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• Membrane-associated pHLIP has the
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inserted pHLIP.
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Despite their presence in many aspects of biology, the study of membrane proteins lags behind that of their
soluble counterparts. Improving structural analysis of membrane proteins is essential. Deep-UV resonance
Raman (DUVRR) spectroscopy is an emerging technique in this area and has demonstrated sensitivity to subtle
structural transitions and changes in protein environment. The pH low insertion peptide (pHLIP) has three dis-
tinct structural states: disordered in an aqueous environment, partially folded and associated with a lipid mem-
brane, and inserted into a lipid bilayer as a transmembrane helix. While the soluble and membrane-inserted
forms are well characterized, the partially folded membrane-associated state has not yet been clearly described.
The amide Imode, known to be sensitive to protein environment, is the same in spectra of membrane-associated
and membrane-inserted pHLIP, indicating comparable levels of backbone dehydration. The amide S mode, sen-
sitive to helical structure, indicates less helical character in the membrane-associated form compared to the
membrane-inserted state, consistent with previous findings. However, the structurally sensitive amide III region
is very similar in both membrane-associated and membrane-inserted pHLIP, suggesting that the membrane-
associated form has a large amount of ordered structure. Where before the membrane-associated state was
thought to contain mostly unordered structure and reside in a predominantly aqueous environment, we have
shown that it contains a significant amount of ordered structure and rests deeper within the lipid membrane.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Membrane proteins carry out numerous tasks of wide ranging im-
portance to any membrane-enclosed compartment (from organisms
to organelles). They perform essential functions in nearly every aspect
of modern biology, medicine, agriculture, and pharmacy [1–5], yet
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they are the least understood at the structural and functional levels of all
proteins [6]. Most protein dynamics analyses of soluble proteins are
carried out by either advanced 2D-NMRmethodologies, which are lim-
ited to smaller protein molecules and those with relatively slow mo-
tions, or by vibrational spectroscopies, including both IR and Raman
methodologies. Vibrational spectroscopic techniques are extremely
sensitive to changes in the ensemble secondary structure, but are gener-
ally not limited by macromolecular size or solvent polarity, unlike
modern NMR methodologies. Thus, vibrational methodologies have
been at the forefront of studies of conformational changes in peptides
and proteins [7–13].

The peptide bond of a protein backbone gives rise to four principle
vibrational modes, termed the amide I, II, III and S (Cα\H bending)
bands. The position and intensity of these bands are dependent upon
the protein's secondary structure [14–16]. Therefore, the observed IR
and Raman bands (all four modes) are the sum of the contributions
from each peptide bond as a function of the constraints applied by the
secondary structure within which they are found. The amide modes
are resonantly enhanced in Raman spectra when deep-UV radiation
(λex b 210 nm) is used as the excitation source, making deep-UV
resonance Raman (dUVRR) an excellent method for studying protein
structure [17–19] and dynamics [9,20–26].

The common secondary structures of soluble proteins, α-helix,
β-sheet, and disordered, each gives rise to discrete dUVRR spectral
profiles, the intensity of which is determined by the relative amount of
each structure, making the total spectrum a sum of the underlying
structural content [27]. The resolving power of dUVRR to deconvolute
this secondary structure content has been demonstrated several fold
[25,27–31].

The increased sensitivity of dUVRR over analogous techniques, such
as circular dichroism (CD) has demonstrated that the structure of disor-
dered proteins is not random, but a mixture of extended helical (PPII)
[32–34] and β-strand structures [35,36]. Recently, it was shown that
at an excitation wavelength of 197.5 nm, the turn content could be re-
solved from the unfolded structure [28]. CD is also capable of resolving
unfolded or intermediate structures from one another by the presence
of a small positive feature at 220 nm that is distinctly characteristic of
PPII structure [36]. However, this feature is not resolved in the presence
of any helical or sheet structure. Alternatively, PPII and β-strand struc-
tures can readily be distinguished from one another using dUVRR spec-
troscopy regardless of the nature of the secondary structural content by
using the position of the amide III band [35]. In addition to structural
information, it has also been shown that dUVRR is sensitive to the envi-
ronment of the peptide backbone. The amide I mode of dUVRR spectra
has been shown to be sensitive to lipid solvation of the peptide back-
bone [37]. This allows for the observation of both structural and envi-
ronmental changes of peptides and proteins.

Herewe extend these previous studies to a peptide that has the ability
to simultaneously undergo both structural and environmental transi-
tions. The pH low insertion peptide (pHLIP), derived from the c-helix of
the transmembrane protein, bacteriorhodopsin [38], is an ideal model
for the analysis of such a system. It undergoes a variety of structural
changes dependent on pH and the presence of a lipid bilayer. In the
absence of a lipid environment, at low concentration (~10 μM), the pep-
tide ismonomeric andmostly disordered [38–40]. At high pH in the pres-
ence of liposomes, the peptide associateswith the lipid bilayer and loses a
portion of its disordered content. Finally, as the pH drops below 6.0 in the
presence of lipid, pHLIP spontaneously inserts into the lipid bilayer as a
transmembrane α-helix [38–42]. While it has been determined that
these three distinct states exist, the exact nature of the membrane–lipid
interactions and structural composition of each state have not been
fully elucidated.

It has been demonstrated that dUVRR has the ability to resolve
discrete and subtle contributions of secondary structure, without the
use of spin labels, expensive isotope labeling, or deuterium exchange.
Analysis of protein structural changes within native lipid environments
without the need for modification would lead to significant improve-
ments in our understanding of membrane proteins, which are widely
involved in sensing, transporting, and signaling across lipid barriers.
2. Materials and methods

2.1. Lipid vesicle preparation

DMPC (1,2-dimyristoyl(d54)-sn-glycero-3-phosphocholine) (Avanti
Polar Lipids) powder was dissolved in chloroform and 12.5 mg quanti-
ties were aliquoted into glass test tubes, dried under an argon stream,
and placed under vacuum overnight. Lipids were rehydrated in buffer
(10 mM phosphate, pH 7.4) and sonicated at 58 °C for 1 h. Lipid solu-
tions were then extruded through a 100 nm pore sized membrane to
produce small unilamellar vesicles. Vesicle size distribution was verified
via dynamic light scattering (DLS) on a DynaPro99 (Protein Solutions,
Charlottesville, VA). Lipid concentration was determined using the
Rouser phosphorous assay [43].
2.2. Sample preparation for DUVRR

The pHLIP (Pi Proteomics) peptide was resuspended in hexa-
fluoroisopropanol (HFIP) at 6.25 mg/mL and aliquoted into glass tubes
in 62.5 μg quantities. Tubeswere dried under an argon streamand placed
under vacuum overnight to remove any residual solvent. DMPC vesicles
were added to each tube of pHLIP such that the ratio of peptide:lipid
was 1:25. The lipid–pHLIP solution was diluted to 5 mL to prevent pep-
tide aggregation. Solutions from each tube were combined and brought
to pH 4 with phosphoric acid, resulting in peptide insertion into the
membrane. The solution was then centrifuged at 45,000 r.p.m. for 1 h
to pellet the proteoliposomes. The pellet was then resuspended in
100 mM phosphate buffer at pH 4 with 100 mM NaClO4. The solution
was then split into two equal volumes, one of which was adjusted to
pH 7 using NaOH to promote pHLIP association with the membrane
surface, and one which was kept at pH 4 to maintain pHLIP as a trans-
membrane helix.
2.3. Circular dichroism (CD)

CD spectra were collected on a Jasco J-815 CD spectropolarimeter
(Easton, MD) using a Hellma cuvette with a pathlength of 10 mm. Five
scanswere collected and averaged for each sample. As CDmeasurements
do not require a high protein concentration, the protein concentrations
were 0.0125 mg/mL in a buffer of 100 mM phosphate and 100 mM
NaClO4 at pH 4 or 7. For spectra of membrane-associated and inserted
states, lipid was added to a final concentration of 0.3125 mg/mL.
2.4. Deep UV resonance Raman (dUVRR)

The dUVRR instrument was set up as described previously [44].
Briefly, the fourth harmonic of a tunable titanium–sapphire laser at
excitation wavelengths of 195, 197, 199, 201, 203, or 205 nm was di-
rected onto a thin film of sample flowing between two nitinol wires
spaced approximately 1 mm apart under N2 gas. The incident laser
power at the sample was attenuated to 500 μW to avoid protein degra-
dation, and spectraweremonitored for degradation over time using the
aromatic ring modes. Spectral calibration was carried out using a stan-
dard cyclohexane spectrum [45]. All dUVRR spectral preprocessing
was carried out in MATLAB (7.1, MathWorks, Natick, MA) using cosmic
ray and water band removal methods described previously [31]. A non-
linear least-squares algorithm was used to fit the amide and aromatic
bands to mixed Gaussian/Lorentzian peaks, which approximate the
Voigt line shape as described previously [30].
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3. Results

3.1. CD spectra

Previous studies of pHLIP have shown that pHLIP adopts three
distinct structures depending on its environment [39,40,46]. Circular
dichroism (CD) spectroscopy was employed to confirm the presence
of a distinct state in each environment. The spectrum of pHLIP in aque-
ous solution at pH 7 has a single minimum at 201 nm, indicating that
the peptide is in a predominantly disordered state (Fig. 1). Upon intro-
duction of DMPC liposomes, the minimum at 201 nm shifts towards
206 nm and decreases in intensity. Additionally, a negative feature
begins to appear at 220 nm, suggesting the formation of some α-helical
structure. The appearance of α-helical structure upon association with
the DMPCmembrane surface is consistentwith the findings of Engelman
and coworkers [38,40]. Upon lowering the pH to 4 the CD spectrum takes
on a classically α-helical shape, with two prominent minima at 209 and
222 nm (Fig. 1).
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Fig. 2. A. 197 nm-excited DUVRR spectra of pHLIP associated with DMPC at pH 7 (black)
and in aqueous buffer at pH 7 (gray) with difference spectrum. B. pHLIP inserted in
DMPC at pH 4 (gray) and associatedwith DMPC at pH 7 (black)with difference spectrum.
The peak marked with an asterisk is from the internal standard, NaClO4.
3.2. DUVRR spectra of pHLIP as a function of environment

Although it is clear that pHILP is disordered in an aqueous environ-
ment and α-helical when inserted into the membrane at pH 4, the
structure of the peptide and nature of the interaction with the mem-
brane at pH 7 remain unclear. In order to elucidate the structure of the
membrane-associated peptide at pH 7, dUVRR spectra of pHLIP were
measured in each state. The peptide contains two tyrosines, giving rise
to an amide III region dominated by tyrosine features, making structural
analysis using the amide III difficult. DUVRR spectra of pHLIP in aqueous
solution and associated with the DMPC surface exhibit a prominent
amide S feature (assigned to an in-plane N\H/C\H coupled bending
[47]) (Fig. 2A), indicative of a large amount of non-helical structure, con-
sistent with CD spectra. However, the amide S of membrane-associated
pHLIP is not as intense as that seen in the aqueous sample, suggesting an
increase in helical structure. In addition, themembrane-associated spec-
trum also displays a less intense amide II band (predominantly N\H
bending) [48] than the aqueous spectrum, further indicating forma-
tion of helical structure in themembrane-associated form of the pep-
tide. Despite the obvious structural changes implied by the amide II
and amide S bands, there is no accompanying shift in the position
of the amide I band (predominantly C_O stretching) [49,50] at
1671 cm−1. There is, however, a marked increase in the intensity
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Fig. 1. CD spectra of soluble (dotted), membrane-associated (gray), and membrane-
inserted (black) pHLIP.
of the amide I when pHLIP associates with a membrane. Although
the amide I intensity is not strongly correlated with the backbone di-
hedral angles [49,50], the intensity does increase concurrently with
dehydration of the backbone carbonyl [37]. Therefore, the increased
intensity of the amide I feature in the membrane-associated spec-
trum demonstrates decreased hydration of the peptide backbone in
this state. Additionally, there is an overall increase in the intensity
of the aromatic modes, also suggesting a transfer to a more hydro-
phobic environment.

In contrast to the membrane-associated pHLIP, the spectrum of
membrane-inserted pHLIP has a negligible amide S feature and a drasti-
cally reduced amide II band (Fig. 2B), which is consistent with previous
studies showing that the peptide is significantly moreα-helical when
inserted in the membrane [38,40]. There is a negligible change in the
intensity of the amide I when pHLIP transitions from a membrane-
associated state to themembrane inserted state, implying approximately
the same level of backbonedehydration. Once again, there is no accompa-
nying shift in the amide I with the change in structure. These modes are
most intense in the membrane-associated state of the peptide and least
intense in the aqueous form.

Excitation profiles of the lipid-associated and lipid-inserted forms of
pHLIP reveal more subtle spectral differences (Fig. 3). The aromatic
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4 M.C. Brown et al. / Biophysical Chemistry 187–188 (2014) 1–6
modes drop off dramatically with increasing excitation wavelength for
both states. In the membrane-inserted state the phenylalanine F12
and F18a modes disappear entirely above 201 nm excitation. In the
membrane-associated state the F12 mode remains; however, it
decreases in intensity with increasing excitation wavelength. In the
membrane-associated spectrum of pHLIP, the region containing the
phenylalanine and tyrosine F8a and Y8b modes has a maximum at
1615 cm−1 at an excitation wavelength of 195 nm. This maximum
shift towards 1611 cm−1 as the excitation wavelength is increased. As
the Y8b generally has a peak maximum at about 1620 cm−1, and that
of the F8a rests at approximately at 1600 cm−1, this indicates that the
Y8bmode is decreasing at a faster rate than the F8amodewith increas-
ing wavelength. This trend is not observed in the excitation spectra of
membrane-inserted pHLIP. The region containing the phenylalanine
and tyrosine 9a and 7a modes at 1178 and 1203 cm−1 respectively de-
creases in intensity in both spectra, but disappears more quickly in the
membrane-associated spectrum. As the aromatic modes in this region
decrease so drastically with an excitation wavelength above 201 nm,
the contribution from tyrosine in the amide III region should beminimal
above 201 nm excitation.

Changes in the amide III region aremore easily resolved at excitation
wavelengths above 201 nm due to the decreased contribution from
aromatic modes. Clear differences are seen between the spectra of the
membrane-associated and membrane-inserted forms of pHLIP. The
amide III region can be resolved into four bands, two bands that make
up the amide III3 [51] (Fig. 4), and two bands generally associated
with alpha-helical structure at 1300 and 1330 cm−1. As the excitation
wavelength increases, the amide modes generally decrease in intensity
in spectra of both forms of pHLIP. In both sets of spectra, the amide S
disappears entirely. There is very little change in the amide III region
modes at 1270 cm−1 in both spectra; however, while there is no change
in themode at 1335 cm−1 in themembrane-inserted spectrum, there is
a marked decrease in intensity at this position in the membrane-
associated spectrum. The band at 1270 cm−1 remains in both sets of
spectra as the excitation wavelength increases. However, while the
band 1245 cm−1 remains in the membrane-associated spectrum, it ex-
periences a more drastic decrease in the membrane-inserted spectrum.
The comparative increased intensity of the 1245 cm−1 band and de-
creased intensity of the 1335 cm−1 band in the membrane-associated
spectrum suggest both an increase in disordered structure and a loss
in α-helical content. As previously shown by Asher and coworkers,
the shift of the amide III3 band can be used to predict the psi angle to
within ±8° using Eq. (1) [52]:

ϑEXT
III3 ¼ 1256cm−1−54cm−1 sin ψþ 26∘ð Þ: ð1Þ

Using this relationship, the residual intensity at 1242 cm−1 in the
difference spectra corresponds to extended helical structure.

In addition to amore defined amide III region, excitation spectra also
providemore detailed structural information with regard to the amide II
region. The amide II band in the membrane-associated spectrum de-
creases more rapidly than in the membrane-inserted spectrum (Fig. 5).
Previous data has shown that the amide II mode of α-helical proteins
decreases more slowly with increasing excitation wavelength than that
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of non-helical proteins [30], implying a larger portion of non-helical
structure in the membrane-associated form of pHLIP compared to the
membrane-inserted form.
4. Discussion

Three structural states of pHLIP, aqueous, membrane-associated,
andmembrane-inserted have been identified by CD [38–40]. CD studies
show that in aqueous solution, pHLIP is mostly disordered and folded in
an α-helical conformation when inserted into a membrane. However,
our understanding of the structural content of membrane-associated
pHLIP remains vague. Molecular dynamics simulations suggest a signif-
icant portion of helical character [53]; however, detailed experimental
data is sparse. CD spectra of membrane-associated pHLIP display helical
characteristics, such as a minimum around 220 nm; however, it is less
intense than in spectra of membrane-inserted pHLIP (Fig. 1 and
[38–40]). Membrane-inserted pHLIP exhibits a minimum at 210 nm,
but the minimum in the membrane-associated form is shifted slightly
to 206 nm. These changes indicate a decrease in helical structure, con-
comitant with an increase in unordered structure. While this presents
a vague picture of the structural ensemble of membrane-associated
pHLIP, a more exact determination of the amounts of helical and unor-
dered structure has not been conducted.

The dUVRR spectra of soluble andmembrane-associated pHLIP both
have intense amide S and IImodes compared to themembrane-inserted
form, consistent with larger portions of non-helical structure (Fig. 2).
Excitation spectra of membrane-associated and membrane-inserted
pHLIP provide more specific structural and environmental differences
between these two states, as contribution from aromatic modes is min-
imized in the amide III region above 201 nm excitation. At 205 nm exci-
tation, the amide III region shows increased intensity around1242 cm−1

in spectra of membrane-associated pHLIP compared to the membrane-
inserted state, which is consistent with more extended helical structure
(Fig. 4). Additionally, it can be clearly seen that the α-helical-associated
mode at 1338 cm−1 is smaller in the spectrum of membrane-associated
pHLIP. Together, these suggest an incompletely wound helix in the
membrane-associated state that completes the folding process upon
insertion into the membrane.

The solvation states of aqueous andmembrane-inserted pHLIP have
been well characterized [38–40,46]; however, the position within the
membrane, as well as a more exact structural description, of the
membrane-associated state has yet to be determined. Previous work
has shown that for membrane-associated and membrane-inserted
pHLIP, two environmental populations of tryptophan are present
[39,40]. In the membrane-inserted state, both tryptophan residues are
buried at varying depths within the membrane. In the membrane-
associated state, one tryptophan residue is mostly solvent exposed,
while the other is more buried within the membrane [40]. The partial
burial of one tryptophan indicates that some portion of membrane-
associated pHLIP is at least partially desolvated when bound to the sur-
face of a vesicle [40]; however, the extent of desolvation of the peptide
as a whole is unclear.

DUVRR has been used extensively to characterize soluble proteins,
but far fewer studies have applied the technique to the study of mem-
brane proteins. In spectra of soluble proteins, the Raman shifts and
intensities of all four amide modes are correlated to various types of
secondary structure. Recently, Halsey et al. found that spectra of a deter-
gent solvated α-helical protein exhibit a vastly increased amide I mode
intensity compared to a different, but similarly structured soluble pro-
tein, demonstrating that the amide I is sensitive to the hydration state
of the peptide backbone [37]. More recent work on melittin, the hemo-
lytic component of bee venom, found that upon the transition from an
aqueous solution to a lipid environment, the intensity and position of
the amide I shifted as a result of the changing structure and solvation
environment [54].

Unlike the melittin study, the amide I in the pHLIP spectra does not
follow the same trends with changes in structure and solvation state.
When pHLIP transitions from the soluble to membrane-associated
state, there is no accompanying downward shift in the amide I mode,
which would be expected with the formation of helical structure
(Fig. 2). However, upon association with the lipid bilayer, there is an
increase in the intensity of the amide I, suggesting some degree of
desolvation of the peptide backbone. This is also supported by the in-
creased intensity of the aromatic modes upon membrane-association,
which are expected to increase upon introduction to amore hydrophobic
environment.

Upon transitioning from the membrane-associated to membrane-
inserted state there is neither a shift in frequency or change in intensity
of the amide I (Fig. 2). The lack of change of amide I intensity when
converting from the membrane-associated to the membrane-inserted
state indicates that the peptide backbone maintains equivalent levels
of dehydration in each of these states. However, there are some differ-
ences in the environment of the aromatic residues. Although the aromatic
region around 1600 cm−1 is similar for both states at each wavelength,
the region containing the phenylalanine and tyrosine 7a/9a modes
decreases more quickly in the membrane-associated spectra (Fig. 4).
Generally, this suggests that the phenylalanine and tyrosine residues
are in a slightly more hydrophobic environment in the membrane-
inserted state.

Although there are obvious structural changes between each state of
pHLIP, the peak maximum of the amide I does not change accordingly,
while the intensity does change with desolvation. In studies conducted
with melittin, both the intensity and position of the amide I changed
[54]. Melittin transitions from a completely disordered state to a
completely ordered state; however, each form of pHLIP does have
some structural order. The structural changes experienced by melittin
upon insertion into a lipid bilayer are more drastic than those experi-
enced by pHLIP as it transitions between states. This suggests that the
amide I is more sensitive to changes in the solvation state of the peptide
backbone than it is to protein structure changes.
5. Conclusions

Using DUVRR, the membrane-associated state of pHLIP has finally
been more fully characterized. Instead of being mostly disordered and
exposed to solvent on the surface of a membrane as previously thought,
it contains mostly ordered structure, and nestled deeper within the
membrane surface, having about the same level of desolvation as the
inserted form. Additionally, this represents the first study using
DUVRR to track the structural transitions and environmental changes
of a peptide from a disordered state in an aqueous environment to a
fully ordered state in a lipid environment, presenting DUVRR as a pow-
erful tool in future work with membrane proteins.
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