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Complex Interactions at the Helix–Helix Interface
Stabilize the Glycophorin A Transmembrane Dimer
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To explore the residue interactions in the glycophorin A dimerization
motif, an alanine scan double mutant analysis at the helix–helix interface
was carried out. These data reveal a combination of additive and coupled
effects. The majority of the double mutants are found to be equally or
slightly more stable than would be predicted by the sum of the energetic
cost of the single-point mutants. The proximity of the mutated sites is not
related to the presence of coupling between those sites. Previous studies
reveal that a single face of the glycophorin A monomer contains a specific
glycine-containing motif (GxxxG) that is thought to be a driving force for
the association of transmembrane helices. Double mutant cycles suggest
that the relationship of the GxxxG motif to the remainder of the helix–helix
interface is complex. Sequences containing mutations that abolish the
GxxxG motif retain an ability to dimerize, while a sequence containing a
GxxxG motif appears unable to form dimers. The energetic effects of
weakly coupled and additive double mutants can be explained by changes
in van der Waals interactions at the dimer interface. These results
emphasize the fact that the sequence context of the dimer interface
modulates the strength of the glycophorin A GxxxG-mediated transmem-
brane dimerization reaction.
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Introduction

The specificity of protein–protein interactions is
critical to the establishment of native protein
structure and to the assembly of protein complexes.
A common method to study the interactions that
specify native protein folds is site-specific mutagen-
esis.1 The interpretation of structural effects of
mutation may be simplified in membrane proteins.
As compared to soluble proteins, membrane pro-
teins exist in a constrained environment in which
the association of helices can be considered inde-
pendently from the formation of secondary struc-
ture elements.2 Thus, an advantage to the study of
helical membrane protein folding is that the
unfolded state may be considered a stable helix
monomer, whereas the unfolded state in soluble
proteins explores a greater conformational space.3,4
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By comparing the structural and thermodynamic
effects of mutants in soluble and membrane
proteins, it may be possible to elucidate whether
similar principles determine the native fold in such
different environments.

The human erythrocyte protein glycophorin A
(GpA) contains a single transmembrane domain
that associates to form a symmetric homodimer.
Multiple thermodynamic studies using qualitative
and quantitative techniques have been carried out
to probe the GpATM dimerization reaction.5–7

These experiments resulted in a prediction of a
sequence motif involved in dimerization,8 which
was found at the dimer interface when the NMR
structure was solved.9 Initial mutational analysis
suggested that the glycine residues within the
glycophorin motif were the most critical residues
for dimerization.10 Genetic and statistical screens
lead to the hypothesis that the interactions in the
glycine motif (GxxxG) are the primary force driving
the helices to associate and that the presence of this
motif could mediate strong association in other
transmembrane alpha helices.11,12 In contrast, large-
scale mutagenesis has shown that an intact GxxxG
d.
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motif is not necessary for dimerization of the
GpATM.13 These results suggest that the adjacent
amino acid residues at a GxxxG dimer interface can
be a determinant for the strength of dimerization.
Current simple models of helical protein interaction
suggest that both packing moments14 and the
presence of small side-chains15 can be predictors
of a helix–helix interface. However, previous
thermodynamic studies show that the ability of
helices to dimerize is governed by complex prin-
ciples and involves detailed interactions at the
helix–helix interface.13

Site-specific mutagenesis has been used exten-
sively in biochemistry to determine the effect of a
residue on the structure and function of a protein.
The effect of a single-point mutant may be
attributed to many interactions between the
mutated site and the remaining sequence. Double-
mutant cycles were first used to probe the inter-
action between two residues more directly.1 Using
this method, one can determine whether an
interaction between sites exists and quantify the
strength of that interaction. Double-mutant cycles
have been used in several soluble proteins16 to
probe cooperativity in folding17 and enzymatic
activity.18 In simple cases, the presence of coupling
can be explained by the proximity of the mutated
residues.19 However, coupling can be due to long-
range electrostatic interactions20 established
through both direct and indirect pathways.21

While there is no direct correlation between the
distance between mutated sites in the native
structure and the energy of coupling in soluble
proteins, coupling is more likely to occur when
residues are less than 12 Å apart.22 In addition,
some non-additive interactions are believed to be
caused by interactions in the denatured state.23,24

The ensemble of conformations available to an
unfolded protein in solution is much greater than
that available in a membrane environment. The
decreased ambiguity in the denatured state of
membrane proteins may lessen the effect of a
hydrophobic mutation on the monomeric trans-
membrane helix as compared to a soluble
denatured helix. The intrinsic contribution of the
monomer stability to the free energy of association
could remain the same in a mutated transmem-
brane domain. Therefore, in membrane proteins the
interpretation of the effect of mutation on the free
energy of association can be considered as changes
in inter-helical interactions only. The intention of
this study is to employ double-mutant cycles to
investigate the role of coupling at the helix–helix
interface in stabilizing the transmembrane protein
glycophorin A.
Figure 1. Relative dimer population of selected GpATM
mutants. The fraction dimer is plotted versus the mole
fraction protein for selected mutants. The populations are
calculated data, based on the standard-state free-energy
values determined by sedimentation equilibrium analyti-
cal ultracentrifugation. For reference, the WT and
Gly83Ala single-point mutant distributions are shown.
The broken line shows the maximum possible dimer
distribution for the Leu75Ala-Thr87Ala double mutant.
Results

To better understand the role of coupling in
specifying the native fold of a membrane protein, a
double-mutant analysis of the GpATM was carried
out. The study comprises double alanine mutations
at the dimer interface. A total of 21 double alanine
mutants were created and analyzed using sedimen-
tation equilibrium analytical ultracentrifugation
(AUC). Table 1 shows both the experimentally
determined changes in the free energy of asso-
ciation as well as those calculated assuming
additivity for each double mutant. Experimentally,
all mutations are destabilizing with respect to the
wild-type (WT) with the exception of Leu75Ala-
Val84Ala. By comparing the free energy of associ-
ation if additive to the experimentally determined
free energy of association, it is possible to quantify
the energy of interaction between the mutated sites.
This value is referred to as the free energy of
coupling ðDGo

coupÞ: Although the vast majority of
mutations are destabilizing with respect to the WT,
the combination of double mutations can have a
stabilizing effect as compared to the sum of single-
point mutant losses in free energy. The most
stabilizing DGo

Coup is K2.2 kcal molK1 (1 calZ
4.184 J) for the mutant Leu75Ala-Val84Ala (i.e. the
double mutant is more stable than the combination
of the single-point mutants). The most destabilizing
DGo

Coup is C2.6 kcal molK1 observed for the mutant
Leu75Ala-Thr87Ala (i.e. the double mutant is less
stable than the combination of the single-point
mutants). Ten of the 21 mutants (48%) have
coupling free energies that are stabilizing. Eight of
the 21 mutants (38%) exhibit an additive DGo

Coup: The
remaining three (14%) have a destabilizing DGo

Coup:
Most double mutant proteins still dimerize

All GpATM double mutants except one retain the
ability to dimerize, and none of the double mutant
proteins associates more strongly than the WT
protein (Figure 1; Table 1). The most destabilizing



Table 1. The sequence for each double mutant is shown in column 2. The motif for dimerization is colored in red and sites
of substitution are colored in blue

a The DDGo
MUT of the double mutant predicted by the sum of the for the single-point mutants.

b The DDGo
MUT for the double mutant determined experimentally by sedimentation equilibrium analytical ultracentrifugation.

c Calculated using equation (3).
d Threshold for additivity is calculated using equation (7).
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mutant that associates under experimental con-
ditions, Val80Ala-Thr87Ala, is still 30% dimeric at a
protein:detergent mole fraction of 10K3. The double
mutant Gly79Ala-Gly83Ala, which contains the two
most destabilizing single-point mutations, retains
an ability to dimerize even though this double
mutant does not contain the GxxxG dimerization
motif. The free energy of association for the mutant
Leu75Ala-Thr87Ala is inaccessible by our methods,
because of an inability to access adequate concen-
trations of dimer to confirm the equilibrium
constant. From the highest observable concen-
tration of protein, the upper limit for the DGo

x is
calculated to be RK2.3 kcal molK1. The mutant
Leu75Ala-Thr87Ala is therefore destabilized by at
least an additional 0.7 kcal molK1 compared to the
most destabilizing mutants for which an accurate
DGo

x can be obtained.
The free energy of coupling is stabilizing in most
cases

The free energy of coupling can be determined by
comparing the free energy of association for the
double-mutant protein to the sum of the free
energies for the corresponding single-point mutant
proteins (Figure 2). A free energy of coupling equal
to zero denotes an additive interaction. The
majority of mutations exhibit a stabilizing free
energy of coupling. Those with the strongest
stabilizing free energy of coupling are mutations
that occur when the primary site mutated is Leu75
or Ile76. The residue pair Leu75 and Val84 exhibits
the most stabilizing interaction. The DGo

Coup
between Leu75 and Val84 is great enough to result
in a WT-like propensity to dimerize in the double
mutant (Figure 1). Residue Ile76 exhibits stabilizing
coupled effects when doubly mutated with residues
Gly83 or Val84. These data demonstrate that in
many cases the double substitutions to alanine in
the GpATM allow the recovery of favorable
interactions, providing for greater overall stability
as compared to the sequences that contain single
point mutations to alanine.
The pattern of coupling is complex

In soluble proteins, the simplest explanation for
thermodynamic coupling is a van der Waals
interaction between mutated residues.19 This
simple pattern of coupling can be observed by
comparing the proximity of mutated residues to the
presence of coupling. Interestingly, in the GpATM
there appears to be no relationship between the
proximity of mutated residues and their coupling,
and the coupling of residues in the GpATM appears
to follow no simple pattern. This is visualized in
Figure 3, where each structure shows the pattern of
coupling between the first substitution and all other
secondary substitutions created in the double-
mutant proteins. Each schematic represents the
coupling for six double mutants for which the



Figure 2. The free energy of coupling for alanine double mutants. Each bar represents the free energy of coupling for a
double mutant. The first mutation in each double mutant is noted in the header and the second is the label on the bar. The
error bars reflect the standard deviation of each measurement. A free energy of zero indicates additivity. The gray bar
shows an estimated minimum for the Leu75Ala-Thr87Ala double mutant. Note that each double mutant is shown twice.

1490 Coupling in a GxxxG-mediated Dimer
primary substitution is indicated in the text below
the model. Notably, residues in van der Waals
contact do not exhibit a destabilizing coupling in
any of the double mutants created. In contrast,
GpATM residues within van der Waals contact in
the WT structure have a free energy of coupling that
is either additive or slightly stabilizing.

The pattern of coupling for each site along the
interface is different from the pattern for all other
sites. Leu75 exhibits a coupling profile similar to
that of Ile76 with the exception of the strongly
destabilizing coupling at Thr87. Val80 exhibits a
particularly unique coupling profile. It is additive
with the residues to the N-terminal side, yet is
coupled in a destabilizing fashion to the C terminus.
Val84 (the valine residue adjacent to the second
glycine residue in the GxxxG motif) exhibits a
coupling profile different from that of Val80. Gly79
and Gly83 exhibit very different coupling profiles;
for instance, Gly79 is not coupled to as many sites as
Gly83. This distinction may be due to the fact that
the helices are packed more tightly at Gly83 than
they are at Gly79. The difference between the
coupling at the N and C termini with Val80 and
the distinct profiles of Gly79 and Gly83 indicate
a lack of symmetry in the nature of interactions at
the distal ends of the helix and within the GxxxG
motif.
The role of sequence motifs as a driving force for
dimerization

Alanine single-point mutations created at Gly79
and Gly83 have been shown to maintain a propen-
sity to dimerize. When a double mutant to alanine is
created at the GxxxG motif, the GpATM still
dimerizes and the DGo

Coup is stabilizing. It has
been proposed that an AxxxA motif can drive
dimerization,12,25 and an AxxxA motif is created by
alanine substitution of the glycine residues in the
GxxxG motif. The result that the DGo

Coup is stabiliz-
ing for the Gly79Ala-Gly83Ala mutant may support
the hypothesis that an AxxxA motif also drives
dimerization. This may occur because alanine has a
small side-chain that can facilitate a close approach
of the helices to maintain strong van der Waals
interactions. To address this question, we created a
double mutant to leucine at Gly79 and Gly83. The
introduction of leucine is expected to create a large
steric clash that should not allow backbone inter-
actions at positions 79 and 83. Single-point substi-
tutions to leucine at positions 79 and 83 have been
shown to dimerize with a weaker affinity than
single-point substitutions to alanine at those sites.13

Figure 4(B) shows that the data obtained for the
Gly79Leu-Gly83Leu mutant is best fit to a monomer–
dimer model, demonstrating that a sequence



Figure 3. The thermodynamic coupling of sites along the helix–helix interface. Each GpATM schematic structure
represents the type of coupling between the indicated primary site and each secondary site along the dimerization
interface. These couplings are projected onto the WT structure to compare the pattern of coupling for each site. The dot
surface represents the molecular contact surface area of each residue at the dimer interface in the WT structure. The
primary site of substitution is colored in light gray and indicated in the text below the schematic. A destabilizing
ðDGo

CoupO0Þ free energy of coupling is represented by a coloring of the dot surface for the secondary mutations in yellow.
A stabilizing free energy of coupling ðDGo

Coup!0Þ is represented by a coloring of the dot surface for the secondary
mutations in blue. An additive free energy of coupling ðDGo

Coup ¼ 0Þ is represented by a coloring of the dot surface for the
secondary mutations in dark gray.
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replacing a GxxxG motif with leucine residues also
has the ability to dimerize in the GpATM ðDDGo

MUT
¼ þ4:1 kcal molK1Þ: Notably, the stability of this
mutant dimer is much greater than that of the
Leu75Ala-Thr87Ala mutant (Figure 4(A)) which
still contains the GxxxG dimerization motif.

The energetics of additive and weakly coupled
mutants can be predicted by structure-based
calculations

Structure-based parameterization using compu-
tational models has been used to explain the
relationship between structural changes and ener-
getic changes for glycophorin A single-point
mutants.7,13 To determine whether this relationship
applies to double mutants, a structure-based calcu-
lation was carried out using the WT GpATM NMR
structure as the basis for double mutant models.
The coefficients determined in the single-point
mutant parameterization were used to predict the
DDGo

MUT for a double mutant-based computational
model. Of the 21 double mutants, the association
free energies of 15 can be predicted using structure-
based calculations (Figure 5) (RZ0.89, pZ5.364!
10K5). All 15 are either additive or coupled weakly.
The free energies of association for those double
mutants that are coupled strongly are not predicted
well by the structure-based calculation. To test
whether the predictive value of the parameterization
could be improved, an additional parameterization
was carried out that included both double-point



Figure 4. A GxxxG motif is neither necessary nor sufficient for dimerization. (A) and (B) are representative
sedimentation equilibrium data for selected mutants. A shows a purely monomeric population for the double mutant
Leu75Ala-Thr87Ala and the residuals of the single-species fit of AUC data. (B) shows the monomer dimer fit and the
residuals for AUC data of the double mutant Gly79Leu-Gly83Leu. (C) shows the relative populations of the single and
double mutants affecting the GxxxG motif as a function of mole fraction protein. These distributions are calculated from
the experimental standard-state free-energy values.
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and single-point mutant data. There was no
significant change in the values of the coefficients
or in the correlation of predicted and experimental
changes in free energy.

Structurally, coupling may be due to global
structural changes in the dimer, an accumulation
of small changes at the level of side-chain confor-
mation at the dimer interface, or structural changes
in the unfolded state. Under the assumption that
small conservative mutations do not affect the
monomeric state of a transmembrane helix it can
be inferred that coupling in the GpATM is due to
either global or local structural changes in the
dimer. The modeling protocol used in this study
allows for changes in side-chain conformation at the
dimer interface but does not allow backbone
rearrangements or other large global changes in
structure. The inability to use these models to
predict strong coupling indicates that the most
likely explanation for strong coupling in the
GpATM is global structural rearrangements in the
dimer structure.
Discussion

GxxxG is neither necessary nor sufficient for
dimerization in the GpATM

Double-mutant cycles allow the exploration of
the sequence context of the glycophorin A motif in
more detail. Using this method, we were able to



Figure 5. The free energy of association for double mutants can be predicted using structure-based calculations. A
comparison between the free energies determined through analysis of structural parameters and those determined
experimentally is shown. Single-point mutant free energies are indicated by open triangles. Weakly coupled and
additive double-point mutant free energies are indicated by filled triangles. Strongly coupled double-mutant free
energies are indicated by filled squares. The trend line indicates the correlation between filled and open triangle data
(R2Z0.9209, slopeZ0.88). The X-value error bars are the experimental standard deviation. The Y-value error bars are
based on the conformational heterogeneity in the NMR structure.
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determine the degree of coupling at the dimer
interface to reveal how sites interact to specify a
transmembrane dimer. Several previous studies
attempt to develop simple models for helix–helix
interactions based on statistics12 and genetic
screens.11 These studies have postulated that the
interactions at the GxxxG motif provide a driving
force for helix–helix interactions in a membrane
environment. Single-point mutants at Gly79 and
Gly83 lead to large disruptions in the propensity of
dimerization in the GpATM.8,10,13,26 Therefore,
interactions at these glycine residues have been
implicated as the driving force for dimerization.
However, our double-mutant analysis has shown
that many permutations in the GpATM sequence
still dimerize with significant affinity. The single
exception in this study is Leu75Ala-Thr87Ala,
which is monomeric under accessible experimental
conditions. Therefore, the presence of a GxxxG
motif is not sufficient for dimerization. Alanine
single-point substitutions created at Gly79 and
Gly83 have been shown to maintain a propensity
to dimerize. When a double mutant to alanine is
created at the GxxxG motif there maintains a
propensity to dimerize, and the DGcoup

o is stabiliz-
ing. The introduction of leucine at these sites should
create a large steric clash and would not be expected
to allow backbone interactions at positions 79 and
83. Surprisingly, the mutant Gly79Leu-Gly83Leu
dimerizes with significant affinity. These data
indicate that a GxxxG-like motif is not necessary
for dimerization in the GpATM. Because the
sedimentation equilibrium method allows a direct
determination of mass, our experiments confirm
that this LxxxL sequence still forms a defined
oligomer (dimer) that must be specified by the
remaining amino acid sequence.
Long-range coupling specifies native
interactions in the GpATM

Thermodynamic coupling of residues can be
explained easily in situations where the coupling
of residues is correlated to the proximity of residues
in the secondary and tertiary structure of the
protein. Mutations at sites that are in direct contact
can affect the total stability of the protein by
changing multiple components. The change in free
energy can be due to changes in a particular site’s
inherent contribution as well as alterations in the
interactions between that site and other sites in the
protein. Previous studies in soluble proteins have
shown that residues outside of van der Waals radii
are largely energetically independent.16 Since gly-
cophorin A is a very well packed and compact
structure, it is an unexpected result that most sites



Figure 6. Long-range coupling can be mediated
through a change in the helix–helix crossing angle. The
schematic illustrates a possible mechanism of long-range
coupling in a symmetric dimer. Changes in interactions at
a distal end of the helix could have a significant effect on
the opposing end mediated by a change in the crossing
angle (U) through a movement about the pivot point.
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are not coupled strongly, although they are prox-
imal. Indeed, the greatest degree of destabilizing
coupling is between residue 75 and 87, sites that are
18 Å apart on distal ends of the helices. The greatest
degree of stabilizing coupling is between sites 75
and 84, which are 14 Å apart. Therefore, the
residues with the greatest degree of both positive
and negative coupling are those most distant in the
GpA interface. Recent studies have shown that the
long-range coupling between Leu75 and Thr87 are
necessary to initiate high-affinity dimerization in
the membrane protein bacteriophage M13 major
coat protein (MCP), a GxxxG containing low-
affinity dimer.27 In contrast to soluble protein
studies, the nature of the coupling along the
interface of the GpATM appears unique, due to
the predominance of long-range coupling stabiliz-
ing the native fold.

The structures of helical membrane proteins and
soluble helix bundles have distinct differences. The
helices in membrane proteins tend to be longer and
have packing angle preferences different from those
in soluble proteins.28,29 The greater degree of long-
range coupling in a transmembrane protein as
compared to a soluble protein may be due to lesser
constraints at the ends of the helices, which allows
for greater conformational rearrangements as a
function of mutation. A possible model for the
structural effects that result in long-range coupling
in a transmembrane dimer is visualized in Figure 6.
When the crossing angle is changed, there could be
an effect on the interactions on the opposing end
through a pivot about the crossing point of the
helices. This combination of effects could lead to
both positive and negative coupling between the
distal ends of the helices. The function of the
sequence context at the distal ends in a GxxxG-
mediated association could be to stabilize a specific
crossing angle that allows a close approach of the
helices. The presence of glycine residues at the
crossing point may maximize favorable inter-
monomer interactions. Therefore, long-range coup-
ling could be essential for the formation of the
native-like structure in a GxxxG protein.
Structural rearrangements are necessary to
explain strongly coupled mutants

Structure-based parameterization has been used
to probe the relationship between structure and
energetics in many soluble proteins30,31 and in the
membrane protein bacteriorhodopsin.32 Recently, a
set of coefficients was generated in a parameteriza-
tion using structural models and energetic data for
GpATM single-point mutants.13 Using these coeffi-
cients, it is possible to calculate an accurate DDGo

MUT
for most GpATM double mutants. In this study, a
structure-based parameterization using both single
and double mutants was carried out. Neither the
coefficients nor the correlation to the experimental
free energies change significantly when double-
mutant models are included in the parameteriza-
tion. Therefore, using a limited set of data, an
accurate correlation between calculated and exper-
imental free energies can be determined.

The ability to predict the energetics of association
for most double mutants using models based on the
WT NMR structure indicates that modeling these
mutations does not require global rearrangements
in the structure of the GpATM. Although many
double mutants are weakly stabilizing, their ener-
getics can still be explained using structural
modeling that allows structural rearrangements
only at the level of side-chain conformation. Since
most mutations can be explained using simple
models that deviate only slightly from the NMR
structure, the GpATM dimer structure appears to be
relatively insensitive to mutation, even though
these mutations can cause the energetics of associ-
ation to vary greatly. Additionally, the parameters
used to calculate the free energies are based only on
changes at the helix–helix interface, validating the
assumption that these mutations affect only the
dimer stability. Although the molecular modeling
in this study is simple, it is still possible to predict
the stability of many sequence permutations. In
contrast, the free energy of association for strongly
coupled mutants cannot be predicted on the basis of
this simple model. We hypothesize that it is
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necessary to introduce global structural rearrange-
ments to explain the interactions that stabilize
strongly coupled mutants. This is true for double
mutants that have both positive and negative free
energies of coupling. The strength of a study
comparing experimentally determined free ener-
gies to those calculated on the basis of simple
models is that it may be possible to predict which
mutations are inducing global structural changes.
Conversely, without experimentally determined
free energies it is not possible to distinguish the
probability that a structural model is valid. There-
fore, the relationship between structure and ener-
getics determined by structure-based
parameterization can serve as a method to compare
more comprehensive models for a particular GpA
mutant to predict possible structural rearrange-
ments induced by mutation.
Conclusions

The affinity of the glycophorin A transmembrane
dimer can be affected greatly by the presence of
mutations at the helix–helix interface. Double point
substitutions to alanine exhibit a range of effects.
Although all double mutants are destabilized with
respect to the WT, few double mutants are coupled
in a destabilizing fashion. Most double mutants are
coupled only weakly or they are additive. Double-
mutant cycles reveal that long-range coupling is
essential for the native structure and association of
the GpATM. Structure-based parameterization
reveals that mutations at sites that are coupled
strongly are likely to induce global structural
changes. Moreover, we find that a GxxxG motif is
neither necessary nor sufficient for dimerization to
occur. The interactions along the dimer interface
appear complex and are modulated greatly by
sequence context.
Materials and Methods

Mutagenesis and protein purification

Double mutants were generated using the pET11A-
SNGpA99 construct5 as a template for site-directed
mutagenesis using the Quikchange kit (Stratagene,
LaJolla CA) with the appropriate primers. All mutant
SNGpA fusion proteins were purified using extractions in
the detergent Thesit (Fluka, Switzerland) as described.5

Immediately before sedimentation equilibrium analysis,
the SNGpA fusion protein of interest was exchanged into
the desired detergent (C8E5, Sigma-Aldrich) by ion-
exchange chromatography as described.7

Sedimentation equilibrium

Experiments were carried out at 25 8C in a Beckman
XL-A analytical ultracentrifuge. The wavelength of
absorbance chosen in each experiment was dependent
on the ability to observe an adequate dimer population to
determine an accurate equilibrium constant. Mutants
with a greater propensity for dimerization were observed
at 230 nm. For mutants with low propensity to dimerize,
the wavelength of absorbance chosen for the experiment
was 280 nm, which allows a higher concentration of
protein in the cell. Experiments carried out at both
wavelengths were shown to have consistent standard-
state free energies of association (data not shown). A
minimum of nine data sets were used in a global fitting of
the data using MacNonlin.33 The data used in analysis
consisted of three significantly different initial protein
concentrations run at three or four significantly different
speeds. The monomeric sigma was calculated from the
amino acid composition using SEDNTERP34 and held
constant during global fitting. Each free energy was
measured independently a minimum of three times to
determine an average and standard deviation.

A standard-state free-energy value ðDGo
xÞ is calculated

by assuming an ideal dilute solution.35 By extrapolating
to the standard state, it is possible to directly compare
experiments conducted at different concentrations of
detergent. This facilitates the determination of an accurate
free-energy value by adjustment of the experimental
conditions to populate both monomeric and dimeric
species. The equation below is used to calculate the
standard state free energy of association:35

DGo
x ZKRT lnðKapp½micellarDet�wÞ (1)

Calculation of the additivity threshold

The DDGo
MUT due to mutation was determined by

taking the difference between the average standard-state
free energy of association for the WT and mutant protein
as shown in the following equation:

DDGo
MUT ¼ DGo

x;MUT KDGo
x;WT (2)

The free energy of coupling was determined by compar-
ing the free energy perturbation for a double mutant to
the sum of the previously determined free energy
perturbations for the corresponding single-point mutants
as follows:

DGo
Coup ¼ DDGo

MUT1MUT2 KDDGo
MUT1 KDDGo

MUT2 (3)

A DGo
Coup ¼ 0Gthreshold indicates an additive mutation,

where the threshold represents the limiting value for
additivity based on propagation of the experimental
standard deviations. If the DGo

Coup is outside the
threshold, the double mutant is considered coupled.
The standard deviation of the DDGo

MUT for the single-
point mutants was determined previously and is given as
sMUT.26 The standard deviation in the DDGo

MUT of double
mutants, sDDGexperimental

(equation (4)), is determined using
the standard deviations obtained from multiple centrifu-
gation experiments of each variant as follows:

sDDGexperimental
Z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
DGWT

Cs2
DGMUT1MUT2

q
(4)

Since each DDGo
MUT value contains the DGo

x;WT term the
equation for coupling can be expressed as follows:

DGo
Coup ¼ ðDGo

x;MUT1MUT2 KDGo
x;WTÞK ðDGo

x;MUT1

KDGo
x;WTÞK ðDGo

x;MUT2 KDGo
x;WTÞ (5)

Two DGo
x;WT terms can be canceled out, and the equation

can be simplified by rearrangement of terms into:

DGo
Coup ¼ DGo

x;MUT1MUT2 KDGo
x;MUT1 KDGo

x;MUT2 þ DGo
x;WT

(6)

The threshold for the DGo
Coup is therefore calculated by the

square-root of the sum of the standard deviation of each



1496 Coupling in a GxxxG-mediated Dimer
component as follows:

threshold Z
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
DGWT

Cs2
DGMUT1

Cs2
DGMUT2

Cs2
DGMUT1MUT2

q

(7)

Computational modeling and structure-based
parameterization

Computational modeling and structure-based parame-
terization were carried out as described.13 The coordi-
nates (1AFO) for the WT glycophorin A NMR structure
were used as a basis to model the mutant structures.9

Amino acid substitutions were made in the 20 NMR
structures using WHAT-IF36 and mild steric clashes were
relieved by using the deball function. Structural par-
ameters were calculated using the occluded surface
algorithm version 7.2.2.37 The occluded surface algorithm
calculates three values used in the parameterization:
favorable interchain occluded surface (FOS), unfavorable
interchain occluded surface (UOS), and exposed surface
(ES). Since the DDGo

MUT is the basis for the parameteriza-
tion, each WT value is subtracted from each mutant value
to give DFOS and DUOS values. The exposed surface area
is used as the basis for a calculation of side-chain
conformational entropy by comparing the conformational
freedom of a residue in an extended state to the
conformational freedom in monomer and dimer models
considering the maximum possible conformational
entropy for that side-chain.30,38 The difference between
the monomer and dimer side-chain conformational
entropy values results in the DSsc for a mutant model.
Structure-based parameterization is than carried out
using the following parameters: DFOS, the change in
inter-monomer favorable packing interactions; DUOS, the
change in inter-monomer unfavorable packing inter-
actions; and TDDSsc, the change in side-chain confor-
mational entropy. Each parameter is the difference of the
average value for the 20 mutant models and the
corresponding value for the 20 WT NMR structures.
The parameterization was done by simultaneous fitting of
the single-point mutant values to the following equation
by floating the coefficients in equation (8):

DDGo
Calc ¼ sDFOS þ aDUOS þ ðKTDDSscÞhDDGo

MUT

(8)

The previously determined values for s and a (using only
the single-point mutant models) were used to predict
the DDGo

Calc for the double mutants. These values are
sZK0.039 and aZ6.44!10K2. No significant change in
the coefficients or in the correlation between the DDGo

MUT
and the DDGo

Calc is observed when double-mutant models
are included in the parameterization of s and a.
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