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ABSTRACT: The manner in which the heterotrimeric G protein complexes
Gβ1γ2 and Gαiβ1γ2 interact with membranes is likely related to their biological
function. We combined complementary measurements from sum frequency
generation (SFG) vibrational and attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy to determine the possible membrane
orientations of Gβ1γ2 and the Gαiβ1γ2 heterotrimer more precisely than could
be achieved using SFG alone. The most likely orientations of Gβ1γ2 and the
Gαiβ1γ2 heterotrimer were both determined to fall within a similar narrow range of
twist and tilt angles, suggesting that Gβ1γ2 may bind to Gαi without a significant
change in orientation. This “basal” orientation seems to depend primarily on the
geranylgeranylated C-terminus of Gγ2 along with basic residues at the N-terminus of Gαi, and suggests that activated G protein-
coupled receptors (GPCRs) must reorient G protein heterotrimers at lipid bilayers to catalyze nucleotide exchange. The
innovative methodologies developed in this paper can be widely applied to study the membrane orientation of other proteins in
situ.

■ INTRODUCTION

The orientation of peptides and proteins at interfaces plays a
critical role in many research areas and applications such as
biocompatibility, marine antifouling coatings, biosensors and
biochips, membrane protein functions, and antimicrobial
activity and selectivity.1−8 However, the orientation of peptides
and proteins at solid/liquid interfaces is difficult to analyze,
particularly in situ and with molecular level detail. In recent
years, we have demonstrated that sum frequency generation
(SFG) vibrational spectroscopy can be used to determine the
interfacial orientation of simple peptides that adopt various
secondary structures (such as α-helices, 310-helices, and
antiparallel β-sheets).9−20 We have also shown that SFG can
be used to study the orientation of α-helical domains of
interfacial proteins.21,22 However, for proteins with more
complicated structures, a single measurement yields a broad
range of likely orientations. We hypothesize that complemen-
tary measurements obtained from attenuated total reflectance−
Fourier transform infrared (ATR-FTIR) spectroscopy10,23,24

can be combined with SFG data to obtain a more precise and
detailed picture of how a molecule orients at an interface. In
ATR-FTIR, a total internal reflection scheme is used to
produce reasonable surface sensitivity (on the order of
hundreds of nanometers to micrometers) based on the
penetration depth of the evanescent wave into the sample.
ATR-FTIR has been used to study the orientation of a wide
variety of α-helical25−27 and β-sheet28,29 peptides, but because
ATR-FTIR by itself only produces a limited number of
measurements, studies of larger proteins30−34 have typically

relied on the assumption that all secondary structural elements
are roughly aligned in the protein (e.g., proteins with a β-barrel
structure). However, the fold of most proteins does not follow
this assumption. In this work, we demonstrate that the
orientation of proteins with more complex folds (such as the
Gαiβ1γ2 heterotrimer and Gβ1γ2 subunit) can be achieved by a
combination of SFG and ATR-FTIR measurements.
Heterotrimeric G proteins (Gαβγ) comprise three subunits

(Gα, Gβ, and Gγ), with Gβ and Gγ forming a constitutive
heterodimer (Gβγ).35 When Gα is bound to GDP, it forms an
inactive complex with Gβγ that serves as the substrate for
activated G protein-coupled receptors (GPCRs), which catalyze
the release of GDP and the binding of GTP to Gα. Upon
activation of the GPCR, the Gα·GTP and Gβγ subunits are
released and can independently interact with and regulate
additional proteins that propagate signals within the cell.36 The
Gβγ subunit is essential for coupling the heterotrimeric G
protein to activated GPCRs, although it does not appear to
make direct interactions with the receptor.37 Gβγ facilitates
membrane localization of the Gαβγ heterotrimer via C-terminal
prenylation of the Gγ subunit, but it may also allosterically
promote nucleotide exchange or help dictate a particular
orientation of the heterotrimer that is more optimal for
engaging GPCRs. Free Gβγ subunits also play a major role in
recruiting G protein-coupled receptor kinase 2 (GRK2) to the
cell membrane.38−40 In previous work, sum frequency
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generation (SFG) studies were used to determine possible
orientations of GRK2-Gβ1γ2 and Gβ1γ2, and we demonstrated
that Gβ1γ2 changes its orientation with respect to the
membrane upon binding to GRK2.41 However, the limited
number of direct experimental measurements hindered
attempts to narrow the molecular orientation to ranges of
twist and tilt angles (defined in Figure 1) smaller than 20−30°.

Herein, we used a combination of SFG and ATR-FTIR to
determine the orientation of Gβ1γ2 and the Gα iβ1γ2
heterotrimer. By combining orientation information from
multiple spectroscopic measurements of several related proteins
with common binding partners, we show it is possible to more
accurately determine membrane orientations, and ascertain
whether the formation of higher order complexes induces
changes in orientation that could have biological consequences.

■ MATERIALS AND METHODS
Protein Samples. Nonmysristoylated rat Gαi1 and myristoylated

Gαi1 (myr-Gαi1) were expressed in bacteria and bovine Gβ1γ2 was
expressed in High5 insect cells and the proteins were purified as
previously described,42,43 and frozen in liquid nitrogen until used. The
Gαiβ1γ2 heterotrimer was either formed by sequential addition of Gαi1
to Gβ1γ2 in the SFG sample cell, or by mixing them in a 1:1 ratio
followed by purification of the complex on a Superdex S200 gel
filtration column equilibrated with 20 mM HEPES (pH 8.0), 50 mM
NaCl, and 5 mM dithiothreitol (DTT). This buffer mixture was also
used as the liquid subphase for the lipid bilayer in SFG and ATR-FTIR
studies.
SFG Spectroscopy. Second-order nonlinear optical spectroscopy

has been widely used to study surfaces and interfaces and the relevant
theoretical background has been extensively reported.44−78 The design
of our SFG spectrometer is described elsewhere.45 SFG spectra from
interfacial protein samples were collected at room temperature (24
°C) in a near total internal reflection geometry for the ssp and ppp
polarization combinations of the sum frequency, visible, and infrared
beams.46 Planar supported lipid bilayers (PSLBs) were prepared on
clean right-angle CaF2 prisms (Altos Photonics, Bozeman MT) using
the Langmuir−Blodgett/Langmuir−Schaefer method, as described
previously.41 A 9:1 mixture of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoglycerol (POPG) lipids was used. The lipids were purchased in a

chloroform solution (Avanti Polar Lipids, Inc.), and mixed to produce
the desired composition. Following equilibration of the bilayer, the
aqueous subphase was flushed three times with fresh buffer to remove
excess lipids. Samples of the G proteins to be studied were then
injected into the aqueous subphase to a final concentration of 336 nM,
and allowed to diffuse to the lipid bilayer over the course of 1 h, during
which time the time-dependent SFG spectral intensity at 1655 cm−1

was monitored. The proteins studied are peripheral (rather than
integral) membrane proteins, and thus, no portion of the G proteins
used in these experiments spans the lipid bilayer. Following
equilibration, SFG spectra in the ppp and ssp polarization
combinations were collected from the proteins associated with the
lipid bilayer. More details can be found in the Supporting Information
and previous publications.9,41

ATR-FTIR Spectroscopy. Lipid bilayers of the same composition
as above were prepared on clean ZnSe substrates (Specac, U.K.) for
ATR-FTIR experiments. Because the vibrational signal of the water
O−H bending mode overlaps with the protein amide I signal, we used
D2O in the buffer subphase in the ATR-FTIR experiments. Even so,
strong O−H bending signal was observed from the water layer
between the ATR crystal and the supported lipid bilayer prepared by
the Langmuir−Blodgett/Langmuir−Schaefer method. Because it is
impractical to use D2O in the large Langmuir trough for the sample
preparation, lipid bilayers for ATR-FTIR were prepared via the vesicle
fusion method.26,27 The vesicles were prepared via extrusion through
100 nm pores (Avanti Polar Lipids) from lipid solutions reconstituted
in PBS (pH 7.4) in deuterated water, after the 9:1 POPC:POPG lipid
samples were dried under vacuum for 30 min to remove chloroform.
The bilayer was allowed to equilibrate for 1 h, after which time excess
vesicle solution was removed by flushing thoroughly with fresh
deuterated buffer solution. The sample was allowed to equilibrate
again for an additional 30 min. Protein samples (in buffer solution with
D2O as the solvent) were injected into the subphase for a target
concentration of 336 nM to match the concentration used in SFG
experiments, and samples were allowed to equilibrate for 2 h prior to
collection of spectra. P and s polarized spectra were collected on a
Nicolet Magna IR 550 spectrometer with the ATR accessory. All
spectra presented are the average of 128 scans. To reduce interference
from water vapor present in the air, the instrument was purged with
dry nitrogen prior to use, and spectra were afterward corrected for
trace amounts of water vapor using an additional background
correction based on the spectrum of pure water vapor in air at 24
°C.79 The background subtraction and a baseline correction in the
amide I region were performed in OMNIC 2.1, after which spectra
were fit to a Gaussian line shape using a nonlinear curve fitting
algorithm in Origin 8.1. The dichroic ratio RATR was determined from
the ratio of the absorbance of α-helices in the p and s polarizations of
the infrared beam.27,79 Our method of calculating RATR for a protein
with many separate helical segments is described in the Supporting
Information.

■ RESULTS AND DISCUSSION
Orientation of Gβ1γ2. Gγ2 is lipid modified with a C-

terminal hydrophobic geranylgeranyl group that localizes Gβ1γ2
to membranes. Although Gβ1γ2 has been studied previously
using SFG,41,44 the limited number of resulting measurements
meant that it was only possible to determine either the tilt angle
(by assuming a constant twist angle)44 or very broad ranges of
possible twist and tilt angles.41 Although Gβ1γ2 contains regions
of nonhelical secondary structures (such as β-sheets), SFG
amide I signals from Gβ1γ2 were found to be dominated by
contributions from α-helices, possibly due to the high
symmetry of the β-propeller. In our previous work, by fitting
SFG spectra in the ppp and ssp polarization combinations and
correcting for differences in the Fresnel coefficients for the two
polarizations, it was found that the measured ratio χzzz

(2)/χxxz
(2) for

the α-helical peak at 1652 cm−1 was 2.01 for Gβ1γ2.
41 Unlike

SFG, which only detects signals where inversion symmetry is

Figure 1. The Gαiβ1γ2 heterotrimer and definition of twist (ψ), tilt (θ)
and azimuthal (ϕ) angles which rotate the protein from the molecular
(x′, y′, z′) to the macroscopic (X, Y, Z) coordinate system. Gβ1γ2 is
shown in yellow, and Gαi is shown in cyan. An approximate membrane
plane (defined to be consistent with previous studies of GRK2-
Gβ1γ2),

41 is shown as a blue rectangle, and lies parallel to the X−Y
plane. The Gαiβ1γ2 heterotrimer is depicted in the reference
orientation (ψ = 0°, θ = 0°, ϕ = 0°) used as a starting point for
data analysis. In our calculations, the molecule is rotated using an Euler
rotation scheme according to three angles: first twist (ψ) then tilt (θ),
and finally azimuthal (ϕ).
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broken, ATR-FTIR signals are generated by all secondary
structures. Therefore, the ATR-FTIR spectra contained vibra-
tional peaks at 1635, 1643, 1657, and 1671 cm−1, for β-sheet,
random coil/disordered structure, α-helix, and β-turn,
respectively (see Supporting Information),27,79 resulting in a

broader overall line shape than in SFG (Figure 2). The fitted
dichroic ratio RATR for the α-helical peak was 1.70.
We then used the crystal structure of Gβ1γ2 from the

structure of the GRK2-Gβ1γ2 complex (PDB entry 1OMW)43

to predict the expected amide I net molecular responses from
helical portions of the protein (see Supporting Information),
for comparison with the measured parameters χzzz

(2)/χxxz
(2) (from

SFG measurements) and the dichroic ratio RATR (from ATR-
FTIR spectroscopy). The structure of Gβγ does not change
significantly when in complex with any of the targets that has
been characterized thus far (GRK2, Gα, phosducin, SIGK
peptide). We chose the 1OMW structure of Gβ1γ2 (GRK2-
bound) simply because its extended N-terminal helices were
not involved in crystal contacts as they are in other crystal
forms, and thus this structure is more likely to represent the
conformation of Gβγ in solution. SFG observable quantities
were calculated for all unique orientations of the heterodimer
relative to the reference orientation shown in Figure 1. As
shown in Figure 3A, many possible twist and tilt angle
combinations produce the experimentally determined χzzz

(2)/χxxz
(2)

ratio of 2.0 ± 0.2, indicating once again that the SFG
measurement alone cannot determine a single unique
orientation of Gβ1γ2. Figure 3B shows orientations that
would generate an ATR-FTIR dichroic ratio of 1.7 ± 0.2.
Again, many combinations of twist and tilt angle are possible,
but they are distinct from matches for the SFG measurement

Figure 2. Experimental ATR-FTIR spectra of 336 nM membrane-
bound Gβ1γ2 on 9:1 POPC:POPG lipid bilayer for the p and s
polarizations. The circles and crosses are experimental data. The solid
lines are the fitting results.

Figure 3. The possible orientations of Gβ1γ2 determined by (A) SFG (χzzz
(2)/χxxz

(2) = 2.0 ± 0.2), (B) ATR-FTIR (dichroic ratio RATR =1.7 ± 0.2), and
(C) the combination of SFG and ATR-FTIR measurements. The effect of experimental errors (such as uncertainty in the Fresnel coefficients) is
accounted for using a coloring scheme based on how well the calculated and experimentally measured quantities agree for each possible orientation,
within specified error bars (±10%).41 If the calculated χzzz

(2)/χxxz
(2) ratio does not match the experimental value within ±10%, a score of 0 is assigned. In

panel C, the total score is calculated as the product of the scores for all individual criteria. A score of 100% indicates an exact match for all
experimental measurements. The shaded areas indicate orientations of Gβ1γ2 that are considered to be physically reasonable, according to previously
defined criteria.41 (D) The possible orientation areas with a score ≥70% (red).
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(Figure 3A). Thus, combining the available orientations
determined by the ATR-FTIR dichroic ratio RATR with
constraints from the SFG χzzz

(2)/χxxz
(2) ratio yields a much narrower

range of possible orientations of Gβ1γ2 (Figures 3C and 3D),
which fall in a narrow range of moderate twist angles (50−80°)
and low tilt angles (15−35°). Additional arcs of matches exist
for Gβ1γ2 at high tilt angles ∼75°, but such positions would
place the geranylgeranyl group quite far from the bilayer and

are therefore physically unlikely. The combination of SFG and
ATR-FTIR measurements points to a single favored orientation
range for Gβ1γ2 on the lipid bilayer in situ. All orientations in
this range correspond to closely related configurations where
the C-terminus of Gγ2 would be in close proximity to the
membrane, consistent with the geranylgeranyl group being the
dominant membrane binding determinant of Gβ1γ2.

Orientation of Gαiβ1γ2. Although Gαi is N-terminally
myristoylated in cells, we first chose to examine the effect of
nonmyristoylated Gαi on complex formation Gβγ to avoid the
complication of spectroscopic signals originating from mem-
brane bound Gαi in addition to those from a reconstituted
Gαiβ1γ2 heterotrimer. Indeed, no SFG signals could be detected
from nonmyristoylated Gαi alone (data not shown). However,
SFG amide I signal could be readily detected for the Gαiβ1γ2
heterotrimer (Figure 4A) and exhibited strong contributions
from α-helices centered at 1652 cm−1. SFG spectra for a
preformed Gαiβ1γ2 heterotrimer were identical to those
obtained by adding the two subunits to the lipid bilayer
subphase sequentially (first Gβ1γ2, followed by Gαi), but
distinct from the spectra of Gβ1γ2 alone,

41 demonstrating that
the Gαiβ1γ2 heterotrimer can be formed at the membrane in situ
in our experiments. It was found that the measured ratio χzzz

(2)/
χxxz
(2) for the α-helical peak centered at 1652 cm−1 was 2.67.
Possible values of χzzz

(2)/χxxz
(2) for various orientations of Gαiβ1γ2

were calculated (see Supporting Information) based on a
modified structure of the Gαiβ1γ2 heterotrimer (PDB entry
1GP2)80 in which the structure of the Gβ1γ2 portion was taken
from a structure of GRK2-Gβ1γ2 (PDB entry 1OMW)43 for the
reasons described above. The calculated and experimentally
determined orientation parameters were compared, yielding
possible orientations of Gαiβ1γ2 (Figure 5A). Once again, the
SFG results alone were insufficient to uniquely determine the
overall orientation of the protein.
ATR-FTIR spectra were also collected for Gαiβ1γ2 (Figure

4C), and the calculated relationship between dichroic ratio
RATR and heterotrimer orientation (Supporting Information)
was compared to the experimentally measured value of RATR =
1.75 based on the α-helical peak center at 1657 cm−1 (see
Supporting Information). The broad range of possible matches
for the ATR-FTIR measurement is shown in Figure 5C, and the
greatly narrowed range of matches obtained by combining
ATR-FTIR and SFG measurements is shown in Figures 5D and
5E. The best matches fall in a very narrow range of moderate
twist angles (∼65°) and low tilt angles (∼23°), with some
additional matches at high tilt angles (75−85°) that can be
rejected as physically unlikely. Thus, the combination of SFG
and ATR-FTIR spectroscopy makes it possible to determine
the orientation of Gαiβ1γ2 more precisely than using either
technique alone.
To ensure that the myristoyl group has no impact on the

membrane orientation of Gαiβ1γ2, we also collected SFG
spectra from samples of the myr-Gαiβ1γ2 heterotrimer. SFG
amide I signals could be detected (Figure 4B) with strong
contributions from α-helices centered at 1652 cm−1. The
spectral features detected from the myr-Gαiβ1γ2 heterotrimer
(Figure 4B) were very similar to those from the non-
myristoylated Gαiβ1γ2 heterotrimer (Figure 4A). The measured
ratio χzzz

(2)/χxxz
(2) for the α-helical peak centered at 1652 cm−1 was

determined to be 2.51, very close to the value of Gαiβ1γ2
heterotrimer (2.67). Making the reasonable assumption that
the structure of Gαiβ1γ2 is unaffected by the myristoyl group,
we were able to calculate the expected SFG observables, and

Figure 4. SFG Amide I region signals from (A) 336 nM Gαiβ1γ2
heterotrimer or (B) myr-Gαiβ1γ2 heterotrimer interacting with a 9:1
POPC:POPG lipid bilayer. (C) ATR-FTIR Amide I region signals
from 336 nM Gαiβ1γ2 heterotrimer interacting with a 9:1
POPC:POPG lipid bilayer. The squares, circles, and crosses are
experimental data. The solid lines are the fitting results.
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found a similar range of possible orientations for myr-Gαiβ1γ2
(Figure 5B) as for Gαiβ1γ2 (Figure 5A). This suggests that the
myristoyl group does not substantially impact the orientation of
Gαiβ1γ2, consistent with the fact that the myristoyl group is
predicted to be in close proximity to the geranylgeranyl group
of Gγ2 in the complex, and both modifications occur on flexible
regions of their respective proteins.
Comparison of the Orientation of Gβ1γ2 Alone and in

Complex with Gαi. Comparison of the most likely
orientations for Gβ1γ2 (Figure 3C) and Gαiβ1γ2 (Figure 5D)
reveals that there is substantial overlap between the two plots,
suggesting that it is possible for the Gαiβ1γ2 heterotrimer to
form without reorientation of Gβ1γ2. To consider the possibility
of a common orientation more quantitatively, we directly
combined all four available measurements (two χzzz

(2)/χxxz
(2) ratios

and two dichroic RATR ratios) in one plot, thereby testing the

assumption that Gβ1γ2 and Gαiβ1γ2 adopt the same orientation.
Figure 6A shows the orientations of both Gβ1γ2 and the
Gαiβ1γ2 heterotrimer that would satisfy all of the SFG and
ATR-FTIR measurements. The most likely orientation range
has twist from 50 to 80° and low tilt angles from 20 to 25°, with
an assigned score of 68% at ψ = 67°, θ = 23°. Because overall
scores are the product of scores for all individual measure-
ments, this indicates that all individual criteria would provide
good quality matches between experimental and calculated
parameters (∼(67%)1/4 = 90% or better). Thus, it is reasonable
to assume that Gβ1γ2 does not reorient upon formation of the
heterotrimer. A proposed shared orientation for Gβ1γ2 and
Gαiβ1γ2 is shown in Figure 7. In this pose, the orientation of
Gβγ at the membrane would allow association with GDP-
bound inactive Gα subunits in a manner that would not create
an overlap between Gα and the membrane plane. Furthermore,

Figure 5. The possible orientations of Gαiβ1γ2 determined by (A) the SFG ratio of χzzz
(2)/χxxz

(2) (2.7 ± 0.3) and the possible orientations of myr-Gαiβ1γ2
determined by (B) the SFG ratio of χzzz

(2)/χxxz
(2) (2.5 ± 0.3). Orientations of Gαiβ1γ2 at which the calculated values best match experimentally measured

values for (C) the ATR-FTIR dichroic ratio RATR (1.8 ± 0.2). The product of these two measurements of Gαiβ1γ2 (D) further narrows the range of
possible orientations. (E) Same plot as panel D but only showing orientation areas with a score ≥70% (red).
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the relatively static orientation of Gβ1γ2 at the membrane allows
for the disassociation from a complex with Gα and rapid
association with other signaling molecules, such as GRK2.
These results also indicate that the amino acid sequence of Gα
does not contain regions that strongly influence the membrane
orientation of the Gαβγ heterotrimer, consistent with the lack
of SFG signals obtained for nonmyristoylated Gαi. Thus, this
deduced orientation may be exhibited by all families of
heterotrimeric G proteins.

■ CONCLUSIONS
In this work, we combined SFG and ATR-FTIR to determine
the membrane orientation of Gβ1γ2 and the Gαiβ1γ2
heterotrimer in situ. SFG and ATR-FTIR vibrational spectros-
copies measure complementary independent parameters, and
the combination of techniques was shown to provide a more
precise orientation than could be obtained using either
technique alone. The most likely orientations of Gβ1γ2 fall in
a range of moderate twist angles (50−80°) and low tilt angles
(15−35°), whereas the most likely orientation of the Gαiβ1γ2
heterotrimer falls in a very narrow range of moderate twist
angles (∼65°) and low tilt angles (∼23°). According to our
measurements, it is entirely possible that Gβ1γ2 can bind to Gαi
without changing its orientation (twist = 67°, tilt = 23°) relative
to the lipid bilayer. In this orientation (Figure 7), the parts of
the protein closest to the lipid bilayer are the C-terminus of Gγ2
and basic residues at the extreme N-terminus of Gαi (which are
conserved among all Gα subunits). Our analysis of the myr-

Gαiβ1γ2 complex indicated that the myristoyl group does not
strongly dictate the orientation of the heterotrimeric G protein
complex (Gαβγ), in which the Gβ1γ2 subunits do not undergo a
large conformational change in response to binding the Gαi.
This could be due to close proximity of the lipid modifications
in the complex (N-terminus of Gαi and C-terminus of Gβ1γ2)
to each other and on flexible regions of the protein or due to
the longer geranylgeranylation modification of Gβ1γ2 which
likely dominates the membrane localization of the hetero-
trimeric G protein complex compared to the shorter myristoyl
chain of Gα.
A low-resolution structure of transducin (Gαtβ1γ1) bound to

PC lipid tubules was previously determined in helical
reconstructions from cryo electron micrographs.81 This work
suggested that the heterotrimer binds to the tubules via two
strong contacts, which were modeled as the N-terminus and C-
terminus of the Gαt subunit, the former of which presumably
included the farnesylated C-terminus of Gγ1. Their proposed
membrane orientation is significantly different than that
suggested in our study (Figure 7) because it suggests that the
C-terminus of transducin is involved in membrane binding,
whereas we find no evidence that regions other than the
extreme N-terminus of Gαi are involved. The conflicting results
could reflect several experimental differences. The first could be
the influence of helical crystal contacts on the orientation of the
transducin-lipid tubule complex in the EM study. Furthermore,
although close homologues, the proteins involved in the two
studies were distinct, and Gγ1 is farnesylated instead of
geranylgeranylated like Gγ2. Finally, there were differences in
the composition of the lipid environment used in each study.
Whereas the electron microscopy study used neutral lipids, we
used a 9:1 mix of POPC and POPG lipids that more closely
reflects the charge of the inner leaflet of the membrane surface.
In future studies it will be interesting to examine the effect of a
change in lipid composition on the orientation of hetero-
trimeric G proteins and their complexes.
The observation that Gβ1γ2 does not seem to change its

orientation significantly as it engages Gαi suggests that the
geranylgeranyl modification of Gγ2 is most important
determinant of the orientation of Gαiβ1γ2 in membranes, at
least in the context of the model phospholipid bilayer we
employed. Other regions of the heterotrimer do not lie in the
plane of the membrane, such as the C-terminus of Gα, which
forms the primary contact with activated integral membrane
GPCRs (our model system contains lipids, but not GPCRs).37

Thus, when the heterotrimer encounters an activated GPCR, it
will need to change its membrane orientation as a result of

Figure 6. Assessment of whether the Gβ1γ2 subunit and Gαiβ1γ2 can
adopt similar orientations at the membrane. (A) Scores for
orientations that satisfy all four measurements (two χzzz

(2)/χxxz
(2) ratios

and two dichroic RATR ratios). These scores would represent good
matches for all experimentally measured parameters, and suggests that
Gβ1γ2 does not greatly change its orientation when bound to Gαi. (B)
The same plot as panel A but only showing the orientation area with a
score ≥50% (red).

Figure 7. Possible membrane orientation of (A) Gβ1γ2, and (B) Gαiβ1γ2 as determined from our experimental measurements (twist = 67°, tilt =
23°). Two views related by 90° are shown. The plane of the membrane relative to the protein is shown as a blue rectangle.
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additional strong interactions created between the receptor and
Gα. The “basal” orientations of Gβ1γ2 and the Gαiβ1γ2
determined in this work may be of physiological relevance
because they allow unhindered access to the protein-interaction
surfaces of each complex (i.e., the Gα-binding face of the β-
propeller of Gβ1 and the C-terminus and other regions of Gα
that interact with GPCRs). For example, a previous study
showed that altering the location of the prenylation site in Gγ5
by deleting 10 residues immediately N-terminal to the modified
cysteine (Gγ5-Δ55−64) abrogates the ability of Gβγ5-Δ55−64
to activate the effector enzyme phospholipase Cβ.82 Although
there are other possible explanations,82 it is tempting to
speculate that this phenotype at least in part reflects a change in
the orientation of Gβγ5-Δ55−64 at the membrane that either
makes it more difficult for phospholipase Cβ to access its
binding site on Gβγ, or constrains the resulting complex into an
orientation that is not optimal for phospholipid hydrolysis.
It could be argued that the proteins we studied adopt a

different conformation upon interacting with membranes,
which would limit the usefulness of crystal structures to serve
as models for our calculations. However, both Gβ1γ2 and
GαiGβ1γ2 interact with membranes primarily through lipid-
modified regions that are intrinsically disordered. Because these
regions are not coupled to the core structure of the complex, it
seems unlikely that their interaction with membrane will induce
a large conformational change. Thus, we are comfortable with
the required assumption that Gβ1γ2 and Gαi do not undergo
large conformational changes upon protein−protein inter-
actions and membrane binding, as suggested by comparison of
their various crystal structures.
We believe that the combination of SFG and ATR-FTIR will

provide a foundation for future studies on larger protein
complexes, and will enable studies of how each component
affects the overall orientation of the complex in order to
accommodate additional binding partners. With the help of
other advanced approaches currently being developed (e.g.,
isotope labeling), we believe that in the future it will be possible
to deduce an even more accurate orientation for a large protein
complex using combined vibrational spectroscopic studies.
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