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Abstract
In addition to providing a semi permeable barrier that protects a cell from harmful stimuli, lipid
membranes occupy a central role in hosting a variety of biological processes, including cellular
communications and membrane protein functions. Most importantly, protein-membrane
interactions are implicated in a variety of diseases and therefore many analytical techniques were
developed to study the basis of these interactions and their influences on the molecular
architecture of the cell membrane. In this study, sum frequency generation (SFG) vibrational
spectroscopy is used to investigate the spontaneous membrane insertion process of Cytochrome b5
and its mutants. Experimental results show a significant difference in the membrane insertion and
orientation properties of these proteins, which can be correlated with their functional differences.
In particular, our results correlate the non-functional property of a mutant cytochrome b5 with its
inability to insert into the lipid bilayer. The approach reported in this study could be used as a
potential rapid screening tool in measuring the topology of membrane proteins as well as
interactions of biomolecules with lipid bilayers in-situ.

Integral membrane proteins constitute a third of all proteins in nature and are responsible for
a host of biological processes such as ion transport, cellular communications and
metabolism of compounds.1–3 Normally membrane proteins are directed, in a co-
translational manner, to the plasma membrane via a specific signal sequence located near the
N-terminus of the polypeptide chains.4,5 Interestingly, for tail-anchored membrane proteins,
this specific signal sequence is absent. Instead, a hydrophobic segment located near the C-
terminus serves to anchor the proteins to the bilayer in a post-translation manner.4,5
Members belonging to this class of proteins, in particular Cytochrome b5 (Cyt-b5), exhibit
unusual membrane insertion property that remains unclear.4–6 One of the major problems in
interrogating interactions between proteins and membranes is the lack of an analytical
technique with adequate sensitivity and temporal resolution that allows for the studies to be
conducted at physiologically relevant protein concentrations. Recently, sum frequency
generation (SFG) vibrational spectroscopy has been shown to be able to overcome this
limitation. SFG is a surface sensitive second order nonlinear optical technique,7–17 which
has been applied to investigate interfacial structures of peptides and proteins.18–34 SFG is
capable of detecting adsorption of peptides/proteins onto a model membrane surface in a
sub-µM concentration.35 Although SFG is successful in interrogating interactions of small
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peptides with lipid bilayers, which serves as models for cell membranes, its application to
study membrane protein has not been well explored.36 In this study, membrane-bound
cytochrome b5 (Cyt-b5) and its inactive mutants are used to demonstrate the efficiency of
SFG for high-throughput studies of membrane proteins. Cyt-b5 is a 16 kDa tail-anchored
membrane protein whose interaction with Cytochrome P450 is crucial in drug metabolism.
4–6 Cyt-b5 comprises of three distinct domains with vastly different dynamics: a heme-
containing soluble domain, a membrane-spanning anchor, and a linker region connecting the
former two.4–6 (The amino acid sequences of the wild-type Cyt-b5 and its mutants are given
in Fig. S1 of the Supporting Information.) The spontaneous insertion of Cyt-b5 into
membrane is of particular interest as this property seems to be an exception rather than the
norm for most tail-anchored membrane proteins.4–6 More importantly, the function of Cyt-
b5 is related to its ability to anchor into the ER (endoplasmic reticulum) membrane as
functional assays have demonstrated that when the transmembrane helix is removed, the
protein becomes inactive.4–6 Since the membrane anchor of Cyt-b5 lies near the C
terminus, it is unable to insert into the membrane via a co-translational manner,4–6
suggesting the existence of a post-translational mechanism that facilitates the spontaneous
membrane insertion of Cyt-b5 both in vitro and in vivo.4–6 However, such a mechanism
received little attention thus far and remains poorly understood.

In this study, a series of SFG experiments were used to elucidate the spontaneous membrane
insertion property of Cyt-b5 into lipid bilayers. In an SFG experiment, a single substrate
supported lipid bilayer was used as a model cell membrane. (Details about the SFG
experiments can be found in the Supporting Information.) SFG spectra in the amide I
frequency region were collected from wild-type Cyt-b5 in a supported deuterated
dimyristoylphosphatidylcholine (dDMPC/dDMPC) bilayer at 25 °C using ssp (s-polarized
SFG signal, s-polarized input visible, and p-polarized input IR beam) and ppp (p-polarized
SFG signal, p-polarized input visible, and p-polarized input IR beam) polarization
combinations of the input and output beams shown in Figure 1A. A peak centered at 1655
cm−1, arising from an α-helix, dominates the SFG spectra.33 Since Cyt-b5 contains α-helical
structures in both soluble and transmembrane domains4–6, a software package, namely
NLOPredict,34 was used to determine the contribution of SFG signals from the soluble
domain. From the NLOPredict program, no substantial SFG signal was generated from
helices in the soluble domain as their dipole moments point in opposite directions, which
lead to the cancellation of their SFG signals (Figs. 2S and 3S in the Supporting Information).
Therefore, the SFG signals mainly originate from the α-helical transmembrane domain and
the orientation of the helix was determined from the best-fitting ppp and ssp signal strength
ratio of the peak at 1655 cm−1 as shown in Figure 1A.33 Based on our analysis, the Cyt-b5
membrane-anchoring helix inserts into the dDMPC/dDMPC bilayer with a 15° tilt angle
relative to the bilayer normal as depicted in Figure 1B. This angle agrees with previous
solid-state NMR result of 17°, which was measured from magnetically-aligned
DMPC:DHPC bicelles.37–39 This excellent agreement between the SFG and solid-state
NMR results validates the SFG method in the determination of topology and helical tilt
angles for Cyt-b5. Also, SFG has recently been combined with NMR in studying interfacial
peptides, which demonstrates the effectiveness of combining these techniques for the studies
of surface bound peptides.40

In addition to wild-type Cyt-b5, an inactive mutant Cyt-b5 (m-Cyt-b5) that lacks eight amino
acids in the linker region was used to investigate the role and the synergy of the various
domains played in the membrane insertion process of Cyt-b5. 41 Surprisingly, the SFG
amide I signal from the m-Cyt-b5 detected in a dDMPC/dDMPC bilayer at 25 °C is weaker
compared to that of its wild-type counterpart as shown in Figure 2A. Assuming similar
membrane coverage, the tilt angle of the m-Cyt-b5 (m: mutant) helix is determined to be 70°
with respect to the bilayer normal while using the intensity difference in the ppp SFG
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spectra between Cyt-b5 and m-Cyt-b5. This result was confirmed by an independent SFG
measurement using the signal strength ratio of the ppp and ssp spectra and the tilt angle was
calculated to be 73°. Therefore, m-Cyt-b5 most likely tilts towards the membrane surface
instead of inserting into the membrane, suggesting that the linker region can indeed
influence the manner of membrane insertion of Cyt-b5. To further investigate the influence
of the linker length on the membrane insertion property of Cyt-b5, several Cyt-b5 mutants
that differ in their linker length were used. SFG results on different mutants in a dDMPC/
dDMPC bilayer at 25 °C inferred that the length of the linker region can indeed influence its
membrane insertion: as the length of the linker region increased, the tilt angle of the helical
membrane anchor decreased, indicative of membrane insertion as shown in Figure 2B.

SFG experiments were also carried out to measure the effect of lipid acyl chain length on the
membrane insertion property of Cyt-b5 and its mutants. The results are summarized in Table
1. Interestingly, the wild-type Cyt-b5 inserts readily as long as the bilayer temperature is
above the gel-to-liquid crystalline phase transition temperature (Tm) of the lipid. On the
other hand, the insertion of m-Cyt-b5 requires a higher temperature and is partially
dependent on the lipid phase. For instance, the gel-to-liquid crystalline phase transition
temperature of dilauroylphosphatidylcholine (DLPC) is 4 °C, but m-Cyt-b5 fails to insert
into the DLPC bilayer even at 30 °C, which indicates an additional thermal energy is
required for membrane insertion. Furthermore, the thickness of the lipid bilayer influences
the membrane orientation of Cyt-b5. This is a consequence of the hydrophobic mismatch
between the length of the hydrophobic segment of the transmembrane helix and the
hydrophobic thickness of the lipid bilayer.41,42 Therefore, to minimize the exposure of the
hydrophobic residues in the transmembrane helical region to the aqueous environment, the
helix needs to orient such that the length of its hydrophobic segment matches with the
hydrophobic bilayer thickness.41 Since a cell membrane is often composed of a mixture of
lipids with different chain lengths, membrane proteins adjust their orientation to match the
hydrophobic thickness of the bilayers. Therefore, our results demonstrate that the orientation
of a membrane protein is dynamic and is a reflection of the nature of the bilayer.

While the m-Cyt-b5 (with a deletion of eight amino acids in the linker region) fails to insert
into the lipid bilayer at 25°C, it remains associated with the membrane surface. This raises a
question of whether the surface bound 8-deletion m-Cyt-b5 can insert into the membrane if
experimental condition changes. To address this question, temperature-dependent SFG
experiments were conducted on the dDMPC/dDMPC bilayer surface bound m-Cyt-b5 and
the results are given in Figure 3. Since the excess m-Cyt-b5 in the aqueous phase were
removed after flushing the system several times with water, the changes in the observed
SFG signals will be solely due to the reorientation of the surface bound 8-deletion m-Cyt-b5.
Interestingly, the SFG signal intensity increases as a function of temperature (Fig. 3A),
suggesting a reorientation of m-Cyt-b5 into the lipid bilayers. The angles deduced from the
ppp/ssp signal stretch ratios detected at different temperatures (Fig. 3B) confirm the
dependence of the helical anchor orientation on temperature. Therefore, a kinetic barrier
seems to prevent m-Cyt-b5 from penetrating into the hydrophobic region of the bilayer at
25°C. This barrier is likely related to protein dynamics. In order for insertion to occur, a
range of molecular motions is required that permits reorientation, permeation and
translocation of the m-Cyt-b5 helical anchor into the membrane. Importantly, the presence of
the linker region can increase the mobility of the protein; in fact, it is the length of the linker
that influences the membrane insertion property of Cyt-b5 as shown in our experimental
data as well as the functional properties of the mutant proteins.42 Therefore, the synergy
between the various domains holds the key in the spontaneous membrane insertion of Cyt-
b5.
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In conclusion, we have demonstrated that it is feasible to probe, in real time, the interaction
between a membrane protein and lipid bilayers using SFG experiments with unprecedented
sensitivity as demonstrated for Cyt-b5. The significant difference observed in the membrane
insertion properties of the wild-type and mutant Cyt-b5 suggests that the length of the linker
region can mediate the dynamics of the protein as well as its function, which is in excellent
agreement with the functional studies reported in the literature.43 Therefore, the approach
reported in this study could be used as a potential rapid screening tool in determining the
topology of membrane proteins as well as interactions of biomolecules with lipid bilayers in-
situ, which in combination with solid-state NMR could be a solution to the present problems
in the structural studies of membrane proteins in their native environment.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) ssp and ppp polarized SFG amide I signals of Cyt-b5 in a dDMPC/dDMPC lipid bilayer
at 25°C. The dependence of the ppp/ssp ratio with respect to the helical tilt angle is shown in
Supporting information. Thus, from the experimentally measured ppp/ssp ratio, it is possible
to calculate the tilt angle of an alpha helix from an SFG experiment. (B) A proposed model
of Cyt-b5 describing its orientation and topology in lipid bilayers.
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Figure 2.
(A) ssp and ppp polarized SFG amide I signals of a mutant-Cyt-b5 in a dDMPC/dDMPC
lipid bilayer at 25 °C. (B) The dependence of the experimentally measured tilt angle of the
transmembrane helix on the number of residues in the linker region of the protein.
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Figure 3.
(A) ppp polarized SFG amide I band of a 8-deletion mutant-Cyt-b5 in a dDMPC/dDMPC
lipid bilayer as a function of temperature. The increase in the intensity of ppp polarized SFG
amide I band indicates a reorientation of the protein. The intensity of ppp polarized SFG
amide I band at 45° is lower compared to that of 40°, which can be attributed to the
desorption of protein from the lipid bilayer surface. (B) Tilt angle of a 8-deletion mutant-
Cyt-b5 as a function of temperature determined using SFG ppp/ssp signal strength ratio.
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Table 1

The membrane orientation of the wild-type Cyt-b5 and a mutant Cyt-b5 (with a deletion of eight amino acids
in the linker region) in various phospholipid bilayers as a function of temperature.

Lipid Tm (°C) Temperature (°C) Helical tilt angle

wild-type mutant

dDLPC 4 30 20° 75°

45 - 26°

dDMPC 23 25 14° 73°

30 - 76°

45 - 14°

dDPPC 40 30 N/A N/A

45 10° N/A

N/A refers to no detectable SFG amide I signal from the protein and Tm is the gel-to-liquid-crystalline phase transition temperature of a lipid.

dDLPC: deuterated dilauroylphosphatidylcholine; dDPPC: deuterated dipalmitoylphosphatidylcholine; dDMPC: dimyristoylphosphatidylcholine.
Since the wild-type Cyt b5 can insert into the lipid bilayer at room temperature, we did not perform the measurements at higher temperatures
(indicated by dashes).
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