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Few experimental techniques can assess the orientation of peri-
pheral membrane proteins in their native environment. Sum Fre-
quency Generation (SFG) vibrational spectroscopy was applied
to study the formation of the complex between G protein-coupled
receptor (GPCR) kinase 2 (GRK2) and heterotrimeric G protein
β1γ2 subunits (Gβγ) at a lipid bilayer, without any exogenous labels.
The most likely membrane orientation of the GRK2-Gβγ complex
differs from that predicted from the known protein crystal struc-
ture, and positions the predicted receptor docking site of GRK2
such that it would more optimally interact with GPCRs. Gβγ also
appears to change its orientation after binding to GRK2. The devel-
oped methodology is widely applicable for the study of other
membrane proteins in situ.

G protein coupled receptors (GPCRs) are integral membrane
proteins that are involved in a wide variety of biological

processes in eukaryotic cells (1). In response to extracellular
cues such as hormones, odorants, and light, these cell surface
receptors activate heterotrimeric GTP-binding proteins found
on the inner surface of the cell membrane, which in turn directly
interact with membrane associated effectors such as adenylyl
cyclase or cGMP phosphodiesterase, which control the level of
second messengers (2).

Over the past fifteen years, crystallographic analysis has yielded
significant insights into the molecular mechanisms of signal trans-
fer between heterotrimeric G proteins and their effector targets
(3, 4). Despite this progress, crystallographic structure determina-
tion requires removal of the protein from its native environment,
and cannot provide direct information on the orientation of
these molecules when they interact with the plasma membrane.
Understanding the membrane-bound orientation is critical for
understanding how the membrane facilitates higher affinity inter-
actions between signaling molecules, how these molecules are op-
timally aligned through these interactions for catalysis, and how
higher order signaling scaffolds are assembled at the membrane.
For example, the interactions of heterotrimeric G proteins, in par-
ticular their βγ subunits (Gβγ), with the lipid bilayer facilitate
GPCR-catalyzed GTP exchange on the Gα subunit (5). Gβγ sub-
units are also well known for their interactions with other signaling
proteins such as effectors phospholipase Cβ and G protein regu-
lated inwardly rectifying potassium channels, as well as GPCR
kinase 2 (GRK2) (6), which is recruited to the membrane by G
proteins to phosphorylate activated GPCRs (Fig. 1). Because of
its ability to simultaneously interact with activated heterotrimeric
G proteins Gαq and Gβγ, GPCRs and the membrane, GRK2 may
be involved in the assembly and organization of signaling com-
plexes at GPCRs (7). Although the crystal structure of GRK2
in complex with both Gαq and Gβγ is known, (8) its precise orien-
tation while engaged at the cell membrane is not known because
many of the known membrane binding determinants of the com-
plex are disordered or involved in crystal contacts.

Recently, vibrational spectroscopic techniques such as Sum
Frequency Generation (SFG) vibrational spectroscopy have been
developed into a powerful, highly surface-specific, and in situ

probe of biological molecules at interfaces (9–17). Compared to
other techniques such as NMR, SFG experiments can be per-
formed in more biologically relevant systems (single lipid bilayers),
using less sample and without the requirement for isotope labeling.
Although SFG can not be used to determine a detailed protein
structure, the available measurements of protein orientation are
relevant to many biological problems. It has previously been shown
that α-helical amide I SFG signals can be used to determine the
orientation of single peptides, single peptides in a dual orientation
distribution, and the Gβ1γ2 (hereafter denoted as Gβγ) subunit of
the heterotrimeric G protein in a POPC/POPC lipid bilayer. In
the current work, we sought to directly characterize the formation
and orientation of the larger GRK2-Gβγ complex in a more bio-
logically relevant lipid bilayer. In particular, we examine (i)
whether the orientation of the GRK2-Gβγ complex at the model
cell membrane is consistent with predictions made based on an
existing crystal structure, and (ii) whether or not Gβγ reorients
in order to accommodate binding of GRK2. A method for mea-
suring how subunits reorient upon formation of membrane protein
complexes would provide important molecular insights into how
multisubunit complexes assemble at biological interfaces, and in
particular about how Gβγ is oriented with respect to GPCRs,

Fig. 1. The GRK2-Gβγ complex in the reference orientation, based on a set of
potential membrane interacting residues (shown in red). The fitted plane,
which would be parallel to the plane of the lipid bilayer, is shown in dark
green. GRK2 is colored blue with cyan helices. Gβγ is colored yellow, with he-
lices shown in pale yellow. The C-terminal residue of the G protein γ subunit
is geranylgeranylated, and thus must be in close proximity to the bilayer.
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which are targeted by both Gαβγ heterotrimers and GRK2-Gβγ.
The experimental approaches and analysis tools developed in this
article are applicable to the study of membrane protein orienta-
tion, membrane protein binding, and protein-protein interactions
in many other systems in situ and in real time.

Results
In this research, we developed a systematic method to study the
formation and orientation of membrane-bound protein-protein
complexes without the use of exogenous labels, provided that
a crystal structure of the complex is available. Our method in-
cludes a software package that facilitates interpretation of SFG
spectra collected in multiple polarization combinations, produ-
cing a series of heat map-type plots to summarize the most likely
protein orientations based on multiple measurements. The for-
mation of the protein-protein complex between Gβγ and GRK2
was observed in real time in situ on a model cell membrane,
and the dependence of polarized SFG signals upon protein orien-
tation was calculated using our software program. This informa-
tion was processed to produce multiple independent measure-
ments for a more complete picture of subunit orientation and
reorientation.

SFG Spectra and GRK2-Gβγ Complex Formation. Proteins were
studied by injecting a protein stock solution into the aqueous
subphase of a 9∶1 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPC/
POPG) lipid bilayer and monitoring time-dependent SFG spectra
until the protein signal intensity at 1;652 cm−1 was stable (∼1 h).
Spectral intensities were the same under continuous collection as
when the input laser beams were blocked, and no change was
observed over the time scale of these experiments, indicating that
the sample did not sustain damage due to laser irradiation. In all
cases, Gβγ, GRK2, or the GRK2-Gβγ complex were added to
the aqueous buffer for a final concentration of 336 nM. The fol-
lowing samples were examined: (i) GRK2 or (ii) Gβγ alone, (iii) a
preformed GRK2-Gβγ complex, (iv) a GRK2-Gβγ complex
formed by sequential addition of equimolar Gβγ and GRK2, and
(v) Gβγ after the addition of equimolar GRK2-R587Q, a GRK2
mutant deficient in binding Gβγ (18). It has previously been
shown that GRK2 binding to the membrane is greatly enhanced
by the presence of Gβγ (6), and, therefore, sequential addition
experiments in which GRK2 was added first were not performed.

As seen in Fig. 2A, only weak signals were observed in SFG
amide I spectra collected from GRK2 alone at the lipid bilayer,
presumably due to the relatively weak interactions between the
lipid bilayer and GRK2. In contrast, much stronger spectra were
observed for the Gβγ subunit alone in the lipid bilayer (Fig. 2B),
which is consistent with the fact that Gβγ is geranylgeranylated
and thus has a much higher lipid affinity than GRK2 (6). The
Gβγ spectra are dominated by a peak at ∼1;652 cm−1, contribu-
ted by the α-helical regions of the protein.

To demonstrate the formation of the complex in situ, we col-
lected SFG spectra from the preformed GRK2-Gβγ complex
at the membrane interface (Fig. 2C), and compared these to
the results from serial addition of GRK2 to Gβγ (Fig. 2D).
The spectral intensities (Fig. 2B) and fitted χð2Þzzz∕χ

ð2Þ
xxz ratios (as cal-

culated in Methods) were similar, but markedly different from
those observed for Gβγ alone. As expected, serial addition of the
GRK2-R587Q mutant to Gβγ did not alter the Gβγ spectra. These
results clearly demonstrate that we are able to form and directly
observe the formation of a specific complex in situ using SFG.

Fitting of the experimental spectra shown in Fig. 2 yields the
following reproducible results: the Gβγ χð2Þzzz∕χ

ð2Þ
xxz ratio is 2.01, the

fitted signal strength in the ssp polarization drops by roughly a
factor of 1.39 when GRK2 is added to form the complex, and
upon formation of GRK2-Gβγ, the χð2Þzzz∕χ

ð2Þ
xxz ratio is 2.20.

Orientation of the GRK2-Gβγ Complex. A marked drop in signal in-
tensity was observed in the transition from Gβγ alone to the com-
plex with GRK2 (Fig. 2 B and D). As discussed in Methods, SFG
signal intensities are a function of molecular orientation, the net
molecular hyperpolarizability βprotein, and the number of mole-
cules on the surface (19). Given the expectation that the molar
concentration of proteins at the membrane will be driven primar-
ily by the presence of Gβγ (and that geranylgeranylated Gβγ will
not dissociate from the lipid bilayer upon addition of GRK2) we
can assume that the drop in intensity is due to a change in the net
molecular hyperpolarizability upon addition of GRK2, reorienta-
tion of the protein segments, or both. Because the observed
SFG spectra are dominated almost entirely by single peak centers
corresponding to α-helices, we may calculate the net amide I
hyperpolarizability for the protein (βprotein) in terms of a “refer-
ence” orientation of the known protein structure (Fig. 1).

The crystal structure of Gβγ in complex with GRK2 (PDB
entry 1omw) was used as the starting point for all data analysis
(20). Although it is possible that proteins can change their con-
formation upon interacting with membranes, the preponderance
of evidence suggests that the GRK2-Gβγ complex does not. First
of all, the structure of the GRK2-Gβγ complex has been deter-
mined in the presence and absence of detergent micelles (8).
Furthermore, GRK2-Gβγ interacts with membranes primarily
through regions that are intrinsically poorly ordered (such as the
prenylated C terminus of the Gγ subunit and the β1-β2 loop of
the GRK2 PH domain). Because these regions are not coupled to
the core structure of the complex, it seems unlikely that their
interaction with membranes will induce a large conformational
change. GRK2 is in fact rigidified by binding Gβγ (21), and the
buried surface area in its domain interfaces are very large and
therefore unlikely to dissociate. In test calculations, the effect of
a small difference in the arrangement of helical segments on our
results was minimal. A linear least-squares fitting routine was
used to fit a plane through regions of GRK2-Gβγ that were ex-
pected to be in close proximity to the lipid bilayer, such as the
β1-β2 loop of the PH domain (18) and the C-terminal region of
Gγ, which is geranylgeranylated. The full list of residues may
be found in SI Text. The resulting fitted plane was used to define
a “standard membrane orientation” for further calculations

Fig. 2. SFG measurements of GRK2, Gβγ, and their complexes on a POPC/
POPG (9∶1 weight ratio) lipid bilayer. (A) Only weak amide I signals were
observed from GRK2 injected alone, consistent with the fact that GRK2
itself does not bind to lipids with high affinity. (B) Stronger signals were
observed from Gβγ, consistent with the fact that the protein is lipid modified.
(C) Signals and ppp/ssp ratios from the preformed complex and (D) from
two subunits added sequentially are similar, indicating that the complex can
be formed in situ. In both cases, the fitted zzz/xxz ratio is ∼2.20.
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(Fig. 1), which is denoted as the tilt ðθÞ ¼ 0°, twist ðψÞ ¼ 0° posi-
tion of the complex. The estimated position is consistent with an
orientation predicted elsewhere using an implicit solvent model
(22). For consistency, this orientation was also used as the refer-
ence position for the Gβγ subunit coordinates alone (as extracted
from the GRK2-Gβγ complex).

For the purposes of orientation analysis, the SFG macroscopic
observables χð2Þzzz, χ

ð2Þ
xxz, and χð2Þzzz∕χ

ð2Þ
xxz were calculated for all unique

combinations of the tilt and twist angles of Gβγ and the GRK2-
Gβγ complex (Fig. 3 A and B). Because it is unreasonable to
assume that the protein would be upside-down with the geranyl-
geranyl group far from the bilayer, we have limited the plots to
focus on the range of interest (tilt angles 0–90°). It is apparent
from the resulting contour plots that many possible combinations
of tilt and twist angle can yield computed ratios that are close to
the experimentally measured χð2Þzzz∕χ

ð2Þ
xxz ratio. However, only a sub-

set of these positions are physically reasonable. Many would pull
the geranylgeranyl group of Gβγ unreasonably far from the mem-
brane, or force the protein into an orientation that would require
a collision with the membrane in order for the geranylgeranyl
group at the C terminus of Gγ to insert into the bilayer. The
matches between the experimentally measured SFG observables
and calculated values (as a function of orientation) are shown in
Fig. 4. Interestingly, the results in Fig. 4B show that the experi-
mentally measured χð2Þzzz∕χ

ð2Þ
xxz ratio for the GRK2-Gβγ complex

does not match the calculated value at the reference position
(θ ¼ 0°, ψ ¼ 0°). The nearest high-scoring match is at the position
θ ¼ 10°, ψ ¼ 180°. There is, however, a swath of closely related
high-scoring orientations with small tilt angles (10–15°) and twists
ranging from 120–240°. There is also a narrower stretch of
matches in the range from tilt 30–60° and twist of 90°, but in these
orientations the PH domain is not positioned such that it can
make its expected contacts with the membrane. Our results thus
suggest that the most likely orientation of the GRK2-Gβγ com-
plex is such that the bulk of the kinase domain of GRK2 is tilted
away from the membrane surface by 10 to 15°. A recent crystal
structure of activated G protein-coupled kinase 6 (GRK6) re-
vealed the structure and location of the GPCR receptor docking

site of the kinase (23), which is expected to be conserved in
GRK2. The residues that constitute this site were disordered
in the GRK2-Gβγ structure, and were not considered when de-
fining the reference position. Our SFG results are consistent
with a tilt that positions the receptor docking site of GRK2 to
interact more efficiently with the cytosolic domain of the GPCR,
in a similar orientation to that proposed for activated GRK6.

Due to the complexity of the molecules studied and the limited
number of measurements available, it is not possible to narrow
the range of orientations of GRK2-Gβγ to a single unambiguous
position. However, the above results demonstrate that in situ
measurements can provide more information about protein or-
ientation at a phospholipid bilayer than can be inferred from the
crystal structure alone.

Orientation of Gβγ Alone and in the Complex. Next, we considered
whether or not Gβγ must reorient in order to bind GRK2. In the
absence of calibrated absolute intensity information, which is
challenging to measure accurately, other sources of information
are needed to supplement the χð2Þzzz∕χ

ð2Þ
xxz ratio in order to narrow

the range of possible orientations. Experimentally, we have ob-
served that signal intensity drops markedly upon formation of
the complex (Fig. 2), which is most likely if both Gβγ and the
GRK2-Gβγ complex adopt relatively small tilt angles (Fig. 3).
This result can be explained in light of the fact that the net SFG
response can be thought of as a vector quantity, and signal inten-
sity depends strongly on the relative orientation of the α-helices
whose signal dominates the observed spectrum. In the Gβγ sub-
unit, the helical segments are relatively well aligned, and thus
SFG signals can be quite strong at low tilt angles. For the
GRK2-Gβγ complex, there are more (but less well aligned) he-
lical segments, with a different net orientation that may result in
weaker SFG signals for certain orientations. Because the molar
amount of membrane associated GRK2-Gβγ should be similar to
Gβγ alone, the drop in signal intensity upon formation of the
GRK2-Gβγ complex provides an additional constraint that can
help to determine the orientation of a single subunit, provided

Fig. 3. Contour plots showing the calculated molecular response in the ssp polarization (left), and the predicted ratio of fitted signal strengths χð∠Þzzz∕χð∠Þxxz
(right) for (A) Gβγ alone, and (B) the GRK2-Gβγ complex.
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that the orientation of the other subunit can be reasonably
assumed.

We can combine the experimental measurements with the as-
sumption that Gβγ alone has the same orientation as it does in
complex with GRK2. Thus, as well as satisfying two χð2Þzzz∕χ

ð2Þ
xxz

ratios (one each for Gβγ alone and the GRK2-Gβγ complex),
the orientation must additionally provide a good match for the

signal strength change
χð2ÞGβγ;xxzðθ;ψÞ

χð2Þcomplex;xxzðθ;ψÞ
. Alternatively, we can assume

that Gβγ alone can adopt an orientation that is distinct from that
in the GRK2-Gβγ complex, but that the overall orientation of the
entire complex is a fixed, known position (such as the reference
orientation shown in Fig. 1). The measured χð2Þzzz∕χ

ð2Þ
xxz ratio for Gβγ

can then be combined with the signal strength change
χð2ÞGβγ;xxzðθ;ψÞ

χð2Þcomplex;xxzðθfixed ;ψ fixedÞ
, yielding the possible orientations of the Gβγ

subunit in the absence of GRK2.
If we assume that Gβγ does not reorient upon formation of the

complex, two χð2Þzzz∕χ
ð2Þ
xxz ratios plus the intensity change can be

applied. As shown in Fig. 4C, the range of possible orientations
is quite narrow, and even the best match has a score of only ∼60%
(for more information on how scores are assigned, refer to Meth-
ods). The low scores in this analysis indicate a poor match for
all experimental measurements, supporting the hypothesis that
Gβγ does not have the same orientation alone as it does when
in complex with GRK2. Solutions that are physically plausible
(as well as mathematically allowed) are further highlighted using
a semitransparent overlay (see SI Text) to indicate the positions
where the geranylgeranyl anchoring group of Gβγ is close to the
bilayer interface when in complex with GRK2. In this analysis, it
appears that the overlay does not eliminate any of the possibili-
ties, but neither does it improve the poor scores of the matches
for experimental measurements.

If the orientation of the GRK2-Gβγ complex is assumed to be
known, our measurements can be used to characterize the orien-
tation of Gβγ. As discussed above, the reference orientation
(Fig. 1) was based on a set of presumed membrane-interacting
regions, but our measured χð2Þzzz∕χ

ð2Þ
xxz ratio is not consistent with

this orientation (Fig. 4B). Based on the likely orientations of
GRK2-Gβγ, we revised the assumed position to include a small
tilt for the complex (θ ¼ 10°, ψ ¼ 180°), so that the second mea-

surement becomes
χð2ÞGβγ;xxzðθ;ψÞ

χð2Þcomplex;xxzð10°;180°Þ
. This new orientation of the

complex is reasonable for the purposes of this analysis because
other similarly high-scoring orientations that match our experi-
mentally measured χð2Þzzz∕χ

ð2Þ
xxz ratio would generally yield similar

values of χð2Þxxz;complex, and therefore would not qualitatively alter
the final results (see SI Text for further discussion). The resulting
matches produce high scores (>90%) and physically reasonable
positions for Gβγ in terms of the resulting proximity of its gera-
nylgeranyl group with respect to the membrane (Fig. 4D). In this
case, considering only physically reasonable positions helps to
limit the range of matches. The highest scores are centered
around θ ¼ 25°, ψ ¼ 120°), and do not overlap the new assumed
position of the GRK2-Gβγ complex. Thus, by either set of as-
sumptions our data indicates that Gβγ will likely alter its orienta-
tion upon engaging effectors such as GRK2, which is reasonable
because both proteins are expected to form direct interactions
with the cell membrane.

Conclusions
In this study, we have demonstrated that SFG can be used to
study the formation of a multisubunit protein-protein complex
in situ. Through the use of multiple constraints and software de-
veloped to facilitate SFG data analysis, the orientation of the
GRK2-Gβγ complex has been characterized. We find that Gβγ
likely reorients by about 15 ° to facilitate binding of GRK2.

Fig. 4. Best matches for (A) the Gβγ zzz/xxz ratio and (B) GRK2-Gβγ complex zzz/xxz ratio (right). Colors indicate the quality of the match (100% ¼ exact). (C) If
Gβγ does not reorient, adding a constraint for intensity change yields possible orientations of both Gβγ and the GRK2-Gβγ complex. Using all three available
measurements narrows the range of possibilities. (D) Orientation of Gβγ if the orientation of the complex is assumed. Use of twomeasurements helps to narrow
down the best matches. For (C) and (D), matches may be further limited down by adding an additional requirement that the positions of Gβγ be physically as
well as mathematically allowed (dark overlay).
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The GRK2-Gβγ complex orientation differs from the position
predicted based on examination of the crystal structure alone,
but is consistent with the optimal membrane orientation of
the receptor docking site on the GRK2 homolog GRK6. The
proposed orientation of Gβγ in the GRK2-Gβγ complex is also
compatible with its expected orientation in complex with the
heterotrimeric Gα subunit. The Gαβγ heterotrimer (PDB entry
1gp2) can be aligned with Gβγ from the GRK2-Gβγ complex
in the specified position (θ ¼ 10°, ψ ¼ 180°) without collisions
between the Gα subunit and the expected plane of the membrane
(Fig. 5B). As for the docking site of GRK2, this allows the
C-terminal helix of Gα, which is typically disordered in crystal
structures, to dock productively with the cytoplasmic domain of
activated receptors. In principle, SFG can also be used to exam-
ine the orientation of βγ in the Gαβγ heterotrimer relative to its
position in the GRK2-Gβγ complex.

It is therefore possible to assess protein reorientation upon
complex formation using a small set of readily obtainable SFG
measurements. Our calculated ratios also show good agreement
with both experimental values and physically reasonable posi-
tions. In the future, additional measurements can be introduced
to yield a clearer and more specific picture of protein orientation
for each individual subunit (24). These measurements can include
SFG absolute intensities, polarized infrared or higher order spec-
troscopies, and isotope labeling. The methods presented in this
report should be widely applicable to the study of membrane pro-
tein binding and orientation in situ.

Methods
SFG Spectroscopy. Details of the SFG technique and our SFG spectrometer
have been described previously (25). In SFG experiments, two laser beams
(e.g., a 532 nm visible and a frequency tunable infrared) are overlapped
on the sample, generating a signal at the sum frequency (ωvis þ ωir ¼ ωsum).
Due to the selection rule of this process, signals are only generated in media
that lack inversion symmetry, as in the case of surfaces or interfaces. Conse-
quently, SFG provides exceptional submonolayer surface sensitivity and
specificity, without the need for background subtraction. Because the SFG
process is greatly enhanced by tuning the IR beam over the vibrational
resonances of interfacial molecules, the observed peaks correspond to a
vibrational spectrum of the interface, and highly surface-specific signals
may be produced without the need for exogenous labels. By controlling the
polarizations of the input and generated signal beams, information on inter-
facial molecular orientation can be obtained (15, 16, 26–28). In our experi-
ments, spectra were collected in the ssp and ppp polarization combinations
of the sum frequency, visible, and infrared beams, respectively.

SFG Data Analysis. SFG signal intensity is proportional to the square of the

effective second order nonlinear optical susceptibility: I∝
���χð2Þeff

���2. The effective

susceptibility component measured in a given polarization can be obtained
by fitting spectra to a Lorentzian lineshape:

χð2Þeff ¼ χnr þ∑
q

Aq

ω2 − ωq þ iΓq
; [1]

where ω2 and ωq represent the frequencies of the infrared and qth peak cen-

ter, respectively, Γq is the damping coefficient, χnr is a constant nonresonant

background signal, andAq is the signal strength.When different polarization

combinations of input/signal beams (e.g., ssp or ppp) are used, different com-

ponents of χð2Þeff can be determined. The experimentally measured parameters

can be related to the actual second order nonlinear optical susceptibility
components, which are defined in the lab coordinate system (where z is
usually defined as the surface normal and x − y plane is the surface/interface.
The x − z plane contains the input and signal beams). Using the near total
reflection geometry, we have the relations:

χð2Þeff;ssp ¼ Lxxzχ
ð2Þ
xxz [2]

χð2Þeff;ppp ¼ Lzzzχ
ð2Þ
zzz; [3]

where Lxxz and Lzzz are Fresnel factors that depend on the experimental geo-
metry and indices of refraction of the solution and interface. In this article,

we report the fitted χð2Þzzz∕χ
ð2Þ
xxz ratio after the correction for Fresnel factors is

applied, and error bars are incorporated to consider the effect of uncertainty

in Fresnel factors. The fitted χð2Þzzz∕χ
ð2Þ
xxz ratio is the principal measurement used

for our orientation studies, and it may be measured from the SFG ssp and ppp

spectra. The χð2Þzzz∕χ
ð2Þ
xxz ratio is a property of many molecules. To link it to the

orientation of an individual molecule, the hyperpolarizability tensor for a
single molecule must first be calculated based on knowledge of the func-
tional group or molecule, as described below. Then, the orientation of the
molecule may be characterized by relating the response of a single molecule
to the response measured in the lab coordinate system. The orientation of
a surface functional group or molecule can be characterized by either one
tilt angle θ (e.g., in case of a single α-helix) or tilt and twist angles θ and
ψ, respectively, (e.g., in the case of a β-sheet or a complicated protein).
The rotations corresponding to these angles are shown in Fig. 1. In this study,
we focused our data analysis on the α-helical amide I peak observed at

∼1;652 cm−1, which dominates the spectra for Gβγ alone (29) and for the
GRK2-Gβγ complex. The signals from β-sheet regions were too weak to be
analyzed.

The GRK2-Gβγ complex contains 31 helical segments (20), and, conse-
quently, analyzing the molecular orientation relies on determining the com-
bined response for all α-helices in the protein (10, 13, 29–31). The net α-helical
hyperpolarizability, βprotein, can be determined based on the length and

relative orientations of all helical segments in the known crystal structure
(PDB entry 1omw), so long as the protein conformation remains unchanged
(as in the case of GRK2-Gβγ). The α-helical segments were assigned using the
dictionary of secondary structure prediction (DSSP) algorithm as implemen-
ted in the UCSF Chimera molecular visualization program (32). For the
purposes of this analysis, two angles were used to describe the orientation
of the helical segments: the tilt angle (relative to the þz axis) and the
azimuthal angle (derived from the rotation matrix for a vector along the he-

lix backbone, vec ¼ ½ x y z �T and calculated according to the formula

ϕ ¼ sin−1ð y
jvecj�sin θÞ). The third Euler angle, ψ (representing twist) was ignored

due to the cylindrical symmetry of each single α-helix.
The hyperpolarizability tensor elements for each individual α-helical

segment of known residue length were calculated according to the bond ad-
ditivity model described previously (15). This model incorporates experimen-
tally measured values of the dipole moment and polarizability tensor, and
has been shown to produce good agreement with FTIR (33) and NMR (28)
studies on simple α-helical peptides. Each of the 27 elements of the combined
hyperpolarizability tensor for the entire protein was then calculated as the
sum of the response for each individual helix, using a rotation of the axis
system to place the z-aligned helical segment into the protein coordinate
frame according to the angles calculated above.

βijk;helix ¼
�
dα�helix
dQ

�
i;j
×
�
dμhelix
dQ

�
k

[4]

Fig. 5. Predicted orientations of Gβγ complexes at phospholipid bilayers.
(A) The GRK2-Gβγ complex in a likely membrane orientation, with the ex-
pected membrane plane running along the bottom of the box. The receptor
docking site of GRK2 was homology modeled based on the structure of GRK6
(PDB entry 3NYN). The small tilt angle suggested by our SFG measurements
prevents this newly crystallized region from colliding with the lipid bilayer.
(B) The Gαβγ heterotrimer modeled in the same orientation, using Gβγ for
alignment. The Gα subunit is shown in blue, and in this orientation it would
maintain reasonable contacts with the lipid bilayer.

Boughton et al. PNAS ∣ September 13, 2011 ∣ vol. 108 ∣ no. 37 ∣ E671

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

CH
EM

IS
TR

Y
PN

A
S
PL

U
S



βijk;protein ¼ ∑
#helices

n¼1

1

2π

Z
2π

0

ðR � αhelix;n � RTÞi;jðR � μhelix;nÞkdψ :

[5]

In the equation above, R represents the Euler rotation matrix in the zyz
convention:

R ¼ RzðϕÞRyðθÞRzðψÞ

¼
cosϕ sinϕ 0

− sinϕ cosϕ 0

0 0 1

2
4

3
5 ×

cos θ 0 − sin θ
0 1 0

sin θ 0 cos θ

2
4

3
5

×
cosψ sinψ 0

− sinψ cosψ 0

0 0 1

2
4

3
5: [6]

The tilt angle θ and the twist angle ψ for a protein are defined according
to Eq. 6. This method was also used to calculate βprotein for Gβγ, which
contains four helical segments.

As discussed above, the SFG surface susceptibility component ratio (e.g.,
χð2Þzzz∕χ

ð2Þ
xxz ratio) is related to the hyperpolarizability and orientation of the

protein. Quantitatively, the SFG surface susceptibility tensor was calculated
by rotating a single molecule into the lab coordinate frame and assuming
that all molecules were randomly distributed in the plane of the surface
(azimuthal angle ϕ):

χð2Þijk ¼ 1

2π

Z
2π

0

ðR � RTÞi;j � Rkβijk;proteindϕ: [7]

For the amide I vibration, there are two SFG-active vibrational modes to
be considered: the A and E1 modes. The peak centers for these two modes
are very close and cannot be separated within the resolution of our SFG
spectrometer. Consequently the total response from each vibrational mode
(as calculated above) must be added together to obtain the experimentally
observed value:

χð2Þxxz ¼ χð2Þxxz;A þ χð2Þxxz;E1 and χð2Þzzz ¼ χð2Þzzz;A þ χð2Þzzz;E1: [8]

Using these relations, χð2Þzzz and χð2Þxxz can be calculated as a function of
the protein orientation (tilt and twist angles). The observed signal intensity
depends on the number of molecules at the surface, but this dependence
cancels when the ratio χð2Þzzz∕χ

ð2Þ
xxz is taken- hence, the ratio is a particularly use-

ful parameter for orientation analysis.

Software for Data Analysis. The required calculations become prohibitively
complex as the size of the protein to be studied increases. Consequently,
we have developed a set of Python scripts to perform the required calcula-
tions. Our program allows for rapid analysis of any arbitrary protein structure
from the Protein Databank (PDB), based on signals from α-helical regions.
Unlike a previous study of the Gβγ subunit (29), variations in helix length
are explicitly treated in this calculation. As a result, the results of this calcula-
tion produce SFG signal strength ratios (χð2Þzzz∕χ

ð2Þ
xxz) for orientation analysis,

and also make it possible to compare observed signal intensities across dif-

ferent protein samples or subunits. The latter feature provides the potential
for additional constraints that can be used to more uniquely assign molecular
orientation (see Results).

The software performs four tasks. Each script is modular and can be run
at any time after the previous step. Repeating the analysis does not require
repeating all steps.

First, the protein is oriented into an initial reference position, as described
in SI Text. Although this step is not required, it can be helpful for interpreting
results. Second: relative to the reference orientation, the length and orienta-
tion of each helical segment is determined. The resulting information is saved
to a csv file that describes the protein structure.

In the third step, SFG experimental observables are calculated. Good
computational performance can be ensured by precalculating the symbolic
algebraic forms of Eqs. 5 and 7. By removing the slow numerical integration
step, significant performance gains were seen vs. a reference implementation
in a commercial mathematical software package. Our program employs the
Matplotlib library to produce high quality plots, and the boxes of Fig. 3 were
prepared directly from images generated in this step. The raw output was
also saved in a text-based format that can be readily imported into other
programs for analysis. Fourth and finally, calculated SFG observables were
compared to experimental measurements, as described below. We are cur-
rently working to extend this software to calculate experimental observables
for other vibrational spectroscopies, such as attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR).

Given the complexity of the system studied, and the sensitivity to small
experimental errors, multiple solutions must be considered. We have there-
fore developed a set of heat map style plots to display all orientations for

which calculated values fall within �10% of the measured Gβγ χð2Þzzz∕χ
ð2Þ
xxz ratio

(equivalent to about �20% of the measured intensity ratio), and �25% of

the observed signal strength χð2Þxxz change between the measurements for Gβγ
and GRK2-Gβγ. These plots display a score assigned based on how close
the calculated value at the nth datapoint was to each experimental (target)
value, within the specified % tolerance (“tol”):

Scoren ¼ 1 −
����ration − ratioexp

tol � ratioexp

����: [9]

All orientations for which any criterion was not met were assigned a score
of 0 by default. Scores were calculated independently for all criteria, and
the final quality of the match at that point was determined as the product
of i criteria, Scoretot ¼

Q
iScorei (where a score of 100% indicates that the

orientation in question yields an exact match for all target values). This visual
approach provides a simple way to incorporate experimental error estimates,
while providing an easy-to-peruse summary of the most likely allowed orien-
tations.
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