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Understanding how the lipid environment influences transmembrane
helix association requires thermodynamic measurements that can be
interpreted in terms of specific chemical interactions. We have used For-
ster resonance energy transfer to measure dimerization of the glyco-
phorin A transmembrane helix in detergent micelles. The observed Ky is
at least two orders of magnitude weaker in sodium dodecyl sulfate than
it is in zwitterionic detergents. In contrast, neither dimerization nor the
detergent affects the secondary structure of the glycophorin A helix as
measured by far-UV circular dichroism. These measurements support a
long standing assumption about the glycophorin A transmembrane
domain, that detergents uncouple helix formation from helix dimeriza-
tion. The approach is applicable to a variety of systems in diverse
environments, extending our ability to measure how interactions with
complex solvents affect the thermodynamics of oligomerization.
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Introduction

Understanding how features of the
environment such as thickness, fluidity, and com-
position influence the folding and oligomerization
of membrane proteins has been limited by a lack of
thermodynamic data (Haltia & Friere, 1995; Killian,
1998; Lee, 1998; Mouritsen & Bloom, 1993; Stowell
& Rees, 1995; van Klompenburg et al., 1997). The
insolubility of membrane-spanning helices in aqu-
eous solutions complicates investigation of their
folding and assembly (Popot & de Vitry, 1990;
White & Wimley, 1998), even though their hydro-
phobic nature facilitates their identification in
sequenced genomes (Boyd et al., 1998, Wallin &
von Heijne, 1998). New approaches, such as the
one presented here, are being developed to identify

reversible steps in membrane protein folding path-
ways and to measure how they are thermodynami-
cally coupled to environmental properties (Booth
et al., 1997; Huang et al., 1981; Lau & Bowie, 1997;
Sturgis & Robert, 1994). Popot & Engelman (1990)
hypothesized that the formation of individual
transmembrane helices may be energetically dis-
tinct from their assembly into helical bundles and
oligomeric structures. They proposed that stable
helical domains are formed in stage I through
hydrogen bonding and insertion into a membrane,
which subsequently assemble in stage II to form
tertiary and quaternary structures.

Dimerization of the human erythrocyte protein
glycophorin A has proven to be an instructive
example of a stage II reaction. The glycophorin A
transmembrane domain (GpA) lacks bound pig-
ments or cofactors, forms stable helical dimers in
the absence of the soluble domains, and can be

lipid
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reversibly assembled in a variety of environments.
The structure of the dimer has been solved by
NMR in dodecyl phosphocholine micelles (DPC)
(MacKenzie et al., 1997) and the association of GpA
has been investigated in pure phospholipid
bilayers (Adair & Engelman, 1994; Sami &
Dempsey, 1988; Smith et al., 1994), in the Escheri-
chia coli inner membrane (Langosch ef al., 1996;
Leeds & Beckwith, 1998; Russ & Engelman, 1999),
and computationally (Adams et al., 1996; Treutlein
et al., 1992).
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All the thermodynamic experiments so far
reported have used a chimeric protein developed
by Lemmon et al. (1992a) in which the transmem-
brane domain of GpA is attached to the nuclease
from Staphylococcus aureus (SN/GpA). Using the
SN/GpA chimera allows the expression of many
mutants that can be purified from E. coli and facili-
tates assessment of dimerization from changes in
the apparent molecular mass. The relative amount
of dimer in SDS-PAGE was used to assess the
effect of single mutations on dimerization
(Lemmon ef al., 1992b). The assay has since been
extended to include single and multiple insertions
(Mingarro et al., 1997).

Recently, measurements of the SN/GpA dimer
structure and its sensitivity to mutation have been
extended to less denaturing detergent environ-
ments. The SN/GpA parallel dimer has been
measured in a zwitterionic detergent, N-dodecyl-
N,N-dimethyl-4-amino butyrate (DDMAB) using
small-angle X-ray scattering (Bu & Engelman,
1999). The stability of the wild-type dimer pre-
cluded measurement of the equilibrium constant,
but the effect of a destabilizing mutation was mea-
surable by this new method. Dissociation constants
of SN/GpA and single-point mutants have been
measured in the non-ionic detergent polyoxyethy-
lene-5-octyl ether using analytical ultracentrifuga-
tion (Fleming et al., 1997). These measurements
provide the first relative scale of the sequence-
dependent stability of the GpA dimer, although
the precise chemical and thermodynamic interpret-
ation of the data remains at an early stage
(MacKenzie & Engelman, 1998). While each of
these approaches has unique advantages, each
technique is also dependent on specific micelle
properties: on negative charge in SDS-PAGE, on
matching the electron density in small-angle X-ray
scattering, and on matching the buoyant density in
analytical ultracentrifugation.

A complete investigation of GpA dimerization
must ultimately include the coupled equilibria
involving the detergent illustrated in Figure 1(a):
detergent binding to the peptide monomer, deter-
gent binding to the peptide dimer, and micelle for-
mation. Each state available to the detergent
involves a different number of detergent molecules
(x, y, or z) associating with a distribution of bind-
ing constants. Furthermore, the detergent activity
is not a simple function of concentration as the
activity coefficient changes dramatically at the criti-
cal micelle concentration (CMC), becoming much
less than unity. The detectable molecular species
illustrated in Figure 1(b), i.e. the monomeric and
dimeric peptides with their respective detergent
environments, reflect the relative partitioning of
the dissolved monomeric detergent between the
three complexes. Thus, the observed equilibrium
includes environmental terms as shown in
equation (1):

a n=xy orz
"3
Kx e Ky N K mic
GpA:Det, GpA: Det
b

+ (2x-y) 3 -— 2

K obs

2 GpA t+ y Det 2 (GpA + xDet)

Figure 1. Observed GpA dissociation. (a) A detergent
molecule may remain dissolved as a monomer (top),
bind to the surface of monomeric GpA (bottom left),
bind to the surface of dimeric GpA (bottom middle), or
self-associate to form micelles (bottom right). (b) The
coupled equilibria involving the detergent are detected
indirectly through their effect on GpA dissociation. The
two measurable species in this study are the dissolved
GpA dimer with an average of y-bound detergent mol-
ecules (left), and the dissolved GpA monomer with an
average of x-bound detergent molecules (right).
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where K, and K, are the equilibrium constants
describing detergent binding to the monomer and
dimer peptides, and K. is the equilibirum con-
stant reflecting detergent self-association. The
environmental term will only be small when the
fraction K3/K K. is close to unity. As a first step
toward understanding transmembrane helix associ-
ation in specific chemical and thermodynamic
terms we sought to determine if the effect of the
environment on helix association was large enough
to be measured and if it could be separated from
the effect of the environment on helix formation.
Forster resonance energy transfer (FRET) has
been widely used to measure relative distances in
proteins and nucleic acids (van der Meer et al.,
1994; Stryer, 1978), but less frequently to measure
kinetic and thermodynamic properties of oligo-
meric complexes (Patel et al., 1994; Veatch &
Stryer, 1977; Wendt et al., 1995). The possibility of
very low dissociation constants for membrane
helix oligomerization and the high sensitivity of
fluorescence make FRET a useful technique for this
type of study. We have used peptides labeled
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uniquely and completely with small fluorescent
probes to measure the dissociation constant of the
GpA dimer and its sensitivity to the environment.
Combined with far-UV circular dichroism (CD)
spectroscopy to measure the average secondary
structure of the monomeric and dimeric GpA, we
demonstrate the utility of the approach in anionic
and zwitterionic detergent micelles.

Results and Discussion
Experimental design

Measuring how the environment affects the ther-
modynamics of GpA dimerization requires a sensi-
tive indicator of GpA monomer and dimer
concentrations that can be applied in both micelles
and lipid bilayers. The primary sequence of the
transmembrane domain of human glycophorin A,
including the hydrophobic region and flanking
amino acids expected to interact with the polar
head groups of the lipids, is shown in Figure 2(a).
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Figure 2. Glossary of molecules. (a) The sequence of
the human GpA transmembrane domain showing the
hydrophobic region (underlined) and residues at the
dimer interface (boxed in gray). The labels were
attached to the N terminus on the left. A monomeric
control peptide has leucines in place of the two glycines
marked by asterisks below their positions. (b) GpA des-
ignates the unlabeled wild-type sequence, Pyr-GpA and
Cou-GpA designate the pyrene donor and the coumarin
acceptor at the N terminus, and Control designates the
unlabeled double mutant. The structures of the labels
conjugated to the N terminus. (c) The detergents used in
this study, SDS, DDMAB, and DPC.

To use Forster resonance energy transfer as a
measure of peptide association, pyrene (Pyr) and
7-dimethylaminocoumarin (Cou) were selected as
a donor-acceptor pair (Haugland, 1996). A syn-
thetic approach allowed the fluorescent labels to be
attached uniquely and completely through conden-
sation of a carboxylic acid derivative with the
amino terminus of the polypeptide. As displayed
in Figure 2(b) we will refer to the peptides using a
prefix that refers to the identity of the label. An
unlabeled monomeric control peptide was syn-
thesized with leucine residues in place of glycine
residues at positions 79 and 83. Each Gly to Leu
mutation abolished dimerization in SDS-PAGE
(Lemmon et al., 1992b).

The three dodecyl detergents examined in this
study (Figure 2(c)) allow us to test the utility of
our approach by drawing on what is known about
the GpA dimer from other methods. SDS was used
to explore the unusual stability of the wild-type
GpA dimer and to establish a thermodynamic
foundation for the extensive mutagenesis in SDS-
PAGE (Lemmon et al., 1992b). DDMAB and DPC
are zwitterionic detergents thought to be more
native-like than SDS. Independent structural data
showing a parallel helix dimer are available in all
three detergents (Bu & Engelman, 1999; Lemmon
et al., 1992b; MacKenzie et al., 1997).

Characterization of labeled peptides

The effect of labeling was assessed to ensure that
the attached fluorophores provided a sensitive
measure of concentration without significantly
altering the secondary structure of the peptide. The
experimentally determined molar absorptivity of
the labeled peptides at their absorption maxima
are 32,000(£2600) 1 mol~! cm™! at 344 nm for
Pyr-GpA and 16,500(£3200) 1 mol™' em™' at
378 nm for Cou-GpA. Relative to the free dyes in
methanol (Haugland, 1996) the absorption maxima
were red-shifted <10 nm and the extinction coeffi-
cients of the fluorophores attached to the peptide
were reduced by 20% to 25% after reconstitution
into detergent micelles. Since both chromophore
conjugation and interactions with the local
environment may have large effects on the absor-
bance and quantum yield, the small red-shift and
moderate reduction is not surprising.

Far-UV circular dichroism spectroscopy was
used to detect whether fluorescent labeling affected
the secondary structure of the GpA peptide. The
CD spectra shown in Figure 3 all have a maximum
near 194 nm and double minima near 208 nm and
222 nm, which are characteristic of a-helical sec-
ondary structure. The spectra of the labeled and
unlabeled GpA peptides were indistinguishable in
the three detergents, showing that the strong UV
absorbance of the fluorophores does not affect the
measured spectra. Furthermore, the spectra of the
dimeric GpA peptides are identical to the spectra
of monomeric control peptides. The spectrum of
monomeric GpA, which is measurable only in SDS
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Figure 3. Secondary structure of the peptides. Far-UV
circular dichroism spectra of each peptide was collected
in each detergent; unlabeled GpA (---), Pyr-GpA and
Cou-GpA (—), unlabeled control (---); (a) 25 mM
SDS; (b) 25 mM DPC. Spectra obtained at other deter-
gent concentrations and in DDMAB were the same as
the spectra shown. The measured ellipticity was con-
verted to mean residue ellipticity (MRE) as described in
Materials and Methods.

because of the dimer stability, is also the same
(data not shown). The mean residue ellipticity is
60(£3) kdeg cm? dmol~" at 194 nm, —28(+2) kdeg
cm? dmol™ at 208 nm, and —28(+1) kdeg cm?
dmol™ at 222 nm. These values are independent of
peptide and detergent concentration and are con-
sistent with largely o-helical polypeptides, which
neither change secondary structure nor are subject
to super-helical twisting upon association (Zhou
et al., 1992). CD measurements of GpA peptides in
other environments (Schulte & Marchesi, 1979;
Smith et al., 1994) are similar to the helicity we
have measured, which includes the detergent
(DPC) in which the NMR structure of the GpA
dimer was solved (Figure 3(b)) (MacKenzie et al.,
1997). This result confirms that GpA helix for-
mation is uncoupled from dimerization, in stark
contrast to the coupling between the random coil
monomer and helical oligomer observed in soluble
helix assocation reactions. Together, the UV and
CD data show that we can reproducibly assemble
the labeled GpA peptides in SDS, DDMAB, and
DPC micelles, and justify our confidence in com-
paring thermodynamic measurements between
them.

The SN/GpA chimera was used in the SDS-
PAGE assay to determine whether fluorescent
labeling interfered with formation of chimera-pep-
tide heterodimers (Lemmon et al., 1992b). An
experiment comparing the migration of the SN/
GpA chimera in the presence of labeled and
unlabeled peptides is shown in Figure 4. The first
lane shows two bands corresponding to chimera
monomer and dimer. Addition of peptides in lanes
2-4 results in the appearance of a band that
migrates between the monomer and dimer bands.
This third band corresponds to the expected
migration of the chimera-peptide heterodimer,
demonstrating that the labeled peptides compete
for the helix-helix binding sites. The bands in lane
2, in which unlabeled peptide was added, are the
same as the bands in lanes 3 and 4, in which
labeled peptides were added, showing that the
labels have no measurable effect on the ability of
the peptides to compete with the SN/GpA chi-
mera. The control in lane 5 does not exhibit a het-
erodimer band confirming that this application of
the SDS-PAGE assay retains the expected sequence
specificity. Formation of chimera-peptide heterodi-
mer demonstrates that although the dimers are
unusually stable, the transmembrane helices com-
prising the GpA dimer are able to exchange with
one another.

Evidence of sequence-dependent Forster
resonance energy transfer

The donor and acceptor fluorophores were cho-
sen to provide a FRET signal that is insensitive to
the details of the dimer structure but sensitive to
the amount of dimer present. The excitation and
emission spectra of the labeled peptides shown in
Figure 5 display advantageous properties of the
fluorophores. The donor (Figure 5(a)) has a high
extinction coefficient and there is good overlap of
its emission spectrum with the acceptor absorption
spectra (Figure 5(b)). Furthermore, pyrene has
a high quantum yield and narrow bands allowing
for easy detection of energy transfer through
sensitized acceptor emission. Measurement of the
donor fluorescence yield gave a value of 25% for

Dimer — | wiw «- e o o
Heterodimer :
Monomer —— - - L.

1 2 3 4 5

Figure 4. SDS-PAGE competition assay. All the
samples have 15 uM SN/GpA chimera (Lemmon ef al.,
1992a) with various peptides added at a chimera:peptide
ratio of 2:1 (mol:mol). Added peptide: lane 1, none; lane
2, unlabeled GpA; lane 3, Pyr-GpA; lane 4, Cou-GpA;
lane 5, control peptide (a non-dimerizing double
mutant, GpA G79L, G83L).
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Figure 5. Fluorescence spectra of labeled GpA
peptides. Excitation spectra (—) and emission spectra
(---) were collected at peptide concentrations of
2.0 pM. (a) Pyr-GpA, excitation A =345 nm, emission
A =378 nm. (b) Cou-GpA, excitation A =378 nm, emis-
sion A =460 nm. Except for the excitation and emission
A the instrument parameters were the same for (a) and
(b). (c) The emission intensity was measured at 500 nm
as a function of excitation wavelength for an equimolar
mixture of donor and acceptor peptides at a total pep-
tide concentration of 4.0 uM (—) and for separate
samples of donor (---) and acceptor (- — —) peptides at
2.0 uM. The spectra were measured in buffered sol-
utions containing 25 mM DDMAB and are similar to
spectra obtained in SDS and DPC (data not shown).

Pyr-GpA in SDS, well within the expected range
for pyrene (van der Meer ef al., 1994). Together
with the measured quantum yield, spectra similar
to those shown in Figure 5 were used to calculate
the overlap integral for this donor-acceptor pair,
and thus to calculate the Forster radius (R,), the
distance at which the probability of the energy
transfer through a Forster mechanism is 50 %
(Stryer, 1978). R, for FRET between Pyr-GpA and
Cou-GpA is 60(£5) A. Assummg random fluoro-
phore orientations, this pair might be used for dis-
tance measurements in the range of 40-90 A
because FRET depends on the inter-fluorophore
separation to the inverse sixth power. According to
the NMR data, backbone atom mobility near the
amino terminus is much higher than in the helical

region (MacKenzie, 1997), which should allow for
rapid reorientation of the labels. The distance
between amino termini in the GpA dimer was esti-
mated to be in the range of 10-20 A (MacKenzie
et al., 1997). Therefore, because the labels are likely
to have variable orientations and the distance
between donor and acceptor is expected to be con-
siderably less than R, FRET was not likely to be
limited by the distance between or relative geome-
try of the fluorophores.

An alternative to measuring FRET by donor
emission quenching is sensitized acceptor emission,
which may be used to detect FRET even when
interactions with the environment may affect the
donor quantum yield differently in the monomer
and dimer states. In this approach, energy transfer
is detected by scanning the excitation wavelength
while observing the emission at a fixed wave-
length. As shown in Figure 5(c), the excitation
spectra of donor and acceptor labeled peptides
were measured separately and compared to the
excitation spectrum after they were mixed. The
emission detected at 500 nm is plotted as a func-
tion of excitation wavelength from 295 to 445 nm.
At 500 nm the fraction of the emitted light due to
direct emission of the donor is minimal (5-10 %).
The strong FRET signal is evident from the large
increase in the excitation intensity of the peaks
between 300 and 350 nm. An especially useful fea-
ture of the pyrene/coumarin pair is that the pre-
sence of the donor affects neither the relative
fluorescence nor the wavelength of the acceptor
maximum. In each environment the intensity at
378 nm may be used as an internal standard for
acceptor concentration and to confirm the absence
of inner filter effects or other factors which may
affect the measured fluorescence intensity.

Structural studies have shown that GpA forms a
parallel homodimer in SDS, DDMAB, and DPC
micelles (Bu & Engelman, 1999; Lemmon et al,,
1992b; MacKenzie et al., 1997). To ensure that
energy transfer was mediated by dimerization of
GpA rather than the coincidence of two peptides
present in the same micelle, the fluorescence was
measured in the presence of unlabeled peptide.
The spectra shown in Figure 6(a)-(c) focus on the
FRET signal at 345 nm and the acceptor maximum
at 378 nm. The intensity at 378 nm is useful for
verfying that the acceptor concentration is constant
within each experiment. The intensity at 345 nm,
however, depends both on the addition of
unlabeled GpA peptide and on the particular
micelle environment. In each environment the
intensity at 345 nm is reduced ~50 % by the pre-
sence of unlabeled GpA peptide (equimolar with
respect to total labeled peptides), whereas
unlabeled control peptide has no effect. The inde-
pendence of the FRET signal to the presence of
unlabeled control peptide shows that there is
indeed sufficient excess detergent to disperse the
peptides. The ratio of the intensities at 345 nm and
378 nm (I35 nm/ l378 nn) 1S much smaller in SDS
(Figure 6(a)) than in DDMAB and DPC ((b) and
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Figure 6. Competition by unlabeled GpA peptide in detergent micelles. Donor and acceptor peptides were mixed,
equilibrated, and aliquoted into three fractions. After unlabeled GpA (- - -), unlabeled control (---), or detergent (—)
was added, the emission intensity was measured at 500 nm as a function of excitation wavelength and compared to
a solution containing acceptor only (- — —). The final concentrations were 1.5 pM Pyr-GpA, 1.5 pM Cou-GpA, and
3.0 uM unlabeled peptide; (a) 9 mM SDS; (b) 25 mM DDMAB; (c) 25 mM DPC. The maximum theoretical ratio may
be calculated using equation (5) as described in Material and Methods.

(c)). Comparison of the observed ratio I35 m/
L3758 nm to the maximum theoretical ratio calculated
from the measured molar absorptivity indicates
that the GpA dimer is less stable in SDS than in
the two zwitterionic micelles. Reduction of the
FRET signal by ~50% specifically in the presence
of GpA peptide, indicates that the FRET signal is
proportional to the concentration of sequence-
dependent heterodimers, and is thus a sensitive
measure of the extent of association. Reduction by
a value other than 50 % would have indicated pro-
blems, such as interference from the labels or lack
of equilibration. Thus, regardless of the different
oligomer stabilities competition with an unlabeled
sample provides a relatively facile preliminary
experiment to verify an oligomeric model, test for
perturbation of the labels, and screen potentially
important environmental variables.

Properties of the GpA oligomer revealed
by FRET

The stoichiometry of donors and acceptors in the
oligomer was determined to assess whether we
had successfully reconstituted a dimer. The energy
transfer was measured as a function of donor-
acceptor ratio, while keeping the total peptide and
detergent concentrations constant. In Figure 7 the
total energy transfer (E) is plotted as a function of
the mole fraction of acceptor (Xacceptor): Energy
transfer depends linearly on the acceptor mole frac-
tion only when the oligomer is a dimer and the
equilibrium constants of donor-donor, acceptor-
acceptor, and donor-acceptor dimerization are the
same (Stryer, 1978). For dimers, the energy transfer
is described by equation (2):

E=E;x XAcceptor (2)

where E; is the efficiency of energy transfer within
a given heterodimer. The observed energy transfer

extrapolates to a maximum value of 100 %, con-
firming our expectation that neither the distance
between the donor and the acceptor nor their rela-
tive orientations would limit energy transfer. Thus,
this donor-acceptor pair serve as a sensitive
measure of dimer concentration without interfer-
ence from possible changes in the details of the
peptide structure in the monomer and dimer
states.

The time required to reach equilibrium was
determined by following the growth of the energy
transfer signal until a steady state was achieved.
As shown by the raw data presented in Figure 8(a),
the intensity at the acceptor maximum (378 nm)

100

~
(&)
2

Energy Transfer (%)
] 3

0 T T . """ 7
0 0.2 0.4 0.6 0.8 1

X Acceptor  (Mole fraction)

Figure 7. Stoichiometry of donors and acceptors.
Energy transfer was calculated using equation (5) as
described in Materials and Methods and is plotted as a
function of the acceptor mole fraction. The ratio of
Cou-GpA to Pyr-GpA was varied between 0.20 and 1.0
while keeping the total peptide concentration constant
at 2.0 uM and the detergent concentration constant at
12.5 mM DDMAB. Calculated curves for dimer (—) and
tetramer (---) when the equilibrium constants for donor-
donor, donor-acceptor, and acceptor-acceptor association
are the same.
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Figure 8. Kinetics of heterodimer formation. Growth
of the energy transfer signal was monitored as a func-
tion of time in each detergent. Stock solutions of 4.0 pM
Pyr-GpA and Cou-GpA were prepared, equilibrated,
and mixed at a 1:1 molar ratio. The reaction was moni-
tored over several hours by measuring the emission
intensity at 500 nm as a function of excitation wave-
length between 335 nm and 380 nm. (a) Equilibration in
25 mM DPC at 45°C. Acceptor maximum at 378 nm
(O), sensitized emission at 345 nm (@). (b) The ratio of
intensity at 345 nm and 378 nm was normalized to the
maximum ratio measured after 36 hours. Reaction con-
ditions: 1.4 mM SDS at 25°C (O), 25 mM DDMAB at
25°C (O), 25 mM DPC at 45°C (A). The temperature
was elevated to 45°C because the reaction in DPC did
not equilibrate at 25°C even after several days (data not
shown). The temperature used by MacKenzie et al. for
the NMR structure determination was 40°C (MacKenzie
et al., 1997).

remained relatively constant throughout the reac-
tion, while the intensity at 345 nm steadily
increased from an initial value corresponding to
the direct emission of the donor and acceptor. In
order to facilitate comparison of the reaction in
specific detergents without regard to changes in
stability, the ratio of the intensity at 345 nm to
378 nm (I345,345) Was normalized to the maximum
ratio observed after 36 hours. The time required to
reach a steady state depended on the identity and
concentration of the detergent and was in general
at least tenfold shorter in SDS than in the zwitterio-
nic detergents; SDS (~ten minutes)) DDMAB

(~two hours), and in DPC (>12 hours). These
experiments indicate that modulation of the GpA
dimerization kinetics by the micelle environment is
indeed measurable using our FRET approach.
Under these conditions, the reaction monitored by
the FRET signal is an exchange reaction between
homodimers to form heterodimers; DD + AA — 2
DA. Formation of heterodimers requires dis-
sociation and reassociation of the peptides as well
as diffusion and mixing of the micelles, therefore a
detailed kinetic analysis must take into account the
different number and properties of the micelles. At
this preliminary stage we may conclude that the
kinetics of GpA dimerization is modulated by fea-
tures of the micellar environment even though we
cannot distinguish specific properties important for
micelle mixing from those important for peptide-
peptide or peptide-micelle interactions. These
experiments confirmed our expectation that this
donor-acceptor pair provide a sensitive measure of
the GpA monomer and dimer concentrations and
allow us to study how specific features of the
environment modulate the thermodynamics of
transmembrane helix association.

It is worth noting however, that these data alone
do not allow us to distinguish between dimer for-
mation (DD + AA — 2 DA) and tetramer for-
mation from the association of kinetically trapped
dimers (DDDD + AAAA — 2 DDAA). In both
reactions the change in oligomer order is by a fac-
tor of two. The latter reaction might occur if associ-
ation of GpA dimers in a head-to-tail fashion is
mediated by the opposite charges at the end of the
transmembrane domain. Head-to-tail association is
biologically irrelevant, but is a possible experimen-
tal artifact produced when the uniquely oriented
membrane helices are extracted into an isotropic
solvent (Challou et al., 1994). In the SDS-PAGE
experiment (see Figure 4), no tetramer band was
detected and the exchange of homodimers to form
heterodimers clearly depended on the GpA
sequence known to form the helix-helix interface.
Building on the independent structural measure-
ments that have demonstrated the parallel geome-
try of the GpA dimer (Bu & Engelman, 1999;
Lemmon ef al., 1992a; MacKenzie et al., 1997), we
used FRET to explore how specific features of the
environment modulate the thermodynamics of
transmembrane helix association.

Thermodynamics of the GpA dimer in SDS

The sensitivity of GpA dimerization to SDS con-
centration and temperature was investigated
because of the unusual stability of the GpA dimer
in SDS-PAGE, which is observed even after boil-
ing. The dissociation constant was measured by
serial dilution of the peptide while keeping the
concentration of other components constant. In
Figure 9(a) the fraction dimer is plotted as a func-
tion of the total peptide concentration in 5 mM
SDS. The data measured at peptide concentrations
ranging from 10 nM to 5 pM clearly correspond to
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Figure 9. GpA dissociation in SDS micelles. Initial
samples were prepared with an equimolar mixture of
donor and acceptor labeled peptides at a total concen-
tration of 5.0 pM. Total peptide concentration was var-
ied by serial dilution, while the other components were
held constant. Excitation spectra were collected and
evaluated as described in Materials and Methods. The
fraction dimer is plotted as a function of total peptide
concentration; (a) 5 mM SDS at 25°C. The continuous
and broken lines are the expected curves for a dimer or
a tetramer model, respectively. (b) The GpA dissociation
constants were measured as a function of SDS concen-
tration. The critical micelle concentration was measured
as described in Materials and Methods; 65 uM in all our
experimental conditions (¥%). (c) The reaction AG as a
function of temperature was calculated from the Ky
using 1 M as the standard state and considering SDS as
a co-solute present at 7 mM.

the curve calculated for dimer dissociation accord-
ing to equation (3) with a dissociation constant of
1.9(£0.4) uM:

2

The upper limit of the data (~5 pM) corresponds
to the concentration at which the absorbance of the
sample in a 3 mm cuvette is <0.05, the practical
limit for avoiding inner filter effects. The lower
detection limit is met when the background is
>50% of the total fluorescence, and thus depends
both on environment and on temperature. The
broken line describes the curve calculated for a
tetramer-monomer dissociation, showing that we
can indeed distinguish between a dimer and tetra-
mer model even if the top of the curve can not be
measured.

Since the detergent was expected to be the most
important co-solute, we examined the effect of SDS
concentration on the equilibrium using data
derived from dissociation curves similar to the one
shown in Figure 9(a) (listed in Table 1). In
Figure 9(b) the observed K, value is plotted as a
function of the SDS concentration. For comparison
the CMC measured in the absence of peptide
(65 uM) is marked with an arrow. As the SDS con-
centration increases the measured dissociation con-
stant also increases, from a dissociation constant of
0.56 uM in 1.2 mM SDS to a maximum observable
value of ~10 pM in 25 mM SDS. The relationship
shows two important features. First, the relation-
ship between Ky and SDS concentration is linear
up to ~7 mM though thereafter it may saturate.
Second, the K at the critical micelle concentration
of the detergent is non-zero. The possible satur-
ation is consistent with SDS-PAGE experiments
where significant dimer is still observed even in

Table 1. Observed GpA dissociation constants

Excess detergent

Micelle environment Ky (uM) (mol:mol)
DDMAB*? 0.08 £ 0.04 260,000
DPC? 0.16 £0.08 150,000
SDS (mM)
25 ~10 2200-3100
20 3.6 5600
15 29 5100
10 3.0 3300
7.0 2.7 2600
5.0 1.9 2500
3.5 15 2300
2.5 0.98 2500
2.0 0.99 2000
14 0.68 2000
1.2 0.56 2100

2 Dissociation constants were measured in buffered solutions
containing 25 mM detergent (or in SDS at the indicated concen-
tration), at 25°C, except in DPC at 45°C. The micellar concen-
tration was calculated from the total concentration by
subtraction of the CMC (65 pM SDS; 4.3 mM DDMAB; 1 mM
DPC, independent of temperature). The excess environment
indicates the moles of micellar detergent per mole of peptide at
the Kg.
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the presence of very high detergent concentrations
(69-100 mM). It should be borne in mind, however,
that there are relatively large uncertainties associ-
ated with our Ky determinations at high detergent
concentrations. The second point is also clear from
the raw data where dilution of a sample with
detergent-free buffer leads to a reduction in the
degree of association (data not shown). Future
work will investigate whether the dependence of
the K4 on SDS indeed reaches a constant value.

The temperature dependence of the dissociation
constant was measured in 7 mM SDS. The K is
linear with temperature (Figure 9(c)) and can thus
be evaluated with the van’'t Hoff equation. We
were limited in the temperature range we could
use; at the low end by SDS crystallization, and at
the high end by fluorophore quenching. Therefore,
for determination of the thermodynamic par-
ameters, only the data in the linear region between
298 and 318 K were used. A rather small van't
Hoff enthalpy of —3.6 kcal mol™! is observed, cor-
res1p0nding to a specific enthalpy of only 0.9 cal
g~ . Under these conditions the observed change in
the Gibb’s free energy of the reaction depicted in
Figure 1 is —7.6 kcal mol™! at 25°C and the entro-
pic term contributes —3.9 kcal mol™ (12 cal mol™
K™'). Recall that the observed Ky reflects the rela-
tive partitioning of detergent between binding to
monomeric GpA, binding to dimeric GpA, and
self-associating to form micelles. At this prelimi-
nary stage we may only conclude that there are
temperature-dependent changes in any or all of the
equilibria described by Kepar Ko K, and K,
which on balance favor the GpA dimer as the
temperature increases.

The observed dependence of the equilibrium on
the aqueous solvent volume, on the concentration
of SDS, and on temperature suggests that SDS
should be considered as a co-solute rather than as
a solvent. The solubility of GpA peptides in the
absence of free SDS micelles indicates that the
transfer of the SDS monomer from solution to the
surface of the peptide is more favorable than SDS
association to form micelles. Whenever this is true
the CMC of the detergent measured in the absence
of peptide provides an upper boundary on the free
energy of GpA-detergent binding. Since in this
case the free energy of GpA-SDS interaction is less
than —5.7 kcal mol™!, the contribution from the
environment may provide a significant fraction of
the total free energy of GpA-SDS complex. The
measured enthalpic and entropic terms favoring
GpA dimerization have the same order of magni-
tude as a single hydrogen bond. Based on these
arguments, interactions between charged or polar
side-chains and detergent head groups may be sig-
nificant, even without specific binding. Extraction
of the protein-protein AG, AH, and AS requires a
better understanding of the interactions between
the protein and the detergent, which we hope will
be possible to acquire using techniques we describe
here. Direct interpretation of observed Ky as AG,
may be possible when conditions are defined

where changes in relative solubility of the mono-
mer and dimer peptides perturb the association
free energy by less than ~0.5 kcal mol™, the cur-
rent precision of available measurements. These
experiments demonstrate that our approach will
allow detailed thermodynamic exploration of the
role of sequence and the environment revealed by
the structural and mutagenesis data describing the
GpA transmembrane helix dimer.

Thermodynamics of the GpA dimer in
zwitterionic detergents

Relative to the strong denaturant SDS, it was
expected that the GpA dimer would be more stable
in zwitterionic detergents considered to provide a
more “native-like” membrane mimetic environ-
ment. The preliminary measurements in two zwit-
terionic detergents are shown in Figure 10; in
25 mM DDMAB at 25°C (a) and in 25 mM DPC at
45°C (b). The elevated temperature used in DPC
experiments was necessary to obtain a reasonable
rate of equilibration. Although the detection
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Figure 10. GpA dissociation in zwitterionic micelles.
Initial samples were prepared with an equimolar mix-
ture of donor and acceptor labeled peptides at a total
concentration of 5.0 pM. Total peptide concentration
was varied by serial dilution, while the other com-
ponents were held constant. Excitation spectra were col-
lected and evaluated as described in Materials and
Methods. The fraction dimer is plotted as a function of
total peptide concentration. The continuous and dotted
lines are the expected curves for a dimer or a tetramer
model, respectively; (a) 25 mM DDMAB at 25°C;
(b) 25 mM DPC at 45°C.
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limits of the data vary (see above and Materials
and Methods), the data correspond to dissociation
constants  0.08(+0.4) yM  in DDMAB and
0.16(£0.8) uM in DPC. The dotted line describes
the curve calculated for a tetramer-monomer dis-
sociation, showing that we can indeed distinguish
between a dimer and tetramer model even the
measurable range is limited by background fluor-
escence or temperature quenching. Future exper-
iments will explore the effect of detergent
concentration and temperature on the K. Never-
theless, these preliminary measurements show that
dissociation of the GpA dimer is measurable even
if it is several orders of magnitude more stable
than it is in SDS.

As a first estimate of the coupling between the
peptide and environment we compared the molar
excess of the detergent in the micellar phase at the
midpoint of the GpA dissociation reaction. The
amount of detergent in the micelle phase was esti-
mated by subtracting the CMC from the total con-
centration: 65 uM SDS, 4.3 mM DDMAB, and
1 mM DPC (see Materials and Methods). As can be
seen from the data in Table 1, the amount of sur-
factant required to achieve 50 % dissociation of the
GpA dimer is two orders of magnitude higher in
the zwitterionic micelles than it is in SDS. The
trend in the GpA Ky with micellar SDS does not
yield a constant peptide:SDS ratio, suggesting that
the GpA-SDS environmental term is also depen-
dent on the SDS concentration. Although at this
preliminary stage these equilibrium constants can-
not be interpreted directly as GpA dissociation free
energies, the data demonstrate the stability of the
GpA dimer, since it remains associated even in the
presence of a vast excess of micelles.

The relative stability of the GpA dimer in
DDMAB and DPC is consistent with the retained
function of membrane proteins in zwitterionic
environments (Brenner et al., 1995; Kessi et al.,
1994), which depends in part on the maintenance
of transmembrane helix association. In addition,
the relative destabilization of the GpA dimer in
SDS, ~2 kcal mol ™, is of roughly the same magni-
tude as mutations that disrupt packing at the
dimer interface (1-3 kcal mol™!) as estimated in
SDS-PAGE (Lemmon et al., 1992b; Mingarro ef al.,
1997), deduced from the NMR structure
(MacKenzie & Engelman, 1998), and measured by
small-angle X-ray scattering (Bu & Engelman,
1999), or by analytical ultracentrifugation (Fleming
et al.,, 1997). Together with measurements of sec-
ondary structure and detergent binding, the
approach we describe will allow the thermodyn-
amic factors favoring and opposing GpA dimeriza-
tion to be explored in specific chemical terms.

Conclusions

Our approach to use labeled peptides and to
measure oligomerization through sensitized emis-
sion combines several advantages for quantitative

measurements. First, the synthetic approach allows
unique and complete labeling of the polypeptides.
Second, the composition of the membrane-mimetic
environment is not complicated by co-purification
of components from E. coli. Third, sensitized emis-
sion may be used to detect FRET even when inter-
actions with the environment may affect the donor
quantum yield differently in the monomeric and
oligomeric states. Fourth, because the sensitized
emission from the donor pyrene is localized to 300-
350 nm, the acceptor maximum near 380 nm may
be used as an internal control for acceptor concen-
tration. We have shown that the labels neither
interfere with detection of secondary structure nor
with migration and association in SDS-PAGE, and
that the labels are useful for measuring equilibrium
constants over several orders of magnitude. The
approach is limited by current synthetic efficiencies
to domains <60 amino acid residues, by potential
interference from UV absorbing contaminants, by
inner-filter effects, and by quenching at high tem-
perature. Despite these caveats, the approach is
applicable in a wide range of environments and
we expect it will be useful for exploring the rela-
tive importance of environmental factors in the
kinetics and thermodynamics of integral mem-
brane protein assembly.

In contrast to soluble coiled-coils in which helix
formation is coupled to oligomerization, we have
shown that GpA helix formation is independent of
dimerization. The secondary structure of the GpA
monomer and dimer in SDS are the same as the
secondary structure of the GpA dimer in the zwit-
terionic detergents, DDMAB and DPC (in which
the structure was solved). This finding implies that
we are justified in comparing thermodynamic
measurements in these environments, since we are
measuring helix association uncomplicated by
changes in the stability of the helix or by changes
in the structure of other domains. The insensitivity
of the secondary structure to the details of the
micelle environment support the thermodynamic
rationale for stage I of the model described by
Popot & Engelman (1990), that independent helices
are stable because of the strength of hydrogen
bonds in a low dielectric environment. These CD
measurements of the GpA monomer peptide in
SDS have confirmed a long-standing assumption
that glycophorin A is an integral membrane pro-
tein for which formation of the monomer helix is
both energetically and physically distinct from for-
mation of the dimer. These data provide additional
support for the view that dimerization of the GpA
transmembrane domain in SDS-PAGE is stabilized
by van der Waals interactions between comp-
lementary surfaces of independently stable helices.

Our findings that the GpA dimer is about two
orders of magnitude less stable in SDS than it is in
zwitterionic environments and the strong effect
of environment concentration both suggest that
the environment may have as large an impact on
helix association as do mutations at helix-helix
interfaces. The free energy of GpA helix dimeriza-
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tion results from favorable enthalpic and entropic
terms, each contributing —4 kcal mol™ to AG in
7mM SDS. It appears likely that the burial of
~400 A? and the concomitant release of SDS pro-
vides at least half of the free energy favoring
dimerization. These measurements provide a foun-
dation for understanding the stability of the GpA
dimer in SDS and emphasize the role of the lipidic
environment in the folding of membrane proteins.

Materials and Methods
Preparation of labeled peptides

Peptides corresponding to residues 69-101 of human
glycophorin A were synthesized with an Applied Biosys-
tems model 430 peptide synthesizer (Applied
Biosystems, Inc., Foster City, CA) using an Fmoc strategy
and PEG-PS resin. Labeling with pyrene acetic acid or
with 7-dimethylaminocoumarin-4-acetic acid (Molecular
Probes, Eugene, OR) was accomplished through peptide
bond formation as described (Wendt et al., 1995). Free
amino and carboxyl termini were blocked with acetyl or
amide, respectively. Peptides were purified by three
rounds of reversed-phase high performance liquid chro-
matography on a semi-preparative Zorbax cyano-propyl
column with a water/acetonitrile gradient containing
0.3% (v/v) trifluoroacetic acid. After purification to
greater than 99 % purity as determined by integrated
peak intensities, mass spectrometry was used to confirm
the presence of a single peptide corresponding to the
predicted molecular mass. Amino acid analysis was used
to further confirm the purity and identity of the pep-
tides. Amino acid correlation coefficients for the samples
used in this study were R > 0.99 (data not shown).

Purification and characterization of detergents

DDMAB was purchased from Calbiochem, and was
re-crystallized twice from methanol/acetone to remove
most of the UV-absorbing contaminants (Chevalier et al.,
1991). Ultrapure electrophoresis grade sodium dodecyl
sulfate was purchased from Gibco BRL (Grand Island,
NY). The same lot of SDS was used for all the exper-
iments because the association of membrane proteins in
SDS-PAGE is known to be affected by variation in lot
composition. Dodecyl phosphocholine (DPC) (purity
>99 %) (Avanti Polar Lipids, Alabaster, AL) was used
without further purification. The critical micelle concen-
trations (CMC) were measured as the point at which the
relative surface tension became independent of the con-
centration of the surfactant, or by ANS fluorescence (De
Vendittis et al., 1981). The CMC values were independent
of temperature and were consistent with reported values
(Chevalier et al., 1996, Kamenka et al., 1995; Lauterwein
et al., 1979); 65 uM SDS, 4.3 mM DDMAB, and 1 mM
DPC.

Reconstitution into micelles

The HPLC fractions containing peptide were concen-
trated and exchanged into doubly distilled trifluoroetha-
nol by rotary evaporation to achieve a peptide
concentration of 10-20 pM. Two methods were employed
to reconstitute the peptide into micelles. The samples
were diluted with buffered detergent, lyophilized, and
dissolved with water. Alternatively, the samples were

diluted with water (50%, v/v), lyophilized, and dis-
solved with buffered detergent. Final concentrations
were 9-120 UM peptide, 5-67 mM detergent, 200 mM
sodium chloride buffered at 25°C with 20 mM sodium
phosphate to pH 7.0. A potassium hydroxide pellet trap
was included during lyophilization to help remove
residual trifluoroacetic acid, which can be detected by a
peak at 1685 cm™' by Fourier transform infrared spec-
troscopy. If necessary, residual trifluoroacetic acid was
removed by dialysis. The UV, CD, and fluorescence
spectra obtained from samples reconstituted by either
method were indistinguishable. The concentration of the
detergent will be indicated for each experiment.

SDS-PAGE competition assay

The assay was similar to that described by Lemmon
et al. (1992a). Samples were mixed with an equal volume
of Laemmli buffer, heated at 80°C for two minutes,
assayed on a PhastSystem 20% polyacrylamide gel
(Pharmacia, Uppsala, Sweden) and stained with Coo-
massie brilliant blue.

Spectroscopy

Absorption spectra were recorded either on a Perkin
Elmer Lambda 6 (Perkin Elmer, Norwalk, CT) or on a
Cary 5 (Varian, Sydney, Australia) spectrophotometer
using either a 3 mm or a 1 cm pathlength cuvette. Peptide
concentrations ranged from 12 to 25 pM while detergent
concentrations ranged from 5 mM to 67 mM. Extinction
coefficient spectra were calculated using the concen-
trations determined by amino acid analysis. The uncer-
tainties noted are two times the estimated standard
deviation of at least four independently reconstituted
samples and are larger than the propagated uncertainties
calculated using the Student ¢ test for the 95 % confidence
limit, (Schoemaker et al., 1989). The extinction coefficients
determined in trifluoroethanol varied by as much as 50 %,
presumably due to variations in the amount of residual
trifluoroacetic acid in each purified preparation. After
reconstitution removal of residual trifluoroacetic acid
was confirmed by the absence of a band at 1685 cm™! in
Fourier transform infrared spectroscopy.

Far UV circular dichroism spectra (CD) were recorded
on an Aviv 62DS spectrophotometer (Lakewood, NJ)
using either a 0.1 mm or a 0.1 cm pathlength cuvette at
peptide concentrations ranging from 9-120 pM. Typically
spectra were acquired with a resolution of 0.5nm, a
four seconds integration time, and four scans were aver-
aged prior to background subtraction. The dynode
voltage was recorded, and several concentrations were
measured to ensure that neither absorption flattening
nor differential light scattering reduced the apparent
ellipticity. To simplify the comparison between different
samples and to verify the average secondary structure
content, ellipticity spectra were converted from milli-
degrees to mean residue ellipticity, according to equation

4):

Mean residue ellipticity = % 4)

where 0 is the measured ellipticity in mdeg, c the peptide
concentration in pM, n the number of amino acids in the
peptide, and [ the pathlength in cm. Except for the pep-
tide concentration, the solution conditions matched those
in the fluorescence measurements.
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Steady-state fluorescence spectra were recorded on
either an SLM 8000 (SLM, Spectronics Instruments,
Rochester, NY) or a SPEX fluorolog (SPEX, Longjumea,
France) in each case equipped with a R928 Hammamatsu
photomultiplier. Typically spectral resolution of the exci-
tation and emission monochromators were set at 2 nm
and 10 nm, respectively. Excitation spectra between 250
and 450 nm were recorded measuring the emission at
500 nm relative to the reference channel, which corrects
for the wavelength dependence of the excitation intensity.
Samples were measured in a stoppered 3 mm cuvette
with and without degassing. Although oxygen reduced
the donor and acceptor intensity it did not affect the ratio
of the intensity used for FRET. The upper limit of the data
(~5 uM) corresponds to the concentration at which the
absorbance of the sample in a 3 mm cuvette is <0.05, the
practical limit for avoiding inner filter effects. The lower
detection limit is met when the background is >50 % of
the total fluorescence, and thus depends both on the spec-
tral properties of the environment and on temperature.

For calculations of fluorescence yield, emission spectra
were collected at a spectral resolution of 2 nm and cor-
rected for the response function of the detection system.
Quantum yields were calculated by comparison of the
integrated intensity of the emission spectrum with that
of quinine sulfate in 1 N H,SO, adjusted to give an iden-
tical absorption at the excitation wavelength. The quan-
tum yield of quinine sulfate was taken to be 0.55 (Chen,
1967; Melhuish, 1964). Energy transfer was detected by
sensitized emission, and calculated according to equation
(5) (Stryer, 1978):

E- [G(M) B 8A0”2):| ea(M)
G()  eaM)]  ep(r2)

The acceptor excitation spectra (G) and the extinction
coefficients (g) were used to choose A,, where the donor
has minimal absorption, and %,, where the extinction
coefficient of the donor is large relative to the extinction
coefficient of the acceptor.
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