
they have determined the contribution of vdW packing to the
stability.
We constructed all-atomic models of WT and six variants of

bR in DMPC (1,2-dimyristoyl- phosphatidylcholine) bilayers
(Fig. 4A) and performed MD simulation up to ∼1.4 μs (Fig. 4B).
In each system, the backbone rmsd relative to the corresponding
crystal structure reached a plateau within 200 ns to 600 ns. On
the basis of the spatial location of mutation, we targeted two
cavities for volume analysis (Fig. 4A), that is, cavity IbR created
by the mutations L94A, L111A, I148A, I148V, and L152A, and
cavity IIbR created by V49A. Since we were interested in how
well MD simulation can capture the local volume changes in-
duced by mutation, the series of the volume changes of cavity IbR
were compared between simulation (the volumes measured by
the grid-based method) and experiment (the volumes measured
using a 1.0-Å-radius probe) (SI Appendix, Table S3) (4, 46). We
found a discrepancy which probably stemmed from the differ-
ence in the cavity detection method, or, more likely, the differ-
ence in the extent of protein flexibility allowed between the
crystal lattices and the bilayers in silico. Nonetheless, the com-
parison of the normalized volume changes using Z scores (zi =
(xi − μ)/s; xi is the volume of cavity IbR in each variant, and μ and
s are the mean and SD of the cavity volumes in the variants,
respectively) displayed a reasonable correlation between simu-
lation and experiment (R = 0.90; Fig. 4C). Thus, our MD sim-
ulation can reliably capture the local volume changes induced
by mutation.
Next, we further attempted to predict the mutation-induced

stability changes using the volume changes measured from MD
simulation. Since a given mutation influenced not only the vol-
ume of the cavity targeted by the mutation but also that not

B

D

CA

Fig. 4. Benchmark MD simulation of WT and variants of bR in a DMPC bilayer. (A) The structure of WT bR (PDB ID code 1PY6) (68). The major internal cavities
(the surfaces), the mutated residues for cavity-creating mutations (the spheres), and bound retinal (the sticks). (B) The rmsds of the backbone heavy atoms of
WT and variants during MD simulation. (C) Correlation between the normalized cavity volumes (Z scores) determined from experiment (4) and simulation. (D)
Correlation between the protein stabilities determined from experiment (4) and simulation. The dashed lines indicate the deviation by ±1.0 kcal/mol from the
fitted linear line.
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targeted, it was difficult to reliably predict the stability changes
only using the volume changes of a single cavity targeted for
mutation, which was the approach with the static crystal struc-
tures (4). Therefore, at our benchmarking level, we constructed a
simple linear response model to predict the stability changes
(ΔΔGo

U,WT-Mut,Simul) using the volume changes of both cavities,

ΔΔGo
U,WT-Mut,Simul = cIΔVI,WT-Mut + cIIΔVII,WT-Mut + b, [1]

where ΔVI,WT-Mut and ΔVII,WT-Mut denote the mutation-induced
volume changes of cavities IbR and IIbR, respectively, obtained
from MD simulation, the coefficients cI and cII represent the
packing contributions to the stability in the respective cavities,
and b is related to the contribution of lipid or water solvation to
the stability changes upon mutation. These coefficients were fit-
ted to the model. Intriguingly, the stability changes can be mod-
eled within the errors of ±1.0 kcal/mol with a reasonable
correlation (R = 0.87) (Fig. 4D and SI Appendix, Table S4). Thus,
our MD simulation approach can serve not only to evaluate the
mutation-induced changes in cavity volume but also to build a
model for reliable prediction of the free energy changes of mem-
brane proteins (see Lipid Solvation on Cavity Fine-tunes Stability).

Impacts of Native Cavities in the N Subdomain on Stability and
Activity. Next, we investigated the impacts of cavity-filling mu-
tations on the thermodynamic stability (ΔGo

U) and activity of
GlpG. To measure the stability in DDM micelles, we employed
steric trapping, which couples spontaneous unfolding of a doubly
biotinylated protein to competitive binding of bulky monovalent
streptavidin (mSA) (SI Appendix, Fig. S9A) (38). Mutations were
made in the background of the double-biotin variant, 172/267-
BtnPyr2 (172/267: the residues for cysteine substitution; BtnPyr: a
thiol-reactive biotin label with a pyrene fluorophore) (SI Appendix,
Fig. S9B). The 172/267-BtnPyr2 possesses the same global stability
as WT without biotin labels (38). Steric trapping allows for precise
determination of protein stability (an SE in ΔGo

U ≤ ±0.2 kcal/mol)
directly under native conditions (SI Appendix, Fig. S10).

Proteolytic activity of GlpG was measured using the second
TM segment of E. coli lactose permease (LYTM2) (47) as a
substrate in DDM micelles and large DMPC:CHAPS(3-((3-
cholamidopropyl) dimethylammonio)-1-propanesulfonate) bicelles
(SI Appendix, Figs. S11 and S12). Bicelles were used to test GlpG
activity in a bilayer environment. For LYTM2, the activities of
variants relative to WT in micelles were highly correlated with those
in bicelles (SI Appendix, Fig. S13). We also measured the activity for
the generic water-soluble substrate, casein (SI Appendix, Fig. S14).
Casein, which would access the catalytic dyad directly from the bulk
water, served as a probe to test the intactness of the active site
upon mutation.
The impact of mutation on the stability and activity of GlpG

exhibited a unique dependence on the targeted cavity. Cavity I is
surrounded by the residues mainly from the N-terminal half of
GlpG (TM1–L1–TM2–TM3–L3: N subdomain) and penetrates
the protein interior near the bilayer center. Three small-to-large
mutations on cavity I, including the cavity-filling mutations
L143F and V203I, did not significantly alter the stability and
activity relative to WT (Fig. 2A).
Next, we targeted the water-filled cavity near the catalytic dyad

(cavity II) also surrounded by the residues mainly from the N
subdomain (Fig. 2B). This cavity is known as a water retention
site, providing water molecules required for proteolysis (48).
Despite the improved packing in cavity II by the mutations
A142L and M249L, the WT stability level was retained (Fig. 2B).
Our MD simulation indicates that the water molecules remained
bound in the cavity upon mutation (SI Appendix, Fig. S15).
Probably due to the unperturbed water retention, A142L did not
affect the activity for both TM and water-soluble substrates. In
comparison, M249L at the junction between L5 and TM6

selectively reduced the activity for LYTM2 to 52 ± 3%, while
retaining the activity for casein at 92 ± 10%. It has been suggested
that the opening of the L5 loop enables the access of the scissile
bond in a substrate to the active site (27, 49) (see the next section).
Thus, it is likely that the improved packing by M249L at the
L5−TM6 junction partially inhibited the opening of L5, leading to
the activity reduction preferentially for the TM substrate.
A number of structural and folding studies indicate that the N

subdomain of GlpG serves as a rigid structural template, while
the C subdomain possesses conformational plasticity undergoing
subglobal unfolding (28, 31, 38, 39, 49). Cavity-filling mutations
in the already stable N subdomain did not increase the stability,
probably because the improved packing induced a strain without
a gain of stability. It is also possible that, for lipid-accessible
cavity I, the cavity-filling mutations modified the lipid−cavity
interactions to counteract the stabilization by the improved
packing (see Lipid Solvation on Cavity Fine-tunes Stability).

Impacts of Native Cavities in the C Subdomain on Stability and
Activity. We targeted three cavities (cavities III to V; Fig. 2 C
and D) in the C subdomain of GlpG (TM4–L4–TM5–L5–TM6)
harboring the catalytic dyad Ser201/His254. Crystal structures
show that the C-terminal segment TM5–L5–TM6 is subject to
conformational changes. In a majority of apo structures, TM5 is
packed against TM2, and the L5 loop caps the catalytic dyad
(Fig. 2C) (35). In comparison, TM5 is tilted away from TM2, or
L5 forms an “open cap” or disordered conformation in the
structures bound with several mechanism-based inhibitors and
two apo structures (SI Appendix, Fig. S16) (27, 28, 31, 49, 50). On
the basis of the dramatic activation induced by deletion muta-
tions at the TM2–TM5 interface and the plasticity of TM5 and
L5, it has been suggested that TM substrates bind to the
TM2−TM5 interface and that TM5 serves as a “gate” controlling
the access of TM substrates to the catalytic dyad along with the
L5 cap (27, 49, 51). However, chemical cross-linking between
TM2 and TM5 retains activity, and a modeling study predicts
that substrate binding may not require opening of TM5 (34, 50).
Thus, the gating role of TM5 has been debated.
Interestingly, the mutations targeting the cavities near TM5

(M208I on cavity III and A164L on cavity IV) effectively reduced
the volume of the two cavities by 30 to 60% (SI Appendix, Fig.
S6) and enhanced the stability (ΔΔGo

U,WT-Mut > RT, thermal
energy = ∼0.6 kcal/mol; R, gas constant; T, absolute tempera-
ture, 298 K). Cavity III deeply intrudes into the TM4−TM5 in-
terface (Fig. 2C). M208I on this cavity stabilized GlpG by +0.6 ±
0.2 kcal/mol, substantially decreasing the activity to 8 ± 1% for
the TM substrate LYTM2. This inactivation is unexpected be-
cause the mutated site is not only distant from the catalytic dyad
but also does not directly interfere with substrate binding at the
TM2−TM5 interface. Cavity IV is located at the substrate binding
site, but distant from the catalytic dyad (Fig. 2C). A164L on this
cavity induced the largest stabilization (+0.9 ± 0.2 kcal/mol)
among tested mutations, decreasing the activity to 38 ± 3% for
LYTM2. Notably, both M208I and A164L displayed larger rela-
tive activity for casein (28 ± 6% and 94 ± 9%, respectively) than
that for LYTM2. Thus, the activity loss for the TM substrate was
not caused by the disruption of the active site. From MD simu-
lation, all tested mutations did not perturb the hydrogen bond
between Ser201 and His254 (SI Appendix, Table S5), which acti-
vates Ser201 for the nucleophilic attack on the scissile peptide
bond (35).
The gain of interaction (i.e., the enhanced stability) and loss of

function by the cavity-filling mutations near TM5 implies the
stabilization of the gate-closed conformation. Supporting this,
MD simulation shows that M208I shrank the substrate binding
site by tilting of TM5 (SI Appendix, Fig. S17), slightly decreasing
the Cα−Cα distance between Phe153 (TM2) and Trp236 (TM5)
by up to ∼0.8 Å (SI Appendix, Fig. S18). These results suggest a
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critical role of the cavities near TM5 in mediating the gating
motion for substrate binding.
Finally, we tested mutations on cavity V at the TM3−TM6

interface in the periplasmic side (Fig. 2D). TM6 harboring the
catalytic His254 is also subject to conformational changes (SI
Appendix, Fig. S16). Mechanism-based inhibitors covalently
bound to Ser201 induce a slight outward (52) or inward (28, 53)
pivot motion at the periplasmic end of TM6. However, the in-
volvement of this small-amplitude motion in the catalytic
mechanism has been elusive.
The stepwise increase of the side-chain volume on cavity V by

A250V and A250L gradually increased the stability by +0.4 ± 0.2
and +0.7 ± 0.2 kcal/mol, respectively, dramatically decreasing
the activity for both LYTM2 and casein to <5% (Fig. 2D).
G252L and A256I on the same cavity also substantially de-
creased the activity for LYTM2 to 15 to 25%, retaining the ac-
tivity for casein at 60 to 65%. Thus, the activity loss for the TM
substrate by these mutations was not necessarily due to the dis-
ruption of the active site. V260I at the lipid-exposed position
outside of cavity V fully restored the activity for both LYTM2
and casein (>85%) without altering the stability. In the crystal
structures, the pivot motion of TM6 involves the rotation of
small Ala250 and Gly252 on TM6 against bulky Val188, Gln189,
and Tyr192 on TM3 (SI Appendix, Fig. S19). Therefore, it is
likely that the increases in the side-chain volume on cavity V
inhibit the pivot motion of TM6 and that this motion has a large
impact on the proteolysis mechanism.
As a control, we tested the impacts of cavity-creating muta-

tions on all cavities (Fig. 2). As expected, these mutations de-
creased the stability to various extents (ΔΔGo

U,WT-Mut = –0.6
kcal/mol to ‒2.7 kcal/mol). H141A (cavity II), which is known to
disrupt the water retention and conduction toward the active site
(31), similarly reduced the activity for LYTM2 and casein to 30 ±
6% and 44 ± 8%, respectively (Fig. 2B). Except for this mutation
and Y224A (cavity IV), the latter of which had a minor impact
on the stability and activity (Fig. 2C), all other cavity-creating
mutations substantially reduced the activity for LYTM2 to 10 to
50% regardless of the degree of destabilization, retaining the
activity for casein at 60 to 120%. Thus, the activity loss for the
TM substrate induced by the cavity expansion did not stem from
either the disruption of the active site or the conformational
destabilization (see Are All Cavities Critical to Function?).

Additivity, Cooperativity, and Propagation of Stabilizing Mutations.
Our finding that all stabilizing mutations are mapped onto the

more flexible C subdomain and substantially reduce the activity
suggests that these mutations stabilize inactive conformations of
GlpG by inhibiting the functionally important “gating” (A164L
and M208I) or “pivot” (A250L) motion. Next, we tested whether
these stabilization effects were additive by measuring the stability
and activity of the pairwise double and triple variants (Fig. 5A).
All of these variants were almost inactive for both substrates.
Although some of the variants were stabilized, the individual
stabilization effects were not additive.
To track down the molecular origin of the nonadditivity, we

carried out a thermodynamic cycle analysis to determine the free
energy of interaction (ΔΔGInter) between the substituted resi-
dues (SI Appendix, Materials and Methods and Fig. 5B) (54).
Slight negative cooperativity (ΔΔGInter = +0.6 ± 0.2 kcal/mol)
occurred between M208I (cavity III) and A164L (cavity IV),
which are spatially close (Fig. 5C). Interestingly, larger negative
cooperativity was observed between M208I (cavity III) and
A250L (cavity V) (ΔΔGInter = +1.2 ± 0.4 kcal/mol) and between
A164L (cavity IV) and A250L (cavity V) (ΔΔGInter = +1.6 ± 0.3
kcal/mol), which are farther separated. This result indicates that
the flexible C subdomain of GlpG is an ensemble of multiple
disjoint conformations, and stabilizing one destabilizes another.
Thus, the conformation stabilized by A250L (the TM6 pivot
locked) is not likely to simultaneously populate with that stabi-
lized by M208I or A164L (the TM5 gate locked). The negative
cooperativity is further supported by MD simulation showing
that the improved packing by the single cavity-filling mutations
was suppressed in either cavity when these mutations were
combined in the double variants (Fig. 3D).
By design, steric trapping captures transient opening of the

native tertiary contacts at a specific biotin pair, allowing mea-
surement of the local stability of the region encompassing the
biotin pair (38). We compared the mutation-induced stability
changes measured at the biotin pair in the C subdomain (172/
267-BtnPyr2) to those measured at the N subdomain (95/172-
BtnPyr2). The same mutations that had stabilized the C sub-
domain (ΔΔGo

U,WT-Mut = +0.6 kcal/mol to +1.0 kcal/mol) did
not stabilize the N subdomain as much (ΔΔGo

U,WT-Mut = −0.1
kcal/mol to +0.3 kcal/mol) (SI Appendix, Fig. S20). Thus, the
stabilization by the cavity-filling mutations was only locally ef-
fective in the C subdomain, not globally propagated to the N
subdomain.

Lipid Solvation on Cavity Fine-tunes Stability. The crystal structures
and our MD simulation indicate that all of the cavities of interest

A B C

Fig. 5. Additivity and cooperativity of stabilizing cavity-filling mutations. (A) Impacts of the double and triple stabilizing mutations on the stability and
activity. (B) Thermodynamic cycle analysis describing the stability changes induced by the stabilizing single and combined double mutations. (C) Cooperativity
between the stabilizing mutations. Pairwise interaction energies (ΔΔGInter) were calculated using Fig. 5B (SI Appendix, Materials and Methods). The mutated
residues (the spheres) and the residues in the catalytic dyad (the sticks) are shown. Errors denote ± SD from fitting.
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except for water-filled cavity II interact with detergent or lipid
molecules. For WT, the patterns of the cavity−detergent inter-
action in the crystal structure are remarkably similar to the
cavity−lipid interaction in the simulation (Fig. 6, Left and Mid-
dle) (55, 56). For these cavities, we found an interesting corre-
lation between the changes in stability upon mutation and the
associated changes in lipid interaction. To quantitatively describe
the cavity−lipid interaction, for the time frames from MD sim-
ulation (>500 ns), we measured the number of lipid atoms within
each cavity (SI Appendix, Fig. S21) as well as the distance be-
tween a specific residue in each cavity and its closest approaching
lipid atom (SI Appendix, Fig. S22).
For the cavity-filling mutations, L143F (cavity I), M208I

(cavity III), and G252L (cavity V), the increase in packing was
coupled to noticeable displacement of lipid atoms from the
cavities targeted for mutation (Fig. 6, Right), while, to less extent,
for A164L (cavity IV) and A250L (cavity V). Under the as-
sumption that the mutational impacts on the lipid−protein in-
teractions are only local near the cavities targeted for mutation,
the packing−desolvation coupling offers an opportunity to
quantify the strengths of lipid−protein interactions relative to
those of protein packing, which yields various outcomes in the
stability (SI Appendix, Fig. S23). This assumption is supported by
the fact that the cavity-filling mutations distinctively improve the
packing in the cavity targeted for mutation (Fig. 3D). Toward
this goal, we employed the formulation suggested by Fleming
and Engelman (3) to study TM helix−helix interactions,

–ΔΔGo
U,WT-Mut = ΔΔGpacking + ΔΔGPL + ΔΔGLL

= σpacking × Δ<VCav>WT-Mut + ΔΔGEx,PL.
[2]

ΔΔGpacking denotes the free energy change induced by the change
in protein packing upon mutation (i.e., Δ<VCav>WT-Mut =

<VCav>WT – <VCav>Mut determined fromMD simulation). σpacking
is the vdW packing contribution to the protein stability per unit
cavity volume (σpacking = –29 cal/mol/Å3) (2–4). ΔΔGPL and
ΔΔGLL represent the free energy changes in lipid solvation (or
desolvation) upon mutation and the associated lipid reorganiza-
tion, respectively. We define their sum (ΔΔGPL + ΔΔGLL) as the
free energy change in “lipid exchange” (ΔΔGEx,PL), which can be
interpreted as the preference (or disfavor) of partitioning a lipid
segment in a cavity relative to the surrounding lipids.
On the basis of our validated MD simulation approach for

predicting the free energy changes of membrane proteins (Fig.
4), we evaluated the contribution of protein packing vs. lipid
solvation to the stability of GlpG using Eq. 2. The weak stabili-
zation by the mutation L143F on cavity I (–ΔΔGo

U,WT-Mut =
–0.2 ± 0.2 kcal/mol) stems from the stabilization by the improved
packing (ΔΔGpacking = –1.7 ± 0.6 kcal/mol), which is canceled
out by the unfavorable lipid desolvation (ΔΔGEx,PL = +1.5 ± 0.6
kcal/mol) (Fig. 6A). The unfavorable lipid desolvation indicates
that cavity I in WT has been stabilized by interacting lipids. The
stabilization by M208I on cavity III (–ΔΔGo

U,WT-Mut = –0.6 ± 0.1
kcal/mol) is the outcome of the coupling between the improved
packing (ΔΔGpacking = –1.0 ± 0.4 kcal/mol) and the weakly un-
favorable lipid desolvation (ΔΔGEx,PL = +0.4 ± 0.4 kcal/mol)
(Fig. 6 B, Right). In contrast, A164L (–ΔΔGo

U,WT-Mut = –0.9 ±
0.1 kcal/mol) is mainly stabilized by the improved packing
(ΔΔGpacking = –0.8 ± 0.8 kcal/mol; Fig. 6 C, Right) on cavity IV
with a negligible contribution from lipid solvation (ΔΔGEx,PL =
–0.1 ± 0.8 kcal/mol). A250L does not improve packing on cavity V
(ΔΔGpacking = ∼0 kcal/mol) but induces favorable lipid solvation
(ΔΔGEx,PL = –0.7 ± 0.2 kcal/mol), which stabilizes the protein
(–ΔΔGo

U,WT-Mut = –0.7 ± 0.2 kcal/mol) (Fig. 6D). Although
A250L induces a subtle change in lipid solvation (Fig. 6 D, Right
Top), the attraction of lipid atoms to cavity V is observed for the

B

A C

D

Fig. 6. Impacts of cavity-filling mutations on lipid−protein interaction for cavities (A) I, (B) III, (C) IV, and (D) V. (Left) Crystallographic detergent molecules
(the sticks in red) bound to the cavities in WT GlpG (PDB ID code 3B45). (Middle) The structural snapshots of WT (orange) and variant (cyan) at 1 μs from MD
simulation are superimposed with the closest approaching lipid molecules in the stick model. The residues surrounding each cavity are shown in the surfaces.
The site of each mutation is marked with an asterisk. The movement of lipid chain segments induced by mutation is indicated with black arrows. (Right) The
distance distributions between a specific residue atom and the closest-approaching lipid heavy atoms in each designated cavity. In D, the structural snapshots
(Middle) and cavity–lipid distances (Right) of WT and A250L are shown at the top, and those of WT and G252L are at the bottom.
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double variants, A164L/A250L and M208I/A250L, indicating a
possible creation of a higher-affinity lipid interaction site by
substituted Leu250. Despite the displacement of lipids by G252L
from cavity V (Fig. 6 D, Right Bottom), the energetic contribution
is negligible (ΔΔGEx,PL = +0.2 ± 0.1 kcal/mol) without improving
either packing or stability (ΔΔGpacking and –ΔΔGo

U,WT-Mut of ∼0
kcal/mol).
Our perturbation approach using mutation suggests that lipid-

accessible cavities in GlpG fine-tune the stability through
changes in protein−lipid interactions in various modes. Impor-
tantly, lipid interaction on a cavity can moderately stabilize the
protein. We note that the stability was measured in DDM mi-
celles. Thus, the weakly favorable lipid−protein interactions
(ΔΔG = ‒1.5 to –0.1 kcal/mol) quantified here are actually be-
tween detergents and the protein.

Discussion
The impacts of structural cavities on thermodynamic stability
and activity of membrane proteins have not been systematically
investigated. Instead, extensive mutagenesis, thermal denatur-
ation and computational studies have been carried out to obtain
thermostable variants or lock protein conformation into a spe-
cific functional state suitable for structure determination
(57–60). Using the membrane-integrated enzyme GlpG as a
tractable model and cavity-filling mutation as a probe, we dem-
onstrated the pivotal role of structural cavities in modulating
stability, activity, and lipid interactions of membrane proteins.

Do Native Cavities Compromise Stability? We tested our first hy-
pothesis that improving protein packing by cavity-filling mutation
generally stabilizes a membrane protein. Among 11 small-to-large
single mutations, only 3 were significantly stabilizing, the effects of
which were nonetheless modest (ΔΔGo

U,WT-Mut = ∼1 kcal/mol).
Studies on globular proteins indicate that the stability gain by
single cavity-filling mutations is ∼1 kcal/mol at best, while stabi-
lization up to ∼5 kcal/mol has been reported using multiple mu-
tations (61, 62). Thus, the modest stabilization observed for GlpG
seems to be a maximal level that can be reached by single
mutations.
All stabilizing cavity-filling mutations were mapped onto the

more flexible C subdomain (i.e., the region with room for further
stabilization) of functional importance. Therefore, native cavities
indeed compromise stability, but stabilization by improved
packing strongly depends on the structural, dynamic, and func-
tional context of a protein.

Are All Cavities Critical to Function?Despite the apparently random
spatial distribution, certain cavities seem to be more important
to function. GlpG can be inactivated via the selective stabiliza-
tion of the flexible C subdomain by cavity-filling mutations on
the same subdomain. This result is consistent with our second
hypothesis that a membrane protein can be strategically locked
into a specific functional state by modifying the cavity size. This
also suggests that cavities play a critical role in facilitating
functional motions in a membrane protein by balancing stability
and flexibility. We expected that cavity-creating mutations might
enhance GlpG activity by providing even more flexibility. How-
ever, most of the cavity-creating mutations on the selected cav-
ities reduced the activity for the TM substrate without perturbing
the active site. Probably, the cavity expansion increased the
probability of nonproductive motions of the structural elements
near the cavities. This result suggests that the conformational
changes involved in the proteolysis of TM substrates are highly
coordinated motions controlled by the size and shape of the
native cavities.
Our result exemplifies a stability−activity trade-off by selective

stabilization of a conformational subset of membrane proteins,
which is in line with the studies of the M2 proton channel of

influenza A virus, G protein coupled receptors (GPCRs) and
transporters (57–60, 63–66). Interestingly, stabilizing mutations
are found at a surprisingly high frequency for the M2 channel
(∼60% of tested mutations) (66). The frequency of finding sta-
bilizing mutations in membrane proteins is known to be higher
(∼10% of tested mutations) than in globular proteins (57, 59, 64,
67, 68). In the extreme case of the M2 channel, a homotetra-
meric pore formed by single-spanning TM helices, the functional
and stabilizing traits spatially overlap running through the tet-
rameric pore (66). Thus, the natural sequences of the channel
seem optimized for functional conformational changes with a
potential for further stabilization (65, 66). In contrast, only six
stabilizing mutations (either ΔΔGU,WT-Mut < –RT or ΔTm,WT-Mut <
–3 °C) have been found from ∼200 mutations on E. coli GlpG
(<5% of tested mutations) (37, 38, 40, 48). This discrepancy can be
explained by the modular architecture of GlpG (38, 39, 42), which
endows an optimal balance between the functional efficiency sus-
tained by the flexible C subdomain and the structural stability as-
sured by the rigid N subdomain. Here, when mutations are made on
the C subdomain with conformational flexibility and functional
importance, we indeed find stabilizing mutations at a high frequency
(∼27%, 3 out of 11 cavity-filling or cavity-creating mutations).
Using the strategy of cavity-filling mutation, we were able to

not only reliably map the functionally important conformational
change (gating by TM5) which had been previously suggested
(51) but also newly identify another (pivoting by TM6). Crystal-
lographic studies indicate that the pivot motions of TM6 induced
by mechanism-based inhibitors involve a series of side-chain rota-
tions from the active site along the way to the substrate binding site
(34, 52). This may imply that the continuous TM5–L5–TM6 seg-
ment undergoes a concerted motion controlling substrate binding.
However, the negative cooperativity between cavities III/IV and
cavity V suggests that the pivot motion of TM6 is not necessarily
coupled to the gating motion of TM5, playing a distinct functional
role. The pivot motion may be critical to the opening of the L5 cap
to expose the catalytic dyad to a scissile bond, explaining why
inhibiting the pivot motion by A250L almost abrogated the activity
for water-soluble casein (Fig. 2D). A recent intriguing crystallo-
graphic study capturing the structures of the catalytic intermediates
of GlpG shows that the opening of the L5 cap precedes the
opening of the TM5 gate (27). Our study suggests that the negative
cooperativity between the two motions is the physical origin that
controls the early catalytic mechanisms.

How Strong Is Membrane Protein−Lipid Interaction? Interaction
with lipids is critical to the stability and function of membrane
proteins. Structural studies of membrane proteins have found
lipid molecules at the clefts formed between packed TM helices
(“annular lipids”) or in the tertiary or quaternary contacts with a
high specificity (69–72). Despite the importance, the energetics
of protein−lipid interaction is poorly understood. A recent study
using nanoelectrospray ionization mass spectrometry shows that
the free energy of association between lipids and a membrane
protein can be up to ∼‒7 kcal/mol (73). The free energy calcu-
lations of protein−lipid interaction using MD simulation yield
–0.5 kcal/mol to –1 kcal/mol for nonspecific or weak interaction,
and –1 kcal/mol to –10 kcal/mol for specific or strong interaction
(74). Although the detergent−protein interactions that we
quantified may not be the same as those with lipids, the cavity
solvation by detergents (ΔΔG = –1.5 kcal/mol to –0.1 kcal/mol)
falls within the weak interaction regime.
The weak lipid interaction may have implications in the sta-

bility and function of membrane proteins. It can reduce the
energetic cost of cavity formation caused by the loss of packing.
Thus, cavities can be accommodated in membrane proteins
without severe stability loss. The weak solvation would also fa-
cilitate conformational changes of membrane proteins, assuring
the structural flexibility critical to the function of enzymes,
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transporters, and GPCRs. Other MD simulation studies on
GlpG suggest that bound lipids near the active site may compete
with substrate binding (75). Intriguingly, highly deformed lipids
surrounding GlpG boost its translational diffusion within the
membrane, enhancing the activity (76).
The cavity stabilization by solvation is not limited to mem-

brane proteins. For globular proteins, theoretical studies predict
that the free energy of transfer of water from the bulk to internal
cavities (ΔGhydration) widely varies from 5 kcal/mol to ‒12 kcal/mol,
highly depending on the polarity of the cavity surface (77). An
experimental study has shown that cavity hydration can stabilize a
globular protein by 1.5 kcal/mol to 2.0 kcal/mol (78). Therefore, for
both globular and membrane proteins, cavity solvation by either
water or lipids can counterbalance the energetic cost caused by the
loss of protein packing (24).

Concluding Remark. Here, we have elucidated a versatile role of
cavities in balancing the stability and flexibility for activity of
membrane proteins. Our strategy employing cavity-filling muta-
tion in combination with experiment and simulation may serve as
a tool for mapping conformational changes critical to function and
provide guidance for membrane protein design and engineering.

Materials and Methods
Detailed information on materials, modeling of RHBDL2, MD simulation,
expression and purification of GlpG, biotin labeling, stability and activity de-
termination, and thermodynamic cycle analysis can be found in SI Appendix.

Structural Modeling of Human Rhomboid Protease RHBDL2. The sequence
alignment of RHBDL2 and E. coli GlpG in the predicted TM helices was
obtained from the previous literature and used for the comparative mod-
eling of RHBDL2 (the core TM helices, TM1 to TM6) on the Rosetta software
with three structural templates of E. coli GlpG (2IC8, 2XOV, and 3B45) (25, 35
55, 79, 80). The modeled structure with the lowest energy was chosen as the
starting point of MD simulation for further relaxation in a POPC explicit
membrane and water using the CHARMM (Chemistry at Harvard Macro-
molecular Mechanics)-27 force field (81).

MD Simulation of GlpG. We first simulated for GlpG WT, and then moved on
for each variant based on the equilibrated WT conformation. The WT system
was built with the crystal structure of E. coli GlpG (Protein Data Bank [PDB] ID
code 2IC8; ref. 35) embedded in a lipid bilayer (POPE:POPG = 231:77) con-
structed using the web-based CHARMM-GUI (graphical user interface)
membrane builder (82). The composite system was immersed in the TIP3P
water solvent (83), followed by a charge neuralization and ionization with
150 mM NaCl in a box of 100 × 100 × 81 Å3. Intermolecular and intra-
molecular potential energies were enumerated based on the CHARMM36

force field (84). All simulations were massively parallelized in the GPU
(graphics processing unit)-accelerated IBM Power8 machine with a 2-fs
time step in the semiisotropic isobaric and isothermal ensemble of 1 atm
and 310 K.

Preparation and Biotin Labeling of GlpG. The TM domain of GlpG (residues 87
to 276) encoded in pET15b vector was expressed in E. coli BL21(DE3)RP strain
with an N-terminal His6-tag (38). Purified double cysteine variants (172C/
267C or 95C/172C) at 0.5 mM Tris-(2-carboxyethyl) phosphine hydrochloride
(TCEP, Pierce) was incubated with a 20-fold molar excess of the thiol-reactive
biotin derivative with a pyrene fluorophore (BtnPyr-IA) in the base buffer,
50 mM Tris-(hydroxymethyl) aminomethane hydrochloride (TrisHCl), 200 mM
NaCl, pH 8.0, and 0.2% DDM overnight in the dark at 25 °C.

Preparation of mSA. WT mSA, and mSA-S45A (Kd,biotin = 9.0 nM) and mSA-
S27A (Kd,biotin = 1.4 nM) variants with reduced biotin affinities, were pre-
pared as described previously (38). Each variant contained a single cysteine
mutation S83C in the active subunit to conjugate the thiol-reactive dabcyl
quencher (Dabcyl Plus C2 maleimide, Anaspec).

Determining Thermodynamic Stability (ΔGo
U) of GlpG. ΔGo

Us of GlpG variants
were determined using steric trapping, that is, by measuring the attenuated
second binding of mSA coupled to unfolding. Binding was detected by
quenching of pyrene monomer fluorescence (λEx. = 345 nm and λEm. = 390 nm)
from BtnPyr labels conjugated to the double-biotin variants of GlpG (172/267-
BtnPyr2 or 95/172-BtnPyr2) upon binding of mSA labeled with dabcyl quencher
(38); 1 μM GlpG was titrated with an mSA variant, mSA-S45A or mSA-S27A, in
5 mM DDM, 0.25 mM TCEP, 20 mM sodium phosphate, and 200 mM NaCl (pH
7.5) at 25 °C. The second binding phase in the binding isotherm was fitted to
the equation to obtain ΔGo

U (SI Appendix, Materials and Methods).

Activity Assays of GlpG. Proteolytic activity of GlpG was measured using the
cleavage rates of the second TM segment of E. coli lactose permease fused
to staphylococcal nuclease (SN-LYTM2) in DDM micellar or DMPC/CHAPS
bicellar solution, or Bodipy-FL labeled casein (Thermo Fisher) in DDM solution.
For SN-LYTM2, the position at the five residues upstream from the scissile bond
was mutated to Cys for labeling with thiol-reactive environment-sensitive flu-
orophore iodoacetyl-7-nitrobenz-2-oxa-1,3-diazol (IA-NBD, Setareh Biotech).
Time-dependent change of NBD or Bodipy fluorescence, the initial slope of
which represented the activity, was monitored with λEx. = 485 nm and λEm. =
535 nm.

Data Availability. All data supporting the findings of this study are available
within this article and SI Appendix.
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