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Abstract

Reversible unfolding of helical transmembrane proteins could provide valuable information about
the free energy of interaction between transmembrane helices. Thermal unfolding experiments
suggest that this process for integral membrane proteins is irreversible. Chemical unfolding has been
accomplished with organic acids, but the unfolding or refolding pathways involve irreversible steps.
Sodium dodecyl sulfate (SDS) has been used as a perturbant to study reversible unfolding and
refolding kinetics. However, the interpretation of these experiments is not straightforward. It is shown
that the results could be explained by SDS binding without substantial unfolding. Furthermore, the
SDS perturbed state is unlikely to include all of the entropy terms involved in an unfolding process.
Alternative directions for future research are suggested: fluorinated alcohols in homogeneous solvent
systems; inverse micelles; and fragment association studies.

Genomic sequencing indicates that integral membrane proteins are abundant, and there are
numerous examples of disease states which result from membrane protein misfolding (1).
These ought to be sufficient incentives to study the folding of integral membrane proteins, but
some biochemists have been discouraged by the notorious difficulty of determining membrane
protein 3D structures and the restrictions of working with detergent or vesicle systems.
However, the outlook in this field has brightened, as demonstrated in several recent reviews.
Bowie (2) has provided an excellent summary of the main issues in current membrane protein
folding research, and MacKenzie (3) recently comprehensively surveyed the folding and
stability of helical membrane proteins. | will restrict my comments here to a critical evaluation
of some past and recent attempts to reversibly unfold helical integral membrane proteins,
followed by some suggestions for promising future research directions.

At the outset, it may be useful to explain the rationale for studying folding and unfolding of
proteins under conditions which may be far removed from native membranes. Most integral
membrane proteins are inserted into the membrane either directly from the ribosome through
the translocon of the rough endoplasmic reticulum (4), or bacterial translocons (5), or through
chaperone/translocase machinery, such as that found in mitochondria (6). In some cases, toxins
or other proteins spontaneously insert directly into the membrane. In the case of insertion from
ribosomes, the translocon directs peptide segments either into the bilayer or across the
membrane into the endoplasmic reticulum lumen, depending on the peptide's hydrophobicity
(4). Membrane protein secondary structure appears to form in the translocon, and some tertiary
interactions also may form there as well (7). The folding of a helical membrane protein is
completed in the bilayer as transmembrane helices interact to form a compact structure (8). A
major part of the stability of membrane proteins is likely to be in these interactions between
helices which occur after transmembrane segments are released from the translocon. By
separating transmembrane helices under equilibrium conditions, it should be possible to obtain
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detailed quantitative information about the free energy which stabilizes the folded structure.
Free energy is a state function, so the free energy change of protein unfolding is independent
of the unfolding path. This means that the unfolding free energy of a membrane protein does
not necessarily have to be measured in a native-like lipid bilayer, but the folded and unfolded
states must be well-characterized.. An understanding of the thermodynamics of membrane
protein folding will also help define the starting and ending points for kinetic studies of folding,
which have been fruitful in studies of water soluble proteins, and which may provide clues to
redirecting misfolding pathways.

Physical unfolding

Thermal denaturation has been reported for bacteriorhodopsin (BR1), based on calorimetric
and spectroscopic observations. A calorimetric transition occurs in purple membrane at
approximately 100°C (9), and the changes are reported to be irreversible (9,10), or partly
reversible (11). Substantial secondary structure remains (9,12). Thus, only partial unfolding
occurs, even at biologically extreme temperatures. The thermal transition shifts to lower
temperatures at alkaline pH and for BR solubilized in detergent/lipid mixed micelles (9,13,
14). The extent of tertiary unfolding above the transition temperature is unknown, but the
denatured protein is more susceptible to proteolysis than native BR (9). Irreversible thermal
transitions have also been reported for the GLUT 1 transporter (15), rhodopsin (16) and
cytochrome oxidase (17). However, from the data presented, it is not possible to assess the
extent to which the denatured states of the proteins were unfolded. For GLUT 1 and rhodopsin,
transitions occur at higher temperatures in the presence of bound ligands (glucose or 11-cis
retinal, respectively), which presumably stabilize the structures. This indicates that parts of the
ligand-binding sites may unfold above the transition. It has been noted (15,18) that the enthalpy
changes measured in membrane protein thermal transitions are smaller than for water-soluble
proteins, suggesting that the water-exposed surface loops unfold, but not the bilayer-embedded
helices. Chymotrypsin cleavage of the second cytoplasmic surface loop of rhodopsin results
in two separate thermal transitions in the absence of the retinal chromophore, but it is not clear
whether the chymotrypsin fragments dissociate upon heating or after retinal removal (16).

By atomic force microscopy, single molecules of bacteriorhodopsin (19-21) and
sodiumhydrogen anitporter (22) have been unfolded and re-inserted into the membrane. The
insertion experiments give an estimate of the free energies of membrane protein insertion.
However, this process is different from the way a membrane protein is injected into the
membrane during biosynthesis via the translocon complex. In the unfolded state of the
cantilever-attached proteins, the secondary structure has been disrupted. By contrast, the
translocon releases a partially folded protein into the bilayer, presumably with transmembrane
helices already formed.

Chemical denaturation

Urea and guanidinium have not been commonly used as denaturants for helical membrane
proteins, in contrast to the effectivness of urea in denaturing p-barrel integral membrane
proteins (23-25). A typical case is BO, which does not unfold in neutral solutions of urea or
guanidinium (14). Acidic solutions of guanidinium chloride were used to unfold BO for
iodosobenzoic acid cleavage (26). Acidic urea solutions solubilize diacylglycerol kinase
(DGK) in a form which spontaneously inserts into lipid vesicles and refolds into an active state

1Abbreviations: BR, bacteriorhodopsin; SDS, sodium dodecy! sulfate; BO, bacterio-opsin; TM, transmembrane; DGK, diacylglycerol
kinase; CD, circular dichroism; BSA, bovine serum albumin; FRET, fluorescence resonance energy transfer; NOE, nuclear Overhauser
effect; LM, lauryl maltoside; CHAPSO, 3-([3-cholamidopropyl]dimethylammonio)-2-hydroxy-1-propanesulfonate; HF-TAC,
C2H5CgF12C2H4-S-poly-Tris-(hydroxymethyl)aminomethane.

Biochemistry. Author manuscript; available in PMC 2008 October 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Renthal

Page 3

(27,28). There are a few reports of solubilization of helical membrane proteins by urea (29) or
guanidinium (30) under neutral conditions.

Solvent-induced unfolding and spontaneous refolding of a membrane protein was first
demonstrated by Huang et al. (31). After solubilization in trifluoroacetic acid, BR completely
lost its secondary and tertiary structure. The unfolded protein was dialyzed into sodium
dodecylsulfate (SDS) micelles. The detergent-solubilized protein could then be added to bile
salt detergent/lipid mixed micelles, in which a folded and active structure spontaneously
formed. A similar procedure was reported for unfolding and refolding of the KcsA potassium
channel (32). In this case, the unfolded state was the separation of tetramers into four
monomeric two-helix subunits, solubilized in 50% trifluoroethanol containing 1%
trifluoroacetic acid. Although in principle, an unfolded membrane protein in trifluoroacetic
acid might be directly refolded in a strongly buffered micellar system, this has not been done,
partly because of the aggressive nature of trifluoroacetic acid, which can cleave acidsensitive
peptide bonds and can trifluoroacetylate protein side chains. In formic acid, BR retains some
secondary structure (31). Dilution of formic acid-solubilized bacterio-opsin (BO) with ethanol
(33), or transfer to CHCls/methanol (34) stabilizes the protein. In CHCls/methanol BO retains
considerable secondary structure, but tertiary contacts are lost (35). BR can be refolded from
formic acid/ethanol or CHClIs/methanol, but it does not follow a thermodynamically reversible
path. Dialysis into SDS results in a precipitate (31,36), which can be resolubilized with a brief
alkaline treatment (34). Precipitation and detergent solubilization is sometimes useful as a step
in preparative folding methods (37), but aggregation and precipitation interfere with studying
thermodynamically useful folding-unfolding equilibria. By carefully controlling the
trifluoroethanol concentration, Barrera et al. (38) succeeded in reversibly unfolding KcsA. The
unfolded protein shows both a loss of helicity and dissociation of tetramers to monomers. The
transition is reversible if the trifluoroethanol concentration does not exceed 35%. Above this
concentration, helicity is regained but the active tetrameric structure does not form upon
dilution.

Folding mechanisms

Because proteins are synthesized from the N-terminus, it is possible that the N-terminal helical
segments of a transmembrane protein are more stably associated, forming a scaffold for folding
the C-terminal part of the protein. Some evidence has been reported on the instability of the
C-terminal helices of BO, either individually (39) or in a two-helix fragment (40,41). The three
C-terminal helices of 7-transmembrane (TM) helix proteins were found to have rougher surface
topologies and longer axial separations than the N-terminal four helices, suggesting weaker
association with the other helices (41). A simulated thermal unfolding computation of bovine
rhodopsin found that the C-terminal TM helix was least stable (42). The C-terminal helix of
BO was found to be least stably associated with the protein core, as measured by acid-induced
unfolding (41). Although this might suggest that C-terminal helix instability is evidence for a
sequential folding pathway (39), the evidence is all obtained in rhodopsins, which form a Schiff
base linkage between retinal and a lysine on the C-terminal helix. The instability of the C-
terminal helix may reflect a conformational flexibility necessary for pigment formation (41).
Similar studies on non-retinyl proteins would help resolve this question. Compton et al.
compared the rates of folding BO from SDS micelles to lipid bilayers, monitored by global
tryptophan fluorescence or by a single fluorescent probe attached to the C-terminal helix
(43). No differences were found in the rates, which indicates that the folding of BO under these
conditions is highly cooperative and not sequential. To resolve questions of folding pathways,
it will be valuable to study unfolded states in conditions other than SDS micelles (see below).
Also, it is important to compare folding of 7-TM helix proteins with TM proteins having other
topologies, such as that found in the aquaporins.
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Folding from SDS

The SDS-solubilized state of several membrane proteins has been studied extensively. Active
BR forms spontaneously when SDS-solubilized BO is diluted with certain stabilizing
amphiphiles to form mixed micelles and the retinal chromophore is added (31,44). In a series
of pioneering experiments, Booth and co-workers (45) measured the rate of formation of the
native bacteriorhodopsin structure from the SDS-destabilized form. Bowie and co-workers
used similar detergent systems to examine destabilization of diacylglycerol kinase (DGK)
(46) and BR (47,48) by SDS, using a linear free energy approach previously developed for
equilibrium unfolding of water-soluble proteins (49). However, there are several critical
questions which should be posed about the nature of SDS “unfolding” of membrane proteins.

Does SDS decrease the per cent helix of membrane proteins?

SDS is generally thought of as a protein “denaturant,” since it is widely used for molecular
size estimates by polyacrylamide gel electrophoresis. Lau and Bowie (46) identified an SDS-
induced “unfolding” transition in DGK as a 15% decrease in ellipticity at 222 nm. Decreased
molar ellipticity was also observed in BR solubilized in SDS (44). It was reported that in SDS,
BO is 42% (50) or 65% (40) helix, rather than the 74% helix found in the native structure.
Under the conditions used for “denaturing” BR in SDS, an NMR spectrum of a two-helix
fragment has been reported (35). The structure shows a high helix content (69%). For a similar
2-helix fragment, Luneberg et al. (40) reported 48% helix using CD, compared with the
expected 56% (the mostly structureless C-terminal tail was included in this peptide). SDS is
known as an agent for stabilizing a-helical structure. About 40 NMR structures of small helical
peptides in SDS are in the Protein Data Bank. In several cases, peptide conformations were
examined by both CD and NMR under exactly the same conditions (51-55). The CD
measurements consistently report lower per cent helix than what was found by NMR
(calculated from the atomic coordinates with the DSSP algorithm (56)), ranging from 9 - 31%
lower. This indicates that the standard secondary structure analysis based on CD data is not
accurate for proteins in SDS. The discrepancy could be explained if SDS binding to proteins
changes the extinction coefficient of the peptide carbonyl group, which would affect the
differences observed between absorbance of left and right circularly polarized light. Polet and
Steinhardt (57) reported that binding of eight SDS molecules decreases the extinction
coefficient of bovine serum albumin (BSA) at 220 nm by 9000 M~1cm™1 (although higher
amounts of bound SDS showed an increase at 220 nm, perhaps due to light-scattering.)
Considering the possible underestimation of per cent helix by CD in SDS, the question of the
extent to which SDS unfolds transmembrane helices is not convincingly settled.

Does SDS cause large conformational changes in membrane proteins?

Addition of SDS to BR or DGK folded in detergent micelles causes highly cooperative
spectroscopic changes which have been interpreted as unfolding. A well-studied example of
SDS-induced soluble protein unfolding is BSA. With addition of SDS, BSA undergoes a
succession of spectroscopic changes (e.g. 58), and at high SDS concentrations an increased
BSA hydrodynamic radius is observed (59), indicating partial unfolding. Various
conformational effects of SDS on membrane proteins have been reported. The effects range
from native-like helix-helix interactions (60) or formation of stable oligomers with apparently
native-like structures (61-63), to structures apparently lacking helix-helix interactions (35).
The lipid-binding protein saposin C shows a mixture of effects, with some helix-helix
interactions remaining intact in SDS, and some being completely disrupted (64). The observed
conformational change is probably due to the membrane-binding function of saposin C.
Specific interactions were observed between SDS and both polar and non-polar side chains of
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saposin C. The effect of SDS on NMR chemical shifts in FATPase subunit ¢ was interpreted
as evidence for either SDS-induced conformational changes or SDS-protein interactions (65).

Upon addition of SDS to BR, the retinal chromophore bleaches (44). With addition of SDS to
BO, there are changes in UV absorption (66) and changes in tryptophan fluorescence (14).
Addition of SDS to DGK results in changes in UV absorption (46). However, there is no clear
evidence that these spectral changes represent a folding/unfolding equilibrium. The detailed
SDS binding and structure analysis done for saposin C (64) is not available for BO or DGK.
One necessary condition for an unfolded state of a protein is an increase in volume. Recently
we prepared fluorescent-labeled bacterio-opsin for unfolding studies using FRET (67,41), and
we examined SDS-solubilized BO. Surprisingly, the distance between sites on helix B and
helix F changes by only 2 A in SDS (68), indicating that SDS-solubilized BO is not significantly
unfolded. More detailed FRET, NMR and hydrodynamic studies should be done to obtain a
better picture of the state of unfolding of BO and DGK in SDS.

Does SDS “unfolding” provide meaningful thermodynamic information from
linear free energy analyses?

The linear free energy method for studying membrane protein “unfolding” in SDS has been
described by Lau & Bowie (46), and more recently this method was applied to BR (47,48) to
examine changes due to site specific mutagenesis. The underlying assumption of this method,
as developed for water-soluble proteins (49), is that added perturbant (e.g. urea or guanidinium)
shifts the equilibrium between folded and unfolded forms of the protein by stabilizing buried
parts of the folded structure in a water-exposed state. The application to unfolding of micellar
membrane proteins assumes that a perturbing detergent (i.e. SDS) displaces protein-protein
interactions with detergent-protein interactions, and that this causes unfolding of the protein.
Because the protein is in a separate micelle phase, rather than in bulk solution, concentrations
must refer to the micelle phase. In protein association studies, this has been conveniently done
by using mole fraction concentration units (69,70). For protein unfolding studies in micelles,
there are complications which are not encountered in protein association equilibria. First, the
micelle itself changes as the perturbing detergent (i.e. SDS) is added. Therefore, the mole
fraction cannot be easily calculated without knowing how the mixed micelle structure changes
with addition of perturbing detergent. Second, when an ionic perturbing detergent is added to
a neutral micelle, the mixing is non-ideal (71). For example, SDS monomers will less readily
add to SDS-rich micelles than to micelles containing little SDS, due to charge repulsion. Since
the micellar SDS concentration is not linear with total SDS concentration, a linear free energy
model is not applicable. In their studies of effects of mutagenesis on BR stability, Bowie and
co-workers (47,48) have avoided some of the hazards of these problems by measuring AAG
values over a narrow perturbant concentration range, rather than by extrapolating to zero
perturbant concentration. However, the validity of this approach has not been established. The
experimental AAG values representing mutagenesis-induced changes in BR stability were
computed by Lomize et al. (72) using small molecule data, but for unknown reasons, 8 out of
22 mutation sites gave poor fits.

In summary, for the few membrane proteins examined, SDS does not unwind helices, and in
some cases SDS does not cause large conformational changes. Nevertheless, SDS clearly
perturbs the structure of membrane proteins. The most detailed information on the structural
changes of BR in SDS comes from the NMR structure of a two-helix fragment of BR (35).
Although the secondary structure is similar to the native structure, no inter-helix NOE
interactions were observed. Because NOEs typically occur over distances of a few Angstroms,
the binding of a single layer of SDS molecules between the helices would be sufficient to
eliminate the interhelix NOEs. Binding of SDS would also be consistent with the distance
increase of about 2 A observed by FRET for BO transferred from lipid/detergent micelles to
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SDS micelles (68). From the limited structural information available about SDS binding to
proteins (64,73,74) it seems plausible that SDS molecules could insert between helices,
stabilized by non-polar interactions with aliphatic and aromatic side chains, and by H-bonded
interactions and ionic interactions between the sulfate group and protein polar groups. As an
alternative to interpreting the SDS-induced transitions as unfolding, we could treat the data as
an SDS binding process. SDS binding to a membrane protein in a mixed micelle can be modeled
using a Hill-type equation (75):

Y = K[D]"/(1+K[D]") (1)

where Y is the fraction of protein molecules with n SDS binding sites occupied, measured by
a spectroscopic method which probes structure at helix-helix interfaces, such as retinal
bleaching in BR (47,48) or UV difference spectra in DGK (46); [D] is the unbound
concentration of SDS, in mole fraction units; n is the Hill constant; and K is the apparent
association constant:

K = [PD,]/([P][D]") )

where [PDy] is the concentration of protein with n SDS binding sites occupied and [P] is the
concentration of protein with no SDS bound (figure 1A). Since 1-Y is the fraction of protein
without SDS bound, the ratio Y/(1-Y) is the same as ratio of “unfolded” to folded protein, using
the same data but interpreting it in terms of SDS binding instead of unfolding. Thus, the
apparent free energy of “unfolding” calculated from equation 1 is:

AGypp = —RTIn (Y/(1-Y)) = = RT In K — nRT In [D] @)

Obviously equation 3 is not linear in SDS concentration, but as a practical matter, the
“unfolding” transitions reported (46-48) are relatively sharp and occur above 0.5 mole fraction
SDS. When the mole fraction region used for the extrapolation is restricted to the concentration
range of the transition, and when this range is at high mole fraction values, there is little change
in the slope of the AG4pp vs. [D] curve (fig. 1B). Thus, it may be difficult to distinguish SDS
binding from an unfolding process that follows a linear free energy equation. Other types of
binding models which explicitly assign individual association constants to each bound SDS
molecule will produce essentially the same result. The measurement of AAG due to
mutagenesis is consistent with the SDS binding model in equation 3. Mutations which
strengthen SDS binding would be expected to increase K in equation 2, thus shifting the 1-Y
vs. [D] curve to the left, in figure 1A. Faham et al. note that the values of AAG of BR mutants
are linearly correlated with the amount of buried surface removed from helix-helix interfaces
by the mutation, independent of polar interactions (47). This surprising result can be simply
explained interms of an SDS binding model: the removal of buried surface from helix interfaces
creates better binding sites for SDS. These sites are not accessible to neutral, activity-
supporting detergents (e.g. LM or CHAPSO). By contrast, on the micelle-facing surfaces of
the helices, holes created by mutations would be accessible to binding by both the activity-
supporting detergents and by the perturbing SDS, so there would be no change in AG (fig. 2).

The above discussion might seem to be merely a semantic argument: wouldn't SDS binding
between helices actually be a type of unfolding? The free energy changes measured by SDS
interactions with membrane proteins may well contain most of the enthalpy of unfolding, since
SDS binding would replace helix-helix interactions with helix-SDS interactions. However,
because the SDS-protein complex has a compact structure, similar to the native structure, the
entropy of unfolding cannot be properly estimated by this method. It has been argued (46) that
the entropy of unfolding of a membrane protein (i.e. due to helix separation) will be small
compared with the entropy of unfolding of a watersoluble protein, since membrane proteins
are spatially constrained within the bilayer, or within a micelle. Nevertheless, the entropy
change is unlikely to be 0. A recent estimate, based on model compound studies, is about -4
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kcal/mole per helix pair (72). In addition to the entropy of helix separation, changes in side
chain entropy may occur upon unfolding, which may not be observed in the SDS-bound state.
Therefore, the SDS “unfolding” method gives an incomplete measurement of unfolding free
energy because it does not include all the unfolding entropy changes.

While there is not yet any satisfactory procedure for reversibly unfolding helical membrane
proteins, | would like to finish with some suggestions about future directions which appear to
offer promising new methods.

1) Homogeneous solvent systems

Some of the difficulties with trying to unfold membrane proteins in micelle systems might be
avoided by using a single phase solvent system. Several attempts have been published. An
ethanol/water system was claimed to permit equilibrium unfolding of BO (67). However, it
was later shown that the unfolding in this system was due to acidification as the buffering
capacity changed with increasing ethanol concentration; and the acid unfolding of BO was
found to be irreversible on a time scale of minutes (41). A fluoroethanol solvent system was
found to reversibly dissociate KcsA subunits, but an irreversible unfolding reaction dominates
at high fluoroethanol concentrations (38). Popot and co-workers have recently studied
fluorocarbon amphiphiles which contain small hydrocarbon regions (76). For example, HF-
TAC contains six CF, groups connected to two CH, groups. The hydrocarbon appears to
interact with the membrane protein lipid-facing surface, leaving the CF, groups to form an
outer lipophobic coating. This seems to stabilize helical transmembrane proteins such as BO
and cytochrome bfg (76), as well as preventing aggregation of hydrophobic surfaces in aqueous
solution (77). It may be possible in future experiments to use nonamphiphile versions of mixed
hydro- and fluorocarbons to reversibly unfold membrane proteins in a homogeneous solvent.

2) Reverse micelles

Hydrocarbon solvents mixed with sulfonic acid amphiphiles such as sodium bis(2-ethylhexyl)
sulfosuccinate (AOT) form well-characterized water-filled reverse micelles (78).
Incorporation of integral membrane proteins into this type of micelle system has not yet been
systematically studied. Detailed examination of myelin proteolipid in reverse micelles
indicates that, at high micelle to protein ratios, one integral membrane protein could bridge
two reverse micelles (79). One reason for pursuing reverse micelles for membrane protein
unfolding measurements is that the amount of protein surface exposed on unfolding is, in many
cases, greater for the lipid-contacting helical segments than for the aqueous-solvated
connecting loops. Ordinary micelles constrain the volume changes possible as membrane
proteins unfold. By constraining the loops rather than the helices to a fixed internal micelle
volume, there may be a higher likelihood of obtaining helix-helix separations in the presence
of a perturbant. For example, splitting BR between surface loops exposes loop surfaces that
range from 5% to 36% of the corresponding exposed helix surface. However, it is not clear
what sort of perturbant could be used to achieve destabilization of interhelix interactions. One
possibility is short chain alcohols, which could disrupt interhelix hydrogen bonds. At least in
some reverse micelle systems, addition of alcohol has relatively minor effects on the micelle
properties (80).

3) Fragment recombination

Currently, some of the best thermodynamic information about interhelix interactions of TM
helices comes from studies of oligomerization (70,81-84). Proteolytic fragments of BR
containing various numbers of helices can spontaneously associate to form active protein
(34,36,67,85-88), which helped form the basis of the Popot-Engelman two-state model. While
not all of the individual BR helices, or groups of BR helices, are stable (39-41), enough
combinations are stable and spontaneously associate to suggest that the unfolding free energy
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might be measured by studying fragment association equilibria. Several other TM proteins
with mutliple TM helices have been reconstituted from fragments, including lac permease
(89) and various G-protein coupled receptors (90-93). A possible problem with using fragment
association to study folding is that some fragments may self-associate (94-96).

If the rate of peptide transfer from one micelle to another is not rate-limiting, it may be possible
to also measure folding/unfolding kinetics by fragment recombination/dissociation. Fragment
combination kinetics were previously used to study water-soluble protein folding. For example,
the rate of association of RNase S-peptide with S-protein has been measured (97,98). In this
system, it was possible to examine the effects of amino acid substitutions on the association
rate, permitting analysis by the ¢-value method (99). This method can give valuable
information about the structure of the transition state and possible folding pathways.

Conclusions

Further work is needed to clarify the nature of the SDS-associated state of helical
transmembrane proteins. Regardless of the extent to which SDS unfolds membrane proteins,
it would be worthwhile to pursue new strategies for obtaining information about the unfolded
state of helical membrane proteins.
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Figure 1. Modeling of SDS-perturbed membrane protein as cooperative SDS binding rather than
unfolding

A. The quantity 1-Y (equation 1) is plotted against SDS concentration, with K= 12 and n =
10. The curve is similar to experimental plots of cooperative spectroscopic changes observed
in DGK (46) or bacteriorhodopsin (14, 47, 48) as a function of SDS concentration. B. The SDS
binding curve in fig. 1A is interpreted as unfolding, with the equilibrium constant for unfolding
equal to Y/(1-Y). The apparent free energy change was calculated from equation 3 for several
points. Although equation 3 is not linear with SDS concentration, over the transition region
the points fit to a straight line with a 0.99 correlation coefficient.
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Figure 2. SDS binding model and mutations

A. Left: two interacting transmembrane helices are solubilized in a detergent (white) that
stabilizes the active structure. Right: after addition of SDS (black), some SDS binds to sites
between helices, changing spectroscopic properties. B. Mutation along the interhelix interface
creates a cavity which is inaccessible to the activity-supporting detergent (white), but to which
SDS (black) can bind. This decreases the concentration of SDS required to cause cooperative
spectroscopic changes (fig. 1). C. Mutation on the detergent-facing surface creates a cavity
which does not affect the cooperative spectroscopic changes, even if SDS binds to it.
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