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The thermodynamic stability of proteins is typically measured at
high denaturant concentrations and then extrapolated back to
zero denaturant conditions to obtain unfolding free energies under
native conditions. For membrane proteins, the extrapolations are
fraught with considerable uncertainty as the denaturants may
have complex effects on the membrane or micellar structure. We
therefore sought to measure stability under native conditions, using
a method that does not perturb the properties of the membrane or
membrane mimetics. We use a technique called steric trapping to
measure the thermodynamic stability of bacteriorhodopsin in
bicelles and micelles. We find that bacteriorhodopsin has a high
thermodynamic stability, with an unfolding free energy of ∼11
kcal/mol in dimyristoyl phosphatidylcholine bicelles. Nevertheless,
the stability is much lower than predicted by extrapolation of
measurements made at high denaturant concentrations. We inves-
tigated the discrepancy and found that unfolding free energy is not
linear with denaturant concentration. Apparently, long extrapola-
tions of helical membrane protein unfolding free energies must be
treated with caution. Steric trapping, however, provides a method
for making these measurements.
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Methods to measure the thermodynamic stability of mem-
brane proteins have largely followed methods developed

for soluble protein folding (1). The fraction unfolded is first
measured as a function of denaturant concentration (urea, gua-
nidine-HCl, etc.), which in turn provides the unfolding free en-
ergy (ΔGU) as a function of denaturant. The fraction unfolded,
however, can be accurately measured only at high denaturant
concentration, where the amount of unfolded protein is large
enough—the so-called transition zone. Thus, obtaining a mea-
sure of the unfolding free energy in the absence of denaturant
requires extrapolation from the transition zone. For chemical
denaturation, the unfolding free energy is typically linearly de-
pendent on the denaturant concentration in the transition zone,
allowing a linear extrapolation back to zero denaturant. How-
ever, although there is now considerable experimental and the-
oretical validation of this approach for soluble proteins (2–4),
the validity of these extrapolations is not clear for measuring
stability of membrane proteins.
Since the observation of Braiman et al. that bacteriorhodopsin

(bR) can be refolded from an SDS-denatured state (5), SDS has
been commonly used to study the folding of helical membrane
proteins. The Booth laboratory has pioneered and extensively
studied the refolding kinetics of bR from an SDS-denatured state
(6–8). We introduced SDS unfolding to measure the thermody-
namic stability of the membrane enzyme diacylglycerol kinase (9)
and a similar approach can be used to measure bR thermody-
namic stability (10, 11). bR contains a covalently bound retinal
chromophore that complicates unfolding analysis because it can
slowly hydrolyze off in the SDS unfolded protein (12). We and
others originally measured an apparent equilibrium between the
folded bR (bRF) and the unfolded protein with the intact chro-
mophore (bRU) (7, 13). We recently determined, however, that
the rate of refolding in the transition zone was too slow compared

with the retinal hydrolysis rate to obtain a true equilibrium (10).
Instead, a reliable measure of thermodynamic stability can be
obtained by measuring the equilibrium between bRF and the un-
folded protein without the retinal (Ret) chromophore, bOU. The
overall reaction is given by bRF↔ bOU+Ret.ΔGU values obtained
in the transition zone of SDS unfolding curves are linear with SDS
mole fraction (XSDS), but how far the linear free energy relationship
extends beyond the transition zone is unknown.
Therefore, we have developed an alternative approach for mea-

suring protein stability, called steric trapping, which does not re-
quire the use of denaturants. Themethod has already been used to
measure the unfolding free energy of the soluble protein dihy-
drofolate reductase (14) and tomeasure the dimerization affinity of
the glycophorin A transmembrane helix in detergents and bilayers
(15, 16). In thiswork,we sought to expand the steric trappingmethod
to bacteriorhodopsin (bR), a large, helical membrane protein.
The steric trapping approach is outlined in Fig. 1. Two biotin

tags are placed on the protein at residues that are close in space,
but distant in the linear sequence. Added monovalent strepta-
vidin (mSA) can bind to one of the biotin tags, but if the biotin
labels are too close, the second mSA is prevented from binding
by steric overlap. Only when the protein unfolds can the second
mSA bind, trapping the protein in the unfolded state. Thus, the
first binding event is high affinity, reflecting the intrinsic affinity
of mSA for biotin (ΔGB), and the second binding event is lower
affinity as it is coupled to the unfolding free energy (ΔGB +
ΔGU). Equilibrium unfolding is thereby driven by mSA affinity
and concentration. The ΔGU of the protein of interest can there-
fore be obtained from mSA-binding isotherms.
Because the steric trapping method does not require the

addition of denaturants, it has now allowed us to measure
unfolding free energy of bR over a range of conditions in-
accessible to standard unfolding curves. We find that unfolding
free energy is decidedly not linear with concentration at low SDS
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concentrations, making extensive extrapolations from the tran-
sition zone invalid. Our results show that steric trapping can
provide thermodynamic stability measurements for large mem-
brane proteins under native conditions.

Results and Discussion
bR Biotinylation.A double cysteine mutation of bR, D36C/F230C,
was generated so that biotin labels could be introduced using
a thiol-reactive biotin tag N-(biotinoyl)-N′-(iodoacetyl)ethylenedi-
amine (BE). The two chosen sites, shown in Fig. 2A, are located
near the C terminus and in the loop between helices A and B. The
labeling efficiency could be estimated by an SDS/PAGE-based
gel-shift assay (Fig. 2B) because mSA remains folded and retains
binding activity in SDS (17). In the presence of mSA, bands are
seen for unbound, singly bound, and doubly bound forms, corre-
sponding to unlabeled (D36C/F230C-bR), singly labeled (bR-
BE1), and doubly labeled (bR-BE2) species. From the band in-
tensities, ∼30% is doubly labeled bR-BE2 so that only 30% of the
protein could be subject to unfolding by the steric trap.

Steric Trap Unfolding. To test whether mSA binding could trap
bR-BE2 in an unfolded state, we first completely unfolded bR-
BE2 at 0.8 XSDS to ensure that mSA can readily access both
biotinylation sites. We then added mSA and subsequently di-
luted it into folding conditions (0.21 XSDS). After overnight in-
cubation, the extent of refolding was assessed by retinal absorbance
at 560 nm, corresponding to folded bR. The peak intensity
decreases with increasing mSA (Fig. S1), indicating that mSA
binding can trap unfolded bR-BE2.
Even at a saturating concentration of mSA, there remains

a residual retinal peak in the absorbance spectrum, indicating
that not all of the protein is completely unfolded (Fig. 3A). The
peak intensity decrease is ∼30% of the total intensity at 560 nm,
which is consistent with the amount of bR-BE2 in the labeling
reaction (as seen by the SDS/PAGE gel above). Thus, the re-
sidual absorbance is most likely due to the presence of singly
labeled and unlabeled proteins (bR-BE1 and D36C/F230C-bR)
that cannot be trapped by mSA binding. Nevertheless, we also
considered the possibility that the doubly mSA-bound protein is
only partially destabilized so that some fraction remains folded.
To test this possibility, we performed an SDS titration on the
residual absorbance peak. We reasoned that the unlabeled or
singly labeled protein in the presence of a high concentration of
mSA should have a similar SDS unfolding curve to that of the
D36C/F230C-bR in the absence of mSA, whereas doubly bound
bR should be dramatically destabilized, shifting the unfolding
transition zone to a lower SDS concentration. As shown in Fig.
S2, the unfolding curves monitoring either the loss of the residual
retinal peak absorbance or the retinal absorbance of D36C/
F230C-bR in the absence of mSA are the same. This result is
consistent with our expectation that the residual intensity comes
from the unlabeled and singly labeled bR present in the sample.
Moreover, these results indicate that singly bound mSA does not
affect bR stability.
We further investigated whether the sterically trapped, doubly

mSA-bound bR was unfolded by using the pulse proteolysis

GB GU GB 

  

Fig. 1. The steric trapping method. The target protein is labeled with two
biotin tags (orange hexagon) at positions that are close in space. The first
monovalent streptavidin (mSA) can bind freely to the target protein with its
intrinsic affinity ΔGB. If the tags are appropriately placed, the second mSA
can bind only when the target protein is unfolded due to steric overlap.
Therefore, the apparent binding affinity includes the unfolding free energy,
ΔGU. This is a simplification of the overall equilibrium. See Materials and
Methods for a more complete description.

A B

Fig. 2. Biotinylation. (A) The positions of unique cysteines (shown in red) available for labeling on bR mutant D36C/F230C. The chemical structure of the
labeling reagent, BE, is also shown. (B) SDS/PAGE-based gel shift assay to assess labeling efficiency. Lane 1 (Label Rxn): bR-D36C/F23C after the labeling
reaction. Lane 2 (Label Rxn + mSA): The protein in lane 1 after the addition of mSA. Lane 3 (WT-bR): Wild-type bR. Lane 4 (WT-bR + mSA): Wild-type bR after
the addition of mSA. The positions of the unbound protein (D36C/F230C or bR), mSA, the singly bound protein (bR-BE1 +mSA), and the doubly bound protein
(bR-BE2 + mSA) are shown.

220 | www.pnas.org/cgi/doi/10.1073/pnas.1318576111 Chang and Bowie

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318576111/-/DCSupplemental/pnas.201318576SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318576111/-/DCSupplemental/pnas.201318576SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318576111/-/DCSupplemental/pnas.201318576SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1318576111


method developed by Park and coworkers (18). Folded bR is
much less susceptible to proteolysis than SDS-unfolded bR. We
therefore asked whether sterically trapped bR was more sus-
ceptible to proteolysis. Fig. S3 A and B shows the rates of pro-
teolysis of folded bR and SDS-unfolded bR as analyzed by SDS/
PAGE. The SDS-unfolded bR is almost completely digested in
3 min under the conditions used, whereas much of the folded bR
remains intact after 15 min of digestion. These results serve as
references for comparing the proteolysis rate of the sterically
trapped bR.
We next examined the rate of proteolysis for (i) bR-BE2 that

had been unfolded by steric trapping with mSA and (ii) bR-BE2
immediately after the addition of mSA, but given insufficient
time to unfold before the addition of protease. As shown in
Fig. 4A, the bR-BE2 sample given insufficient time to unfold
digests at a rate similar to that of folded bR, but the sterically
trapped unfolded bR-BE2 is almost completely digested in less
than 5 min, much like SDS-unfolded bR (Fig. 4B and Figs. S3
and S4). The increased susceptibility to proteolysis, combined
with the loss of the 560-nm absorbance peak upon the addition

of mSA, indicates that the steric trapping approach can unfold
a large membrane protein.

Steric Trapping Yields Unfolding Free Energies. To obtain true
thermodynamic stability measurements, it is essential that the
system is reversible. As an initial test of the extent of reversibility,
we added an excess of free biotin to competitively remove bound
mSA from sterically trapped bR-BE2. A mutant of mSA (E44Q/
S45A) with a reduced biotin-binding affinity (15) was used in the
experiments due to its faster off rate. As shown in Fig. 3A (red
dashed line), the intensity of the retinal signal can be completely
restored after steric trap unfolding, which indicates that steric
trap unfolding is reversible.
We next tested mSA-binding/unfolding isotherms at low SDS

concentrations so that we could conveniently examine reversibility
by testing whether the same ΔGU values were obtained starting
from the folded state or starting from an unfolded state. Fig. 3B
shows typical binding curves for E44Q/S45A-mSA binding to bR-
BE2 at 0.3 XSDS, either starting from high SDS and diluting to 0.3
XSDS or simply using 0.3 XSDS as the starting condition. We used

A B

Fig. 3. Steric trapping leads to reversible loss of retinal absorbance. (A) The spectra of the BE-labeled bR-D36C/F230C alone (bR-BE2 alone, black solid line)
and in the presence of saturating concentrations of E44Q/S45A-mSA (∼30–40 μM) (bR-BE2 +mSA, black dotted line) are shown. To test reversibility, excess free
biotin (5 mM) was added to the bR-BE2 + mSA sample and the spectrum was recorded after a further 1-d incubation (bR-BE2 + mSA + biotin, red dashed line).
(B) Representative forward and reverse binding curves at 0.3 XSDS. The solid lines in the plot are the fitting results using Eq. 6.

mSA 

bR-BE2 
 + 2mSA 

bR-BE2 + WT-mSA before unfolding bR-BE2 + WT-mSA after unfolding 

mSA 

bR-BE2 
 + 2mSA 

A B

Fig. 4. bR-BE2 unfolded structure probed by pulse proteolysis assay. (A) Time course of subtilisin digestion of folded bR-BE2 in the presence of WT-mSA. In the
pathway to the unfolded state, the protein becomes doubly bound in the native state, followed by slower unfolding of this strained folded state. Thus, to
observe proteolysis in the native state, digestions were started 10 min after the addition of WT-mSA, before the protein had time to unfold. The band
corresponding to bR-BE2 with two bound mSAs is highlighted by the red box. The band is still present after 15 min of digestion. (B) Time course of subtilisin
digestion of steric trap unfolded bR-BE2. Digestions were started 1 d after the addition of WT-mSA to allow time to unfold. The steric trapped unfolded
bR-BE2 was digested completely within 3–5 min.
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the reduced-affinity mSA variant E44Q/S45A-mSA because we
found that its binding affinity was appropriately matched to the
unfolding free energy. If the affinity is too high, essentially
stoichiometric binding will occur and the contribution of ΔGU
will be masked. If the affinity is too low, it will require imprac-
tical concentrations of the mSA variant to unfold the protein.
The appropriate mSA variant must be empirically determined.
Half-maximal binding occurs at a similar concentration for both
binding curves. Using E44Q/S45A-mSA with a known intrinsic
binding affinity (Fig. S5 and SI Text), we obtain ΔGU values of
12.1 ± 0.6 and 12.2 ± 0.6 kcal/mol, respectively. The similarity of
unfolding curves and extracted ΔGU values starting from distinct
initial conditions strongly suggests that the binding curves reflect
thermodynamic equilibrium conditions.
As an additional test of our ability to determine consistent

ΔGU values, we obtained binding curves using another mSA
variant with a slightly higher affinity (approximately threefold
difference in intrinsic Kd value) (15). Fig. S6 A and B shows
binding curves obtained from S45A-mSA and E44Q/S45A-mSA,
respectively. At 0.21 XSDS we find similar ΔGU values of 14.3 ±
0.5 kcal/mol, using S45A-mSA, and 13.9 ± 0.2 kcal/mol, using
E44Q/S45A-mSA. Taken together, the results indicate that steric
trapping can be used to measure true thermodynamic stability of
a membrane protein.

The Stability of bR in Bicelle Conditions. With a method to measure
unfolding free energy, ΔGU, under native conditions, we attempted
to measure the unfolding free energy of bR in dimyristoyl phos-
phatidylcholine and 3-[(3-Cholamidopropyl)dimethylammonio]-2-
Hydroxy-1-Propanesulfonate (DMPC/CHAPSO) bicelles. Bicelles
are bilayer-like discs that form in a mixture of lipid and certain
amphiphiles. The average size of the disk canbe varied by changing
the ratio of lipid to amphiphile—the so-called q ratio (19). We
used steric trapping to measure bR stability at q ratios of 1, 2, 2.5,
and 3. The samples were prepared under two sets of conditions.
We either kept the CHAPSO concentration at 16 mM and in-
creased the DMPC concentration from 15 mM (q = 1) to 30 mM
(q = 2), 37.5 mM (q = 2.5), and 45 mM (q = 3) or we kept the total
detergent plus lipid concentration constant at 31 mM. The bind-
ing curves and results are shown in Fig. 5 A and B. Under con-
ditions where the total lipid plus detergent concentration was
allowed to vary, bR stability increased from 11.2 ± 0.3 kcal/mol
to 12.3 ± 0.5 kcal/mol. These results are consistent with earlier

work showing an increased folding rate in micelles at higher de-
tergent concentrations (12). Under constant total lipid plus de-
tergent conditions, however, the stability remains relatively
constant at different q ratios: 11.2± 0.3 kcal/mol at q= 1, 11.7± 0.3
kcal/mol at q= 2, 11.7± 0.2 kcal/mol at q= 2.5, and 11.6± 0.4 kcal/
mol at q = 3. To our knowledge, the stability measurements
reported here are unique for a large α-helical membrane protein
in a bilayer-like environment.

The Dependence of Unfolding Free Energy on SDS Denaturant
Concentration. The q =1 condition described above is equiva-
lent to the initial conditions we and others have used for SDS
unfolding curves. The unfolding free energy we measured of
11.2 kcal/mol in the absence of SDS is much lower, however,
than the 26.2 kcal/mol predicted from a linear extrapolation
from the transition zone of the unfolding curve, as shown in Fig.
6 (red circle and Inset). Possible reasons for this discrepancy are
(i) the linear extrapolation is not valid or (ii) the steric trapped
unfolded state is simply different from the SDS unfolded state so
that we are effectively measuring a different equilibrium. We
therefore decided to use a steric trapping method to explore the
dependence of unfolding free energy on low SDS concentrations
that are inaccessible to unfolding free energy measurements, using
standard unfolding curves.
Steric trapping experiments were set up in both forward

(starting from folded bR) and reverse (starting from SDS un-
folded bR) directions where possible. The SDS concentrations
accessible to both directions are limited in two ways. At the low
end, the lowest practical final dilution from the reverse direction
is to 0.15 XSDS. Thus, below 0.15 XSDS we can practically mea-
sure unfolding free energies starting only from the forward re-
action. At the high end, we are limited to about 0.45 XSDS because
the unfolding free energy becomes so low that there is essentially
no measurable difference between the mSA binding to bR-BE2
and its intrinsic affinity for biotin.
The ΔGU values obtained for a range of SDS concentrations

are shown in Fig. 6. We highlight the following observations: (i)
Where we have both measurements, there is always a good
agreement between the ΔGU values measured in both the for-
ward and the reverse reactions as expected if we are measuring
an equilibrium value as discussed above. (ii) ΔGU measured by
steric trapping is decidedly nonlinear, reaching a maximum of
∼13 kcal/mol at ∼0.1 XSDS. (iii) The ΔGU value at 0.45 XSDS is
not far different from the value expected for a linear extrapo-
lation of the values obtained from the traditional unfolding
curve. Thus, the ΔGU values measured from steric trapping and
standard unfolding curves together appear to make an overall
smooth curve, suggesting that steric trapping and SDS unfolding
are similar energetically and probing a similar unfolding event.
These results indicate that the assumption of a linear de-
pendence between SDS concentration and unfolding free energy
does not hold across a wide range of SDS concentrations.

Conclusion
The steric trapping method has allowed us to measure unfolding
free energies of a large membrane protein under native con-
ditions. Using the method, we were able to explore the SDS
concentration dependence of unfolding free energy at low SDS
concentrations. At low SDS concentrations the protein is almost
completely folded, precluding measurement of unfolding free
energy by traditional methods. We find a decidedly nonlinear
relationship from 0 to 0.65 XSDS. We do not yet know the origin
of the observed curvature. It is possible that there are changes in
micelle properties that are not linear with SDS concentration
(20). It is also possible that bR is an anomaly that can be assessed
only by studying additional membrane proteins. bR is particu-
larly convenient for steric trapping as currently constituted be-
cause it bears an intrinsic spectroscopic probe. Other proteins

A
56

0 

q value (DMPC/CHAPSO ratio) 

Increasing Lipid+Detergent 
Constant Lipid+Detergent 

A B

Fig. 5. The stability of bR measured by steric trapping in bicelle conditions.
(A) Steric trapping binding curves in bicelle environments. The total DMPC+
CHAPSO concentration was constant in these assays at 31 mM. The black
circles, red diamonds, and blue squares show the results for q = 2, q = 2.5,
and q = 3, respectively. The lines are the fitting results using Eq. 6. (B) The
observed free energy change as a function of q value under two sets of
conditions. Red squares: The CHAPSO concentration was held constant while
the DMPC concentration was increased. Black circles: The total CHAPSO and
DMPC concentration was kept constant.
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require other methods to monitor the unfolding transition, such
as the pulse proteolysis method used here (18). It may also be
possible introduce spectroscopic probes, using nonnatural amino
acids with functional groups orthogonal to the thiol chemistry
used to introduce the biotin tags (21). Work along these lines is
ongoing. Nevertheless, we argue that extrapolations outside the
transition zone should be treated with caution at this point.
Given the uncertainty of extrapolations from transition zone
measurements, we argue that bR is the only large helical mem-
brane protein with a reliably measured thermodynamic stability
under native conditions. In this study, we find that bR has a very
high thermodynamic stability in bicelle conditions, with unfold-
ing free energy greater than 11 kcal/mol. It will be interesting to
examine the stability of other membrane proteins to see if high
thermodynamic stability is common among helical membrane
proteins, and the steric trapping method provides a tool to obtain
these values.

Materials and Methods
Chemicals and Reagents. DMPC was purchased from Avanti Polar Lipids.
CHAPSO was purchased from Affymetrix.

Protein Expression and Purification. bR was purified from Halobacterium
salinarum as previously described (22) and all mSA proteins and mutants
were prepared as previously described (15, 23), except that 2 mM DTT was
added to all buffers when purifying Cys-containing bR and mSA mutants.

Biotin Labeling of bR and Fluorescent Labeling of mSA. For the biotin labeling
reaction, 750 μL of 40 μM D36C/F230C-bR or F203C-bR with 40 mM phos-
phate buffer (pH 8.0) and 2 mM of TCEP (Pierce) were mixed with 250 μL of
4–6 mM of N-(biotinoyl)-N′-(iodoacetyl)ethylenediamine (Biotium) and
1 mM of free biotin (Sigma) dissolved in DMSO. The free biotin was found to
improve labeling efficiency, perhaps by blocking competing binding sites. bR
is in the purple membrane condition during the reaction and no detergent

was added. The reaction was incubated at 25 °C with gentle stirring for 12–
15 h in the dark. To remove the labeling reagent, the purple membrane was
sedimented by centrifugation in a microfuge and then resuspended in
20 mM phosphate (pH 7.0). The centrifugation and washing step was re-
peated three times with water. Labeling efficiency was estimated by the gel
shift assay described below.

For the fluorescent labeling of mSA mutants that were used in de-
termining the intrinsic binding constant between bR-BE2 and mSA (SI Text
and Fig. S5), a final concentration of 40 μM of W79A/Y83C-mSA or E44Q/
S45A/Y83C-mSA in 40 mM phosphate buffer (pH 8) and 2 mM of TCEP were
mixed with a final concentration of ∼0.8 mM of Fluorescein-5-Maleimide
(Invitrogen) dissolved in DMSO. The reaction was incubated at room tem-
perature with gentle stirring overnight in the dark. Excess fluorescent probe
was removed using an EconoPac 10DG desalting column (Bio-Rad) equili-
brated with 20 mM phosphate buffer (pH 7). Labeling efficiency was esti-
mated using the extinction coefficients of proteins (for W79A/Y83C, EC =
145,760 M−1·cm−1, and for E44Q/S45A/Y83C, EC = 167,770 M−1·cm−1, re-
spectively) and Fluorescein-5-Maleimide (EC = 83,000 M−1·cm−1). The label-
ing efficiency was generally more than 90%.

SDS/PAGE Gel Analysis for Labeling Efficiency. Biotinylation efficiency was
analyzed by an SDS/PAGE gel shift assay. A total of 5–10 μM of biotin-labeled
bR was mixed with 40 μM of WT-mSA. Samples were incubated at room
temperature for 30 min before gel loading. The running buffer was pre-
cooled at 4 °C and the gel box was incubated in ice during electrophoresis to
prevent dissociation of WT-mSA subunits.

Pulse Proteolysis Assay. For samples under folded conditions, 5–10 μM of bR-
BE2 was preequilibrated with 20 mM phosphate buffer (pH 7) containing
15 mM DMPC, 16 mM CHAPSO, and 7.7 mM SDS (0.2 mol fraction) for 12 h.
After incubation, the sample was mixed with WT-mSA at a final concen-
tration of ∼25–30 μM and incubated for 1 h before analysis by proteolysis as
discussed below. The short 1-h incubation results in minimal unfolding under
these conditions as judged by retinal absorbance.

For bR under the sterically trapped unfolded condition, biotinylated bR
(bR-BE2) was preequilibrated with 20 mM phosphate buffer (pH 7) con-
taining 15 mM DMPC, 16 mM CHAPSO, 63 mM SDS (0.67 mol fraction), and
175–200 μMWT-mSA for 12 h. After incubation, the sample was diluted with
buffer to yield the same final concentration of SDS (0.2 XSDS) and WT-mSA
(25–30 μM) as in the folded bR condition and incubated for another 1 h
before the proteolysis reaction.

Protease subtilisin (Sigma) was added into each sample to a final con-
centration of 50 ng/mL. Twenty microliters of each sample was removed at
various time points, the reactions were quenched with 10 mM of PMSF, and
digestion was assessed by SDS/PAGE.

Steric Trap Binding Experiment in Micelle and Bicelle Conditions. For the
forward reaction, 2.5 μM of bR-BE2 was solubilized in 15 mM DMPC,
16 mM CHAPSO (1× condition) containing 20 mM phosphate buffer (pH
7), and the desired SDS concentration overnight. After overnight in-
cubation in the dark, 0–40 μM of E44Q/S45A-mSA was added to the sol-
ubilized bR-BE2 to yield a final volume of 220 μL and the samples were
incubated in the dark with gentle shaking for an additional 5 d. After in-
cubation, samples were centrifuged in a microfuge and filtered using a 96-
well PVDF (2 μm) filter plate (Millipore) to remove unseen dirt or particles.
The absorbance of the final filtered samples was measured by a Spec-
traMax M5 plate reader at 560 nm (retinal peak) and 700 nm (for back-
ground correction). Each wavelength was measured 10 times and the
average was taken.

For the reverse reaction, 2.5 μM of bR-BE2 was unfolded at 0.67 XSDS in
15 mM DMPC and 16 mM CHAPSO containing 20 mM phosphate buffer (pH
7). After bR-BE2 was completely unfolded as judged by loss of retinal ab-
sorbance, varying amounts of E44Q/S45A-mSA were added (the final con-
centration in each sample ranged from 0 μM to 40 μM) to yield a final
volume of 33 μL and incubated in the dark with gentle shaking overnight.
After incubation, refolding buffer containing 15 mM DMPC, 16 mM CHAPSO
in 20 mM phosphate buffer (pH 7), and an appropriate SDS concentration (to
yield a final XSDS ranging from 0.21 to 0.4) was added to the sample with
a final volume at 220 μL. The samples were incubated for an additional 5 d in
the dark with gentle shaking.

Experiments under DMPC/CHAPSO bicelle conditions were performed in
the same way as described as above except that the DMPC:CHAPSO ratios
were 2:1, 2:5, and 3:1 with either a constant DMPC concentration at 15 mM
or a total DMPC+CHAPSO concentration held constant at 31 mM.
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Fig. 6. bR stability as a function of SDS concentration. Shown is the free
energy dependence as a function of XSDS, as determined by different
methods. Black circles are the results from forward steric trapping reactions.
Open blue squares are results from reverse steric trapping reactions. The red
circles are the results from SDS titration experiments (Inset). The plotted
unfolding free energies were obtained from the transition zone, highlighted
by the blue shading, where XSDS is around 0.5–0.65. The red dashed line is
the linear fitting from SDS titration results. The extrapolated unfolding free
energy at XSDS = 0 is 26 kcal/mol. As shown, results from forward and reverse
reactions have a good agreement in the overlapped region. Distinct non-
linearity is observed between 0 and 0.4 XSDS. All of the ΔGU values were
calculated using a 1-M standard state.
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Fitting Equations and Data Analysis.

bR ·mSA�
KU

bO ·mSA+Ret�mSA

KD

bO · ðmSAÞ2 +Ret: [1]

For fitting the steric trap binding curves, the fitting equation is derived from
scheme [1] as described below.

In scheme [1], bR refers to the labeled bR-BE2, bO is the unfolded bO-BE2,
Ret is retinal, mSA is monovalent streptavidin, KU is the unfolding equilib-
rium constant, and KD is the intrinsic dissociation constant for mSA binding
to the exposed biotin on the protein. Because mSA can readily bind to any
exposed biotin that is not sterically occluded and initial binding to a single
biotin site will not unfold the protein, we ignore the initial binding step and
start with singly bound bR· mSA. As a result, the added mSA concentrations
must be adjusted by the starting concentration of bR, bR0. For example, if
we use 0.5 μM bR-BE2, all of the added mSA will bind and not affect the
unfolding equilibrium until we have added 0.5 μM mSA. At this point, the
effective mSA concentration will be zero. Thus, the concentration of added
mSA used in fitting the binding isotherms, mSA0, is adjusted as follows:

mSA0 = mSA−bR0:

Based on the mechanism, we can write

KU =
ðbO ·mSAÞðRetÞ

bR ·mSA
=
ðbO ·mSAÞ�bO ·mSA+bO · ðmSAÞ2

�
bR ·mSA

≅
ðbO ·mSAÞ�bO · ðmSAÞ2

�
bR ·mSA

KD =
ðbO ·mSAÞðmSAÞ

bO · ðmSAÞ2
=
ðbO ·mSAÞ�mSA0 −bO · ðmSAÞ2

�
bO · ðmSAÞ2

:

We are able to simplify the equation for KU because the concentration of
unfolded bO ·mSA is negligible relative to bO · (mSA)2, because the con-
centrations of mSA used are way above the KD for mSA binding to unoc-
cluded biotin in the unfolded protein. In particular, the KD between
biotinylated bR and E44Q/S45A-mSA is ∼3–30 nM. The working concentrations
of E44Q/S45A-mSA in the experiments are from 1 μM to 40 μM, implying that
the ratios of bO·mSA to bO·(mSA)2 will be between 0.01 and 0.0001:

KU

KD
=

�
bO · ðmSAÞ2

��2
ðbR ·mSAÞ�mSA0 −bO · ðmSAÞ2

�
→bR ·mSA=

�
bO · ðmSAÞ2

��2
KU

KD
·
�
mSA0 −bO · ðmSAÞ2

�:
[2]

The fraction of bound, θB, can then be written as

θB =
bO · ðmSAÞ2

bR ·mSA+bO ·mSA+bO · ðmSAÞ2
≅

bO · ðmSAÞ2
bR ·mSA+bO · ðmSAÞ2

: [3]

Substituting Eq. 2 into Eq. 3 and rearranging yields

bR0

KU

KD

�
mSA0 −bR0 · θB

� θB + θB = 1: [4]

Solving for θB gives

θB
�
mSA0�=

KU

KD
·mSA0 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
KU

KD
·mSA0

�2

− 4bR0 ·
KU

KD

�
KU

KD
− 1

��
mSA0�

s

2bR0

�
KU

KD
− 1

� : [5]

The final fitting equation is

A
�
mSA0�=AF − ðAF −AUÞ× θB

�
mSA0�, [6]

where A(mSA0) is the observed absorbance at 560 nm as a function of total
mSA concentration and AF and Au are the absorbance of folded bR and
unfolded bR, respectively.
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