Annua Review of Analytical Chemistry 2011.4:343-366. Downloaded from www.annual reviews.org
by Fordham University on 12/14/11. For personal use only

ANNUAL
tvews Further
Click here for quick links to

Annual Reviews content online,
including:

« Other articles in this volume
- Top cited articles

- Top downloaded articles

« Our comprehensive search

Annu. Rev. Anal. Chem. 2011. 4:343-66

First published online as a Review in Advance on
April 1, 2011

The Annual Review of Analytical Chemistry is online
at anchem.annualreviews.org

This article’s doi:
10.1146/annurev-anchem-061010-114048

Copyright © 2011 by Annual Reviews.
All rights reserved

1947-5438/11/0715-0343$20.00

Vibrational Spectroscopy
of Biomembranes

Zachary D. Schultz! and Ira W. Levin?

'Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame,
Indiana 46556; email: Schultz.41@nd.edu

2National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes
of Health, Bethesda, Maryland 20892; email: iwl@helix.nih.gov

Keywords
IR, Raman, lipid bilayer, protein

Abstract

Vibrational spectroscopy, commonly associated with IR absorption and
Raman scattering, has provided a powerful approach for investigating in-
teractions between biomolecules that make up cellular membranes. Be-
cause the IR and Raman signals arise from the intrinsic properties of these
molecules, vibrational spectroscopy probes the delicate interactions that reg-
ulate biomembranes with minimal perturbation. Numerous innovative mea-
surements, including nonlinear optical processes and confined bilayer assem-
blies, have provided new insights into membrane behavior. In this review,
we highlight the use of vibrational spectroscopy to study lipid-lipid inter-
actions. We also examine recent work in which vibrational measurements
have been used to investigate the incorporation of peptides and proteins into
lipid bilayers, and we discuss the interactions of small molecules and drugs
with membrane structures. Emerging techniques and measurements on in-
tact cellular membranes provide a prospective on the future of vibrational
spectroscopic studies of biomembranes.
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1. INTRODUCTION

Cellular membranes perform essential roles in nature, ranging from compartmentalization to
cell signaling, trafficking, adhesion, and transport. The understanding of membrane formation
and regulation has advanced considerably in recent years. Forty years ago, for example, Singer &
Nicolson (1) first proposed a thermodynamics-based fluid mosaic model for cellular membranes in
which amphipathic protein molecules either span a defined lipid bilayer or function as integral or
peripheral bilayer components. The structural concept of membranes has evolved toward a model
involving specific lipid-lipid and lipid-protein interactions that dynamically regulate various phe-
nomena, including membrane signaling and trafficking (2). The complexity of intact membranes
complicates their study; however, the current development and application of model systems have
led to substantial progress in elucidating the properties of bilayer assemblies (3). In particular,
vibrational spectroscopy has played a significant role in detecting and quantifying the molecular
interactions that occur with the lipid bilayer. In this review, we focus on a collection of IR and
Raman spectroscopic measurements that have furthered our molecular understanding of mem-
brane architecture and activity.

The label-free benefits of vibrational spectroscopic techniques enable the observation of
biomolecules with minimal perturbation to the membrane assembly. Both lipids and proteins
possess various chemical functional groups that allow the monitoring of component interactions
associated with membrane systems (e.g., Figure 1) (4). By using IR spectroscopy to monitor
changes in the frequencies and widths of vibrational peaks assigned to either the protein or the
lipids, investigators observed molecular alterations in a porin-containing bilayer that were at-
tributed to lipid-protein interactions (4). Useful vibrational modes reflected, in general, chemical
functional group stretching and bending motions. Additionally, hydrogen bonding and other in-
teractions among lipids, proteins, and other membrane component molecules can be observed as
broadening effects, peak frequency shifts, and splitting of spectral features. Common vibrational
modes used in assessing biomembranes are tabulated in Table 1.

-
Protein secondary structure: q
amide | band £/

Hydrophilic region:
lipid O-P-O mode

Hydrophobic region:
lipid CH, and CH; mode

Protein aromatic girdle:
tyrosine ring C=C mode

Figure 1

Illustration of a porin protein embedded in a lipid bilayer membrane, highlighting different functional
groups that serve as vibrational spectroscopic reporters of the system. Both lipid and protein sections exhibit
unique vibrational modes that enable the discrimination of chemical interactions in the membrane system.
Figure taken from Reference 4.
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Table 1 Common vibrational modes associated with lipids and proteins in biomembranes

Functional group mode Approximate wave number (cm~!)
—-CH3, antisymmetric stretch 2,954
—-CH3;, symmetric stretch 2,870
—CH;—, antisymmetric stretch 2,924
—-CH;—, symmetric stretch 2,852
-S-H 2,570
-COH 883-873
-OH 1,097-1,086
—CH;—, deformation 1,463-1,473
-N*(CHj3);, symmetric stretch 722
-N*(CHj3);, antisymmetric stretch 973
-PO;-, symmetric stretch 1,084
-PO;-, antisymmetric stretch 1,226
Amide I, oc-helix 1,640-1,660
Amide I, B-sheet 1,630-1,640
Amide I, B-turn 1,670-1,690
Amide, random coil 1,640-1,650
Amide A, combination of amide IT overtones with v (-N-H) 3,250-3,300
Amide IT, -N-H bend/C-N stretch 1,480-1,575
Amide III, -N-H bend/C-N stretch 1,230-1,330
Amide IV, deformation-O=C-N 625-770
Ring-C=C-phenylalanine 1,006
-C-C- 1,050-1,150
C-O- 1,410
—C-S—, gauche 650
~C-S—, trans 700-745
—S-S—, disulfide conformation 510-540
Histidine imidazole mode 1,409
Tryptophan indole ring 880/1,361
Tyrosine doublet associated with ring modes 850/830
-C=0 1,734

In addition to chemical interactions, vibrational spectra are sensitive to membrane character-
istics such as the lipid phases of the membrane bilayer and the orientation and conformation of
bilayer constituents. In addition to the power and potential of vibrational spectroscopy, direct
observation, at times aided by isotopic enrichment, of the vibrational features of specific moieties
within a membrane system precludes the use of perturbing labels that are utilized, for example,
in spectroscopic techniques such as fluorescence and electron paramagnetic resonance. Below,
we discuss the use of specific vibrational modes that reflect lipid and protein moieties, both to
determine membrane structure and composition and to monitor critical bilayer interactions.

An important aspect of vibrational spectroscopic studies has been the development of inno-
vative vibrational spectroscopic measurements for providing new perspectives on the function of
biological systems. For example, Fourier transform IR (FTIR) microspectroscopic imaging has
demonstrated, with millisecond temporal resolution, the ability to monitor nonrepetitive reor-
ganizational dynamics of aqueous dispersions of lipid vesicles (5). The spatially and temporally
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resolved images allow direct and simultaneous determinations of various physical and chemical
properties of multilamellar vesicles, including the main thermal gel-to-liquid-crystal phase tran-
sition, vesicle diffusion rates in both phases, and the variation in lipid bilayer—packing properties
between the inner and outer lamellae that define the vesicle. Attenuated total reflectance (ATR)
FTIR measurements yield an additional level of sensitivity. ATR-FTIR shows that polyethylene
glycol-supported bilayers successfully reconstitute integral membrane proteins such that they
exhibit physiological lateral diffusion properties (6). Notably, the polymer bands in these sys-
tems do not obscure lipid or protein bands, thereby facilitating protein secondary structure and
lipid-protein-interaction analyses.

In addition to IR measurements, Raman spectroscopic methodologies have been creatively
utilized in characterizing bilayer assemblies. Temperature- and polarization-dependent total
internal reflection Raman spectroscopy was used to evaluate the properties of single lipid bilayers
of dimyristoylphosphatidylcholine (DMPC), dipalmitoylphosphatidylcholine (DPPC), and
palmitoyl-oleoylphosphatidylcholine (POPC) supported on glass (7). The formation of supported
bilayers from DPPC-detergent mixtures monitored by TIR Raman spectroscopy demonstrated
that the bilayers formed are free from detergent and that DPPC forms a gel-like bilayer identical
to that obtained from the fusion of small unilamellar vesicles (SUVs) (8). Surface-enhanced
Raman spectroscopic (SERS) measurements of lipid exchange from DMPC vesicles with
perdeuterated DMPC hybrid bilayer membranes (HBMs) on gold nanoshells indicated that the
lipids exchange with first-order kinetics at a rate of 1.3 x 107* s7! (9). Substrates that exhibit
nanostructure morphology, which enables SERS experiments, are simultaneously amenable to IR
reflection absorption spectroscopy (IRRAS) techniques for characterizing membranes assembled
on surfaces (10). Confocal Raman microscopy is capable of optically trapping liposomes to
determine their molecular composition and unique interactions (11). The optical-trapping forces
are sufficient to bend and alter the shape of a trapped vesicle while monitoring the intermolecular
changes elicited by Raman scattering (12).

Nonlinear vibrational measurements such as sum frequency generation (SFG) [also referred to
as sum frequency vibrational spectroscopy (SFVS)] and coherent anti-Stokes Raman spectroscopy
(CARS) have also proven useful in unraveling aspects of membrane organization. SFG, a second-
order nonlinear process, is highly sensitive to the symmetry and orientation of molecules. This ori-
entational sensitivity has been used to study biomolecular configurations; the technique is also se-
lective for interfaces, which allows monitoring of lipid bilayers (13-16). CARS using near-IR lasers
tuned to specific vibrational modes has provided Raman spectroscopic measurements with a spatial
resolution of several hundred nanometers (17). Multiplex CARS is also a powerful spectroscopic
tool for monitoring spectral changes, such as those associated with lipid-phase transitions (18-20).

In the following sections, we review the use of vibrational spectroscopy to study lipid-lipid
interactions and then examine recent work in which vibrational measurements have investigated
the incorporation of peptides and proteins into lipid bilayers and the interactions between
small molecules/drugs and membrane structures. Emerging techniques and measurements on
intact cellular membranes provide a prospective on future vibrational spectroscopic studies on
biomembranes.

2. LIPID BILAYER INTERACTIONS

2.1. Domain Organization

One of the most contentious topics surrounding biomembranes is the formation of putative mem-
brane domains. The so-called lipid-raft hypothesis has spurred considerable interest in efforts to
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(@) Measurement of the correlation field splitting of the methylene-deformation mode of a galactocerebroside (GalCer) indicates a
nanoscopic domain form within assemblies of GalCer, as well as in binary mixtures of GalCer and dipalmitoylphosphatidylcholine
lipids. The measured IR absorbance is plotted in red, and the second derivative, used for peak detection, is plotted in blue. (4) Close
inspection involving isotopic substitution indicates that phase-separation motifs result in partitioning of the sphingosine chain from the
saturated fatty acid chain of GalCer lipids, which suggests the formation of microaggregate structures within the nanoscopic GalCer
domains. Gray arrows denote the correlation field peak splittings that are used to determine domain size. Figure reproduced from
Reference 21.

detect and elucidate the principles of domain formation. The elusive nature of such membrane
complexes illustrates the necessity of using label-free techniques for detection. The presence of
macroscopic phase-separated domains within model lipid membrane assemblies has been well
established. Although phase-separated domains can be studied through various techniques, vibra-
tional spectroscopy offers insights into the structure and dynamics associated with these transient
phenomena.

Analysis of the correlation field splitting [i.e., observed splitting of methylene (CH,) deforma-
tion modes arising from symmetry constraints in orthorhombically packed lipids] of lipid assem-
blies may be a useful method for detecting and characterizing nanoscale microdomain formation
(21, 22). Splittings of the CH, deformation mode have been observed for galactocerebroside as-
semblies that correlate to clustering of either the sphingosine chain or the saturated acyl chain of
the lipid (Figure 2). The identification of two separate splittings indicates the preferential clus-
tering of lipid acyl chains within this bilayer assembly (21). The magnitude of the splitting can be
used to quantify the number of acyl chains in the cluster.

By examining the CHj scissoring and rocking modes of the lipid acyl chains, investigators mon-
itored demixing kinetics in a stratum corneum model system, which provided a physiologically
relevant model of barrier-formation kinetics (22). Further examination of the lipid-chain CH,
scissoring, rocking, and stretching modes of stratum corneum mixtures prepared with equimolar
cholesterol and ceramide concentrations, in addition to variations in free fatty acid levels, showed
that at lower free fatty acid content orthorhombic and hexagonal domains coexisted within the
lipid lamellae. These results suggest that this configuration is present in skin at 32°C (23). The
observed mode-splitting effects arise from nearest-neighbor interactions, which provide a quan-
titative measure of domain sizes. Clusters of three to five saturated acyl chains were reported in a
model stratum corneum system (24). In this system, coupling of the sphingosine chains was not

www.annualreviews.org o Vibrational Spectroscopy of Biomembranes 347



Annua Review of Analytical Chemistry 2011.4:343-366. Downloaded from www.annual reviews.org
by Fordham University on 12/14/11. For personal use only

DSPC:
distearoylphos-
phatidylcholine

DPPS: dipalmi-
toylphosphatidylserine

348

observed, suggesting that these chains are physically isolated. In a separate study that examined in-
teractions between cholesterol, galactocerebroside, and DPPC, the saturated acyl chains coupled
preferentially; however, at sufficiently low temperatures, small splittings were observed for the
sphingosine chains, indicating the formation of microenclosures within the sphingolipid domains
(21).

Sterols play critical roles in the formation of membrane microdomains. Initial observations
of detergent-resistant membrane fragments led to the formulation of the lipid raft concept. In-
terestingly, examination of the IR spectra obtained in these studies provides additional insight
into the chemical interactions that control domain formation. A preferential interaction between
cholesterol and galactocerebroside was observed in a ternary assembly that also contained DPPC
(21). It is commonly thought that cholesterol favors saturated acyl chains; however, in the ternary
system, a clear preference for the sphingolipid component, rather than DPPC, indicates that more
sophisticated interactions are involved. IR measurements of POPC, cerebrosides, and cholesterol
support the formation of domains in which cholesterol acts to promote concentration-dependent
domains (25). A sphingolipid amide band was deconvoluted from overlapping spectral bands in
ATR-FTIR spectra to address cholesterol- and phase-dependent changes in egg sphingomyelin
lipid bilayers associated with hydrogen-bonding interactions (26). Notably, FTIR studies demon-
strated that lanosterol incorporation produces a less tightly packed bilayer than does cholesterol,
as evidenced by increased hydration in the glycerol backbone region of the DPPC bilayer (27).
This finding suggests that lanosterol is less miscible in DPPC bilayers than is cholesterol but that
it perturbs the bilayers’ organization to a greater extent, probably because of (#) the conforma-
tionally ruffled faces and larger cross-sectional area of the lanosterol molecule and (4) disrupted
hydrogen bonding with adjacent DPPC molecules (27).

Phase separation drives the formation of large lipidic phases in model membranes. Micrometer-
sized, phase-separated domains have been imaged using Raman microspectroscopy. In a study by
Percot & Lafleur (28), regions enriched in cholesterol, palmitic acid, and ceramides (a com-
mon model for the stratum corneum) were mapped on the basis of distinct vibrational modes of
the components. Further studies examining the interactions of domains to the addition of Ca**
and cholesterol sulfate illustrated the effect of small molecules on lipid-mixing behavior. In a
ceramide—cholesterol-palmitic acid system, chain heterogeneity had more dominant effects on
lipid miscibility than on hydrophobic matching parameters (30).

SFG was recently used to examine the phase-separation motifs associated with cholesterol in
planar lipid bilayer models. Levy & Briggman (31) studied temperature-dependent phase transi-
tions as a function of cholesterol concentration and observed a cooperative unit size that suggested
the formation of small (<10-nm) clusters. Liu & Conboy (32) later used the symmetry sensitivity of
SFG to demonstrate that phase separation in a distearoylphosphatidylcholine (DSPC)-cholesterol
mixture was a leaflet-dependent phenomenon. Further SFG studies indicate that small amounts
of cholesterol induce a disproportionately large increase in lipid order, which implies a molecular-
level condensation effect (33).

A study examining the role of Mg?* on the fusogenic properties of SUVs found
that the binding of Mg’t altered domain formation (34). IR measurements of DPPC-
dipalmitoylphosphatidylserine (DPPS) mixtures indicated nonideal mixing; however, in the pres-
ence of Mg?*, uniform correlation field splittings were observed, indicating that clusters of uniform
size exist for various binary DPPC-DPPS composition ratios. In the presence of Mg?™, a lateral
binding interaction maintained a gel-phase packing configuration at elevated temperatures. This
change was correlated to hypotheses regarding membrane tension for fusion. Examination of the
IR spectra of DPPC-DPPS assemblies further indicated that Mg?* is bound in the interfacial
region of the bilayer without evidence of perturbation to the lipid head groups. Other IR studies
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of DMPC and dimyristoylphosphatidylglycerol (DMPG) mixtures also demonstrated nonideal
lipid mixing (35), illustrating a potential biological motif involving anionic lipids.

Laser scanning CARS microscopy was used to image coexisting domains within dioleoylphos-
phatidylcholine (DOPC)/DPPC-dg, (1:1)-supported bilayers incorporating 0-40% cholesterol
on the basis of a model that derives the relative molecular concentration from the difference of
the two intensities measured at the peak and dip frequencies of a CARS vibrational band (36). The
limit of detection in CARS imaging is sufficient to detect phase separation in SUVs (37). Spectro-
scopic analysis of lipid vesicles using ultrabroadband CARS has also successfully monitored lipid
vesicles (18). CARS measurements of lipid-chain CH, stretching modes have been correlated
with differences between the packing densities of lipids in different thermodynamic phases, which
suggests a means to detect phase separation in vivo (17).

2.2. Phase Transitions

Vibrational spectroscopy performed via the Kirchhoff-Levin two-state model has been used to
monitor molecular interactions associated with thermodynamic phase transitions (38). Recent
measurements have focused on unique bilayer molecules, interactions between molecules, and
innovative methods for monitoring vibrations that can be associated with thermodynamic phase
transitions. In studies examining Mg’*-induced domain formation (described above), the curves
measuring the transition from the gel phase to the liquid-crystal phase showed that the DPPC
domains and the DPPS domains exhibit distinct phase transitions (Figure 3). This observation
further supports the hypothesis that small lipid aggregates interact within the membrane assembly.
In correlations with light scattering and fluorescence measurements, these domains have been
postulated to explain the origins of the bilayer tension that promotes lipid bilayer fusion (34).

Raman measurements of C-C lipid-chain vibrations (1,050-1,150 cm™!) in DPPC model mem-
branes demonstrate that the dynamical transition at 200 K is accompanied by changes in lipid
acyl-chain conformations in which the portion of the all-trans conformation decreases above
the dynamical transition temperature (39). Two synthetic PEGylated lipids (where PEG refers
to polyethylene glycol), 1,2-dimyristoyl-rac-glycerol-3-dodecaethylene glycol and 1,2-distearoyl-
rac-glycerol-3-triicosaethylene glycol, have multiple phase transitions at 5.2°Cand 21.2°C accord-
ing to Raman spectroscopy (40). In a stratum corneum model system, FT-Raman measurements
indicated that the incorporation of long-chain w-acylceramides alters the phase-transition behav-
ior of the system (41). In a binary system of deuterated DPPC and sphingosine phosphate, IR
measurements, by monitoring each component individually, demonstrated that molecular inter-
actions between the head groups of sphingosine phosphate and DPPC lead to increased hydration
of the carbonyl group and to stabilization of the lipid bilayer structure (42).

IR studies of quadruple-chain anionic tetramyristoyl cardiolipin (TMCL) demonstrated that
molecular interactions associated with multiple liquid-crystal phase transitions occur in bilayer
models (43). The FTIR data indicated that in the L-¢ phase, TMCL molecules possess tilted
all-trans hydrocarbon chains packed into an orthorhombic subcell, whereas in the L-f3 and L-oc
phases, the all-trans hydrocarbon chains possess rotational mobility and are packed into a hexag-
onal subcell. The spectroscopic results demonstrate that the four carbonyl groups of the TMCL
molecule become progressively more hydrated as one proceeds from the L-¢' phase to the L-
phase, and then to the L-« phase; however, the head group phosphate moieties are hydrated in
all three phases.

Cholesterol and other sterol molecules continue to show interesting phase transition-related
interactions. Raman spectra of binary DPPC-cholesterol bilayers show little variation associ-
ated with cholesterol, which allows spectral changes to be assigned to the lipid-chain vibrational
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Figure 3

Curves measuring the transition from the gel phase to the liquid-crystal phase for binary assemblies of

(@) dipalmitoylphosphatidylserine (DPPS) and (b) perdeuterated dipalmitoylphosphatidylcholine (DPPC-ds>), as well as with (¢,d)
Mg’ added to the system. These curves allow one to draw conclusions about the mixing of the lipid components within the membrane
assembly. Modified from Reference 34.

signatures of the liquid-disordered (I-d), solid-ordered (s-0), and liquid-ordered (I-0) phases (44).
In saturated-chain phosphatidylglycerol (PG) lipid bilayers, cholesterol inclusion above 50% de-
stroys cooperative phase transitions without the formation of cholesterol crystallites. Monitoring
of C-H stretching, C=0 stretching, and CH, bending modes revealed that cholesterol is immisci-
ble with gel-phase PG lamellar layers (45). Ergosterol, which is structurally similar to cholesterol,
appeared more effective for lowering the pretransition of DPPC bilayers, but it never achieved
the level of anticooperativity associated with cholesterol in bilayers (46). In a binary mixture of
DPPC and ergosterol (78:22 mol%), an 1-o + s-o two-phase coexistence region existed up to 41°C,

PG: followed by an 1-d + 1-o coexistence region up to 57.5°C that yielded to an all-fluid-like I-d phase

phosphatidylglycerol at higher temperatures (47). Epicholesterol is less miscible than cholesterol in DPPC bilayers, but
it perturbs bilayer organization at lower concentrations than does cholesterol (48).
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Optical-trapping confocal Raman microscopy offers significant experimental advantages by re-
ducing sample volumes and minimizing background signals from particle surroundings. Further,
chemical composition and structural information can be obtained from optically trapped particles
in aqueous solution without the need for molecular labeling or extensive sample preparation (49).
In one study, trapped vesicles were used to study the effects of phase and domain boundaries on
ion transfer across a membrane (50). Trapped DPPC vesicles analyzed via a multivariate analysis
method termed self-modeling curve resolution showed subtle pre- and subtransitions in agree-
ment with calorimetry; however, the Raman spectra allowed additional molecular conformational
analyses to be associated with the transition (51).

Nonlinear vibrational spectroscopies are also useful for monitoring phase transitions. Multiplex
CARS measurements on single lipid bilayers have detected changes in lipid-chain conformations
associated with both liquid-crystal phase-supported and gel phase-supported lipid bilayers (19).
The detection limits in these experiments allowed the use of deuterated lipids for differentiat-
ing specific leaflets in asymmetrical bilayers. Maximum entropy methods applied to CARS data
identified phase transitions in vesicles (20). SFG measurements have also been used to monitor
single-bilayer phase transitions. The sensitivity of SFG spectroscopy was used to monitor the
phase transitions of the lipid monolayer in an HBM, which showed that the underlying self-
assembled monolayer did indeed affect the phase-transition properties (52). Furthermore, the
transition temperature of the lipid leaflet in an HBM can be controlled by the identity of the
underlying layer, as has been assessed by SFG measurements on HBMs with different molecules
forming the self-assembled monolayer leaflet (53).

2.3. Bilayer Asymmetry

Because intact bilayer membranes exist asymmetrically, there are significant questions about
biomembrane behavior that involve the molecular interaction between the individual bilayer lipid
leaflets. However, SFVS results indicate that both leaflets of a DSPC bilayer adsorbed to a solid
support have identical structures, which suggests that Langmuir-Blodgett and Langmuir-Schaefer
deposition produces symmetric or asymmetric lipid bilayers that are suitable models for biolog-
ical membrane studies (54). SFVS has been used with some success to monitor the kinetics of
lipid exchange (flip-flop) (#) between bilayer leaflets as a function of temperature in pure lipid
membranes and (§) in binary DSPC-DSPE (distearoylphosphatidylethanolamine) mixtures (55,
56). The selection rules for SFVS associated with interfacial symmetry enable the direct mea-
surement of flip-flop kinetics. Asymmetrical bilayers prepared by use of deuterium substitution
for one leaflet allow strong SFVS signals to be observed from oriented protonated-chain methyl
groups (Figure 4). As the lipids interconvert between leaflets, the orientation of the protonated
and deuterated methyl groups becomes symmetrical, and the SFVS signal diminishes. The pres-
sure at which DPPC leaflets are prepared—for example, 28 mN m~! versus 42 mM m~!—results
in an order-of-magnitude decrease in flip-flop kinetics for the higher-pressure bilayer (57).

The flip-flop rate in DSPC membranes increased two- to tenfold in the presence of gramicidin,
which suggests that the peptide plays a transmembrane role (58). Incorporation of 1% of the
amphipathic peptide melittin into a DSPC bilayer lowered the free-energy barrier and promoted
lipid flip-flop, whereas the change associated with the hydrophobic WALP (23) peptide had a
less pronounced effect on translocation (59). In dipalmitoylphosphatidylglycerol (DPPG) model
systems, the effect on melittin on lipid exchange was highly sensitive to the concentration of
melittin, such that at various concentrations different mechanisms were implicated (60).

These temperature-dependent SFVS measurements provided a direct spectroscopic probe
of the phase transition in supported bilayer systems and suggested that bilayer leaflets exhibit
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Figure 4

The sum frequency vibrational spectroscopy (SFVS) spectrum obtained from the methyl groups of an
asymmetrical bilayer of protonated and perdeuterated distearoylphosphatidylcholine (DSPC) lipids (red).
Through monitoring of the decrease of the SFVS signal intensity over time, the flip-flop kinetics can be
determined. The SFVS signal after flip-flop homogenized the leaflets in experiments at 42°C (b/ue) and 23°C
(black). The vibrational modes that fit to the observed spectrum are shown in gray. (Inset) Gramicidin inserted
into an asymmetrical bilayer, where it reportedly increases the rate of flip-flop. Modified from Reference 58.

delocalized gel and liquid-crystal phase—domain structures (61). Cholesterol induced leaflet-
specific domains in DSPC planar bilayers (32). Additionally, experiments involving selective
deuteration permit orientation information to be determined from polarization-dependent mea-
surements. SEVS measurements of DSPC bilayers determined that the acyl chains in both leaflets
of supported bilayer membranes are oriented approximately 13° from the surface normal; however,
there were differences between the orientation of the head groups in contact with the silica support
(69° relative to normal) and the choline moiety in contact with the aqueous phase (66°) (54).

3. PEPTIDE-PROTEIN-DRUG INTERACTIONS
3.1. Peptides

Vibrational spectroscopy has been extensively used to characterize small-peptide conformations as
models of the behavior of more complex proteins, particularly with respect to the conformational
changes that occur in lipid bilayer environments. A 31-residue synthetic peptide, FP31, becomes
more «-helical upon interacting with model membranes: Insertion increases the disorder of the
liquid-crystal DPPC bilayer and dehydrates the polar regions surrounding the lipid carbonyls.
However, in dielaidoyl phosphoethanolamine bilayers, FP31 destabilizes the bilayer and promotes
the formation of a hexagonal phase (62). Polarization modulation (PM)-IRRAS and polarized
ATR spectroscopy, coupled with Brewster angle microscopy and spectral simulations, were used
to precisely determine the structure and the orientation of both the lipids in the bilayer and the
FP23 peptide (the 23 N-terminal peptide of the human immunodeficiency virus gp41 protein)
when the latter was inserted into the membrane (63). Wild-type «-synuclein unfolded in solution;
however, the amide I mode converted into a 3-sheet structure upon binding to PG membranes
(64). Two-dimensional IR spectra in the amide I region for aggregates of the hexapeptide AcWL5
peptides with single isotopic labels indicated that AcWL5 forms membrane-bound aggregates
dominated by a B-sheet secondary structure (65). IR measurements of the membrane-binding
segment of hepatitis C virus also show changes in amide modes that depend on the composition of
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the interacting bilayer (66). Polarized IR measurements indicated that the secondary structure and
orientation of peptides believed to be the transmembrane domain of HT-ATPase of Saccharonzyces
cerevisine in lipid bilayer membranes are predominantly «-helical in DOPC membranes; however,
the peptides self-assemble into oligomers of different sizes in which the helices express different
tilt angles with respect to the surface normal (67).

An important class of peptides that has been studied by vibrational spectroscopy consists of
antimicrobial peptides. IR measurements of surfactin demonstrate both dehydration of lipid car-
bonyls and increased fluidity, which may be important in the mechanism underlying the pore-
forming antibiotic (68). IR was used to monitor both the transition from the gel phase to the liquid-
crystal phase and the phosphate binding of magainin 2 in model systems (69). IR spectroscopy
studies examining the secondary structure of distinctin, an antimicrobial peptide, showed that the
membrane-bound peptide exhibited a less helical nature than did the peptide in solution (70).
The antimicrobial peptides aurein 1.2, citropin 1.1, and maculatin 1.1, obtained from Australian
tree frogs, adopted helical conformations upon interacting with model lipid bilayers of DMPC,
DMPG, and dimyristoylphosphatidylethanolamine (DMPE). The effect to which the peptides
altered the phase transitions of the bilayer varied with lipid and peptide identity (71). Melittin
adsorption to DPPG altered the lipid layer structure, as observed in IR lipid spectra. Such lipid
disruption was not observed for magainin and cecropin, the other antimicrobial peptides exam-
ined. In addition, melittin binding to the lipid bilayers occurred with 50% more frequency than did
binding of either magainin or cecropin. Adsorption measurements obtained at the bare air-water
interface indicated that surface activity followed the trend of melittin, magainin, and cecropin.
IR amide spectra revealed that melittin adopts a helical structure only in the presence of lipid,
whereas magainin and cecropin adopt helical conformations both in the presence of lipid and
at the air-water interface (72). Plasticins derived from frog skin and analyzed by IR in DMPG
(prokaryotic) and DMPC (eukaryotic) model systems showed that the most soluble cationic plas-
ticins were strongly adsorbed, which induced noticeable perturbations to the bilayer acyl chains.
This observation indicates possible insertion of these cationic plasticins into the bacterial mem-
branes, whereas less-adsorbed cytotoxic, neutral plasticins resulted in membrane dehydration and
the formation of peptide-membrane hydrogen bonds but caused little disturbance of lipid acyl
chains at concentrations associated with antimicrobial activity (73). IR measurements of ampho-
tericin B showed no changes in the order of the bilayer, but this compound is postulated to induce
acyl-chain interdigitation of the lipid leaflets in association with its pore-forming properties (74).
The mechanism of the bacteriocin lactocin 705 (Lac705), investigated through the use of DPPC
vesicles, indicates that both the x- and B-subunits are required to kill cells. Further, where the
Lac705 o component induces the dehydration of the bilayer interfacial region, the Lac705 3
peptide inserts itself into the hydrophobic region of the membrane, establishing conditions for
forming the transmembrane oligomer that can disrupt the lipid bilayer (75).

Additional studies have been performed examining the interactions between helical peptides
and host membranes. IR spectra show conformational changes in alamethicin mutants where the
methylalanine residues are converted to leucine. The amide I band indicates that the leucine substi-
tutions induce stronger hydrogen bonding in the «-helical peptide, which is sensitive to membrane
fluidity (76). Helical peptides alter transitions from the gel phase to the liquid-crystal phase in PG
bilayer membranes to a greater extent than in phosphatidylcholine (PC) bilayers, which supports
a role for hydrophobic mismatch in peptide-lipid interactions (77). The temperature at which the
transition from the gel phase to the liquid-crystal phase occurs in the phosphatidylethanolamine
bilayers is altered by these peptides in a hydrophobic mismatch-independent manner, in contrast
to the hydrophobic mismatch—dependent manner observed with zwitterionic PC and anionic PG

bilayers (78).
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The combination of SFG and IR is a useful way to determine protein structure at interfaces
(79). SFG and ATR showed that alamethicin, a model peptide for larger-channel proteins, adsorbs
flat to gel phase—supported bilayers but is inserted and tilted in fluid-phase bilayers (13). The
structure of 3-sheets can also be determined with this methodology (14). Magainin 2 inserts itself
into palmitoyl-oleoylphosphatidylglycerol (POPG) bilayers at a concentration of 800 nM, but
it has been observed parallel to the bilayer both at lower concentrations and when interacting
with a POPC bilayer (80). The interaction between melittin and a DPPG bilayer, as measured
by an amide signal detected via SFG and IR and modeled against trial distributions, revealed two
conformations for the peptide: one an ideal helix and the other a bent helix (15).

Other peptide interactions alter lipid bilayer properties. The binding of polylysine (PLL) to
DPPG-containing membranes increased the temperature of membrane-phase transitions but also
caused phase separation of DPPG domains from other lipids, such as DPPC. The observed effects
strongly depend on the length of the PLL. Further, PLL bound to model membranes in a helical
structure (81). Polyamidoamine dendrimers were incorporated into DPPC model membranes at
a rate of 3%, demonstrating strong interactions between polyamidoamine and the lipids that in-
creased membrane fluidity, as measured by Raman scattering of the intensity ratios I-2,935/2,880;
1-2,844/2,880; and 1-1,090/1,130 of these respective vibrational frequencies (82). Compared with
unsupported bilayers, confinement of lipid domains on porous substrates promoted the insertion
of gramicidin S at temperatures below that of the transition from the gel phase to the liquid-crystal
phase (83). Monitoring of the C=O stretching-mode vibrations allowed the formation of model
membranes on agarose-coated silicon, which were electrochemically functional for gramicidin
channels (84).

3.2. Proteins

Vibrational spectroscopy can assess the conformational properties of proteins and the lipid bilayer
influence on the integrity and function of these proteins. For example, the bandwidths and fre-
quencies of methyl and CH, stretching modes, carbonyl stretching modes, phosphate stretching
modes, protein amide I modes, and the tyrosine sp2 C bond were used as reporter groups to
examine the interactions between the lipid bilayer and different parts of a pore protein in a lipid
bilayer (Figure 1) (4).

Numerous proteins undergo structural changes upon interacting with lipid bilayers; that is, the
specific composition of the bilayer often affects the proteins’ behavior. Examination of the half-
width of the helical amide I mode of bacteriorhodopsin, extracted from purple membranes and
reconstituted into a model membrane, demonstrated a lipid dependency on the conformational
mobility of the protein (85). The band half-width correlated with the ability of the protein to
undergo conformational change. Changes in bilayer thickness associated with DMPC or DSPC
in the liquid-crystal phase have an impact on protein conformation mobility (Figure 5). The effect
of the lipid environment on proteins is critical to understanding cellular processes at membrane
interfaces.

In addition to modulating conformational changes, the hydrophobic environment of the bilayer
interior can induce changes in protein structure. The secondary structure of lipid-modified RAS
proteins interacting with in vitro membranes was assessed by ATR-IR spectroscopy (86). IR spectra
indicate that bovine 3-lactoglobulin converts to an «-helical structure upon binding with anionic
lipids but that zwitterionic lipids do not alter its conformation. The degree of conversion depends
on the lipid concentration and is strongly associated with the charge of the protein and lipids,
as well as with the ionic strength of the solution (87). ATP-binding cassette transporters orient
differently in DPPE (dipalmitoylphosphatidylethanolamine) bilayers than in DPPC (88).

Schultz o Levin



Annua Review of Analytical Chemistry 2011.4:343-366. Downloaded from www.annual reviews.org
by Fordham University on 12/14/11. For personal use only

a-helices

R Tl S R PR
1,700 1,680 1,660 1,640 1,620 1,600
Wave number (cm™)

a-helices

1,700 1,680 1,660 1,64 1,620 1,600
Wave number (cm™)

Figure 5

The full-width at half-maximum (FWHM) for the amide I region of bacteriorhodopsin (BR) in () a
dimyristoylphosphatidylcholine (DMPC) bilayer and (b) a distearoylphosphatidylcholine (DSPC) bilayer.
The FWHMs of the oc-helical component of BR were 23.4 and 25.8 cm™! for the DMPC and DSPC
assemblies, respectively. The Fourier transform IR measurements were obtained at 60°C, at which both lipid
assemblies are in the liquid-crystal phase, indicating that the lipid has an influence on protein mobility.

The conformation of bacterial proteins has been studied by IR spectroscopy. ATR-FTIR was
used to determine the structure of FomA, a major outer-membrane protein of Fusobacterium nu-
cleatum, in saturated-chain PC membranes (89). IR spectroscopic measurements of the secondary
structure and local changes in the tyrosine microenvironment indicated that a mixed lipid sys-
tem optimized the thermal stability of porin, perhaps by more adequately mimicking the diverse
compositions in the outer membrane of the bacteria (90). Bacterial heat shock proteins showed
evidence of lipid-protein interactions mediated by lipid head groups, and interactions between
the protein and the bilayer’s hydrophobic core stabilized model membranes (91). Measurement
of the CH; stretching modes demonstrated interactions between (#) oxidized (ubiquinone 10) as
well as reduced (ubiquinol 10) coenzyme Qo and (b)) DMPC, which suggests that the gel phase is
more disordered in the presence of ubiquinol 10 versus ubiquinone 10. However, little effect was
observed at liquid-crystal temperatures (92).

The nicotinic acetylcholine receptor interacts with both the hydrophobic core of the bilayer
and charged groups on the surface of the bilayer. The «-helical amide Iband at 1,655 cm ™! suffered
no effect from long-term deuterium exchange, suggesting that these helices are buried in the hy-
drophobic core and are tilted at 40° in relation to the bilayer normal (93). Further studies showed
that the acetylcholine receptor is stabilized by cations on the surface of the membranes (94). Moni-
toring of the amide modes of the nicotinic acetylcholine receptor in model membranes showed that
anionic lipids affect the receptor’s ability to change from a resting state to a desensitized state when
challenged with an agonist (95). Examination of nicotinic acetylcholine receptors in different lipid
bilayers indicated that the lipid matrix altered the receptor’s response to the drug tetracaine (96).
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The kinetics of the phospholipase enzyme PLA2, commonly derived from cobra venom, has
been studied by numerous groups. IR analysis of the CH; group reveals an enantiomeric depen-
dency on PLA2 action and, through the use of DPPC-supported bilayers in mechanistic studies,
supports the so-called lag-burst hypothesis (97). PM-IRRAS studies showed that PLA2 activation
depends on surface pressure; the pressure difference at liquid-liquid phase boundaries (domains)
is sufficient to activate the enzyme (98). Investigators used optically trapped DMPC vesicles to
monitor the kinetics of PLA2 by measuring changes in the lipid acyl-chain C-C trans and gauche
isoforms and by correlating them to the extent to which PLA2 induced hydrolysis (99). This
optical-trapping experiment required only two PLA2 enzymes on a single vesicle for detection.

Membrane fusion proteins, such as the SNARE proteins VAMP/synaptobrevin and syntaxin
1, convert into P-sheets related to the lipid—to—protein ratio content and to the lipid identity
of the membrane (100). Vibrational spectroscopy indicates that membrane-bound v-SNAREs
(VAMP?2 and synaptobrevin2) are unstructured and that membrane-bound t-SNAREs (syntaxin
and 1A/SNAP-25) are predominantly o-helical. v-SNARES, but not t-SNARES, exchange read-
ily between the polymer-supported bilayer and lipid vesicles in solution, which suggests that
v-SNARE:s lack a transmembrane anchor (6).

Lipid bilayer—protein interactions have also been studied spectroscopically in photosynthetic
membranes. An ATR-FTIR study revealed the secondary structure of the protein ferrodoxin in
a bilayer composed of the chloroplast lipids monogalactosyldiacylglycerol and digalactosyldia-
cylglycerol: The structure was significantly altered by lipids and pH. However, the stabilization
of ferrodoxin in the presence of lipids led to a greater rate of NADPH-dependent reduction of
the dibromothymoquinone catalyzed by the enzyme (101). Cytochrome ¢ was reconstituted into
a lipid bilayer environment by detergent substitution, which was followed in situ by means of
surface-enhanced IR absorption spectroscopy and normal-mode analyses (102). Through the use
of a histidine tag, cytochrome ¢ was incorporated into a model membrane on a gold surface (103).
Cytochrome ¢ can be oriented similar to its physiological conformation within a model bilayer
membrane such that it becomes amenable to vibrational spectroscopic analysis (104). Oxygen re-
ductase enzymes remained functional when the enzyme was reconstituted in a model membrane
by use of surface vibrational spectroscopy (105). SERS has been successfully used to monitor cy-
tochrome ¢ immobilized and reconstituted in a membrane, which yielded new insights into proton
translocation coupled to electron transfer in photosynthetic and mitochondrial systems (106).

The monitoring of membrane-protein interactions offers new routes to diagnostics and thera-
peutics. In addition to demonstrating thatlipids act on proteins, SFG measurements have indicated
that a signal protein, FGF-1, causes structural deformations in distearoylphosphatidylglycerol
planar membranes. FGF-1, released as a function of cellular stress, was reversibly detected at a
concentration of 1 nM by monitoring the lipid alkyl-chain deformations in a previously ordered
bilayer (107). Potential cancer treatments involving antimicrobial peptides have been analyzed
by ATR-FTIR to assess peptide conformation and bilayer disruption (108). Additionally, FTIR
studies have established associations between oxidatively damaged lipid bilayers and the forma-
tion of Alzheimer’s plaques (109). The secondary structure of human islet amyloid polypeptides
expressed lipid composition-dependent aggregation on model membranes, including aggrega-
tion differences on membranes with model raft compositions that support seed-nucleated growth
mechanisms for plaque formation (110).

3.3. Small Molecules and Drugs

In addition to studies that characterize interactions between peptides or proteins and lipid
membranes, there are experiments that illustrate small-molecule and drug interactions with
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membranes. For example, the carbonyl stretching-mode region of DPPC membranes changed
when challenged with phytol and «-tocopherol, suggesting that these molecules associate at the
interfacial regions of the membrane by forming hydrogen bonds but that they do not necessarily
stabilize the membrane (111). The acyl chains of dipalmitoylphosphatidic acid (DPPA) monolay-
ers and DPPA-POPC bilayers were affected when 2,4,5-trichlorophenol adsorbed to the model
membranes, forming a heterodimer (112). Analysis of the CH, stretching, CH, scissoring, C=0
stretching, and PO?~ stretching modes indicated that 3-pentadecylphenol orders the acyl chains
in DPPC-liposome bilayers (113). PM-IRRAS measurements involving DMPC bilayers indicated
that perfluorinated compounds increase bilayer fluidity and thickness by altering lipid-chain tilt in
amanner reminiscent of cholesterol (114). Incorporating trehalose into phosphatidylethanolamine
bilayers increases the conformational order of the hydrocarbon chains and dehydrates the inter-
facial region (115). Further, trehalose dehydrates phosphatidylserine head groups and alters the
fluidity of dimyristoylphosphatidylserine bilayers (116). Binding of Ca** to POPG vesicles con-
taining a human immunodeficiency virus fusion peptide caused the peptide to convert from an
a-helix conformation to a $-sheet conformation, concomitant with the closure of the lytic pores
117).

Numerous studies have examined the chemical alteration of the permeability of the stratum
corneum. Combinations of chemicals affect skin permeability; for example, the combination of
isopropyl myristate and glyceryl monocaprylate induces higher C-H stretching-mode frequencies
of skin lipids than does isopropyl myristate alone (118). Dimethylsulfoxide (DMSO) partially
disturbs lipid packing in a concentration-dependent fashion in model skin systems (119). SFG
studies of DMSO on lipid monolayers assessed electrostatic head group interactions that affected
the orientation and interaction of DMSO with the lipid leaflet (120). A combined IR and Raman
study indicated that dipropylsulfoxide interacts with -CO, -NH;*, and -PO, ™ groups in DMPE
bilayers but only with -N(CHj3);* groups in membranes containing DMPC and DPPC (121). In
another study of the stratum corneum, palmitic acid acted directly on acyl-chain organization and
weakly interacted with polar head groups in the presence of keratin, which destabilized ceramide
orthorhombic acyl-chain organization (122).

Interactions between membranes and specific drug molecules have also been examined. ATR-
IR results showed that the chemotherapeutic drug dihydrochloride fluphenazine promotes fluidity
in DPPC membranes prior to disrupting the bilayer at high concentrations (123). Pirarubicin, an
anthracycline antibiotic, interacts preferentially with PG versus PC head groups when disrupting
the bilayer (124). The antiviral drug arbidol preferentially interacts with anionic lipids to dehydrate
the head groups of phospholipid membranes, which results in a solid-like phase configuration
(125). Paclitaxel interacts with membranes, causing an increase in the asymmetric and symmetric
CH,; stretching modes, splitting of the CH, scissoring mode, and broadening of the carbonyl
stretching modes. These findings suggest that this drug alters cooperativity and increases fluidity
in the bilayer (126).

IR spectroscopy studies showed that arbutin, known to suppress melanin production in murine
B16 melanoma cells and to inhibit phospholipase action, interacts with the hydrated populations of
the carbonyl and phosphate groups by forming hydrogen bonds (127). SFG demonstrated that the
orientation of an amphiphilic antibiotic molecule within a supported lipid bilayer is perpendicular
to the membrane surface (128). The interaction between tricyclic antidepressants and lipid-phase
transitions was studied by confocal Raman microscopy (129). IR investigations of the interaction
between a prototype antineoplastic drug (paclitaxel) and a model DPPC cholesterol membrane
suggested that cholesterol induces a condensing effect between paclitaxel and DPPC that re-
stricts the penetration of the drug into the lipid leaflet (130). The nonsteroidal anti-inflammatory
drug celecoxib decreases membrane fluidity and promotes phase separation at high concentrations
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(131). HBMs formed onto gold nanoshells for SERS and surface-enhanced IR absorption spec-
troscopy measurements revealed that the overall hydrophobicity of ibuprofen is important for the
intercalation of ibuprofen into the phospholipid leaflet in these membrane mimics (132). Optical-
trapping confocal Raman microscopy of salicylate and ibuprofen interacting with DMPC vesicles
demonstrated that although both drugs increase membrane disorder, only ibuprofen accumulates
within the membrane (133).

4. FUTURE DIRECTIONS

The chemical specificity and label-free advantages of a plethora of vibrational spectroscopic
techniques augur well for the continued use of the above-described approaches for investi-
gating biomembrane behavior. Indeed, vibrational studies are now utilizing the many insights
gained from bilayer studies of model systems to unravel the behavior of intact membrane as-
semblies. Numerous studies have investigated interactions that occur on skin, many of which
verify properties observed in model systems, such as permeation and structural characteristics
(134-139). Other applications of vibrational spectroscopy to intact membranes include (#) the
examination of erythrocyte membrane hydration when treated with organic tin compounds (140),
(&) the examination of toxicity effects of DMSO on the cellular membranes in human pulmonary
endothelial cells (141), and (¢) the monitoring of Escherichia coli viability associated with membrane
hydration (142). ATR-IR spectroscopy has also demonstrated the incorporation of proteins into
E. coli membranes (143). A topic that we expect to become more heavily investigated involves
the detailed functional relationships between lipids and proteins in intact systems. For exam-
ple, the fluidity of the native membrane environment of photoreceptor cells sensitively regulates
conformational changes associated with the functions of the integral protein rhodopsin (144).
Efforts to examine more sophisticated interactions between lipids and proteins have implicated
PG lipids in the thylakoid membranes of tobacco plants as controlling chemical dynamics at the
lipid-protein interface, as opposed to directly affecting protein secondary structure (145). Given
the many emerging hypotheses and vast amounts of data regarding the critical roles of lipid do-
mains (2), we expect new applications of detailed spectroscopic approaches to be developed and
exploited.

To continue providing valuable information regarding critical interactions, particularly in in-
tact membrane systems, vibrational spectroscopic measurements require constant innovation and
renewal. Throughout this review, we describe results obtained from recently developed techniques,
such as optical-trapping confocal Raman microspectroscopy; SFG; CARS; and other ingenious,
cutting-edge strategies. An area that is poised to make an important contribution, particularly at
the nanoscale level, is Raman enhancement from metal nanostructures that are traditionally as-
sociated with SERS. In one example involving an in vitro membrane, SERS-generated data from
100-nm silver colloidal particles were used to monitor the transport of Rhodamine 6G across a
patch membrane under electrophysiological control; this detection strategy, however, is proposed
to be more widely amenable to nonfluorescent molecules involving membrane transport (146).

In addition to providing increased sensitivity, nanoparticles offer a way to investigate mem-
brane interactions on the length scales for which they are prepared. Preliminary results from
tip-enhanced Raman spectroscopy studies suggest that this technique will become a robust tool
for imaging membranes at the nanoscale (147-149). In one study, fluctuations in the Raman signal
associated with the membrane of a fixed-rod photoreceptor cell were imaged with a spatial resolu-
tion of approximately 100 nm (Figure 6) (147). The examples of technological advances described
herein indicate the potential of additional vibrational spectroscopic approaches to elucidate the
intricate details of membrane behavior.
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Figure 6

A tip-enhanced Raman spectroscopy map corresponding to the intensity of vibrational modes at 1,655 cm™! in the measured spectrum
(c), obtained from a 2,500 x 2,500 nm region of a fixed-rod photoreceptor cell (#). The topography () corresponds to the
simultaneously obtained atomic force microscopy image. Image modified from Reference 147.
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