Copyright
by
Wenhui Hu
2011

The Thesis Committee for Wenhui Hu
Certifies that this is the approved version of the following thesis:

Progress towards Directly Measuring the Membrane Dipole Field in
Lipid Bicelles Using Vibrational Stark Effect Spectroscopy

APPROVED BY
SUPERVISING COMMITTEE:

Supervisor:
Lauren J. Webb
Co-Supervisor:
Xiaoyang Zhu

Progress towards Directly Measuring the Membrane Dipole Field in
Lipid Bicelles Using Vibrational Stark Effect Spectroscopy

by
Wenhui Hu, B.S.

Thesis
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements
for the Degree of

Master of Arts

The University of Texas at Austin
December 2011

Acknowledgements

I would like to first thank my PI, Dr. Lauren Webb, this work wouldn’t come out
without her brilliant ideas. Also, thanks to her guidance and patience along all the time, I
was able to make some progress on the project and find some interesting results that may
contribute to the knowledge of the biophysical community. I would also like to show my
appreciation to all of my labmates, who offered me lots of help making me feel
comfortable in the lab environment. Particularly, I want to mention Dr. Ignacio Gallardo,
who generously spent his time helping me build up the structure models presented in the
work. At last, I want to thank my family and friends, they show me great comfort and
support during my two years’ study abroad.

iv

Abstract

Progress towards Directly Measuring the Membrane Dipole Field in
Lipid Bicelles Using Vibrational Stark Effect Spectroscopy
Wenhui Hu, MA
The University of Texas at Austin, 2011

Supervisor: Lauren J. Webb & Xiaoyang Zhu

The electrostatic field created by the inward pointing dipole moments of an
oriented membrane leaflet has never been measured directly, but is thought to have an
important influence on membrane function. Here we present the first direct measurement
of the membrane dipole field in lipid bicelles using vibrational Stark effect spectroscopy
which is based on the sensitivity of a nitrile oscillator’s vibrational frequency to its local
electrostatic environment. The nitrile probe was introduced as the artificial amino acid pcyanophenylalanine (CN-Phe) in four different locations of a α-helical peptide composed
of alternating alanine and leucine residues. This peptide was intercalated into bicelles
composed of mixtures of the long chain lipids 1,2-dimyristoyl-sn-glycero-3phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), or 1palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and the short chain lipid 1,2dihexanoyl-sn-glycero-3-phosphocholine (DHPC) formed in two different sizes, 5 nm
and 15 nm in radius. Formation of the bicelle above the phase transition temperature of
v

the lipid mixture was confirmed by 31P NMR, and the structure of the α-helix within the
bicelle was confirmed by circular dichroic spectroscopy. The absorption energy of the
nitrile probe at 4 positions along the helical axis was measured by Fourier transform
infrared spectroscopy, from which we estimate the magnitude of the membrane dipole
electrostatic field to be -6 MV/cm. Then we successfully manipulated the dipole field in q
= 0.5 DMPC/DHPC bicelles by incorporating the small molecule phloretin into the
membrane and measured the corresponding ratiometric fluorescence signal of the cointercalated voltage gated dye di-8-ANEPPS. We measured 0.7 ± 0.2 cm-1 blue shift in
absorption energy of the nitrile probe due to the decrease in dipole field caused by
phloretin, corresponding to a dipole field of -4.2 MV/cm. This change was essentially
identical to what has been estimated through ratiometric fluorescence methods, indicating
that VSE spectroscopy will be useful tool for measurement of the biological effects of
electrostatic fields in lipid membranes.
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Chapter 1 Introduction
1.1 Membrane Dipole Potential
The study of electrostatic potentials associated with lipid membranes has been a
prolonged topic of great interest because of the importance of membrane electrostatic
fields in controlling a variety of biological processes. Protein binding to the membrane
surface and interior, activity and gating of ion channels, and the conformation of
membrane-bound and associated proteins are all influenced by electrostatic fields in the
bilayer. Three distinct electrostatic potentials are found in the lipid membrane bilayer
according to their different molecular origins (see Figure 1.1).1, 2 First, a transmembrane
potential, Vtrans, is created by different ionic strength or pH on either side of the bilayer,
for example in the interior versus exterior of a cellular membrane.
regulates ion transport across the membrane.

This potential

Second, a surface potential, Vs, is

generated from the charges in the head group region of a lipid molecule interacting with
ions in the bulk solution, similar to the ordered charged layer that appears at electrode
surfaces.

This is thought to influence the binding of charged protein residues to

membrane and their subsequent conformation and function. Third and finally, a dipole
potential Vd, is generated from aligned molecular dipoles a short distance below the
membrane surface. This potential difference is dropped between the membrane interface
and the hydrocarbon interior of the bilayer and is thus located entirely within the
membrane. Because of this, Vd is the least well characterized of these three potentials; it
has never been measured directly, and its biological function has not been studied as
extensively as the transmembrane and surface potentials.

1

Figure 1.1. The electrostatic potential profile of a lipid membrane. Vtrans, Vs, Vd are
transmembrane potential, surface potential and dipole potential, respectively. Their
corresponding fields are shown as Ftrans, Fs , and Fd .
1.2 Previous Studies on Dipole Potential
 

A combination of indirect measurements such as ion transport rates,3, 4 nitroxide
scanning,5 fluorescence of voltage-sensitive dyes,6, 7 atomic force microscopy (AFM),8
and other methods,9-11 combined with computational approaches,12-14 have been used to
estimate the magnitude of this potential at a few hundred mV, significantly larger than
either the transmembrane (about 10 – 100 mV) or surface potentials (about 8 – 30 mV).1,
3

Because this dipole potential drops across a small distance of less than 4 nm within the

membrane, it generates a large electric field ( Fd ), typically 1 – 10 MV/cm compared to ~

0.25 MV/cm for the transmembrane field ( Ftrans ) and ~ 0.1 MV/cm for the surface field (

Fs ). This is believed to have a considerable influence on the structure and functions of
membrane associated proteins. Three possible molecular origins of the dipole potential
have been suggested: water molecules intercalated in the membrane and associated with
the polar end of the lipid through hydrogen bonding, polar lipid head groups themselves,
and the ester linkage of the fatty acid chains to the glycerol backbone. Although this
remains an active area of research, it is believed that membrane-associated water
2

molecules are the most significant component to the dipole potential.15, 16 The lack of a
direct measurement of the membrane dipole potential has made agreement on its origin,
magnitude, length of influence, and function difficult to achieve.
1.3 Vibrational Stark Effect Spectroscopy
Here, we present a direct measurement of the membrane dipole field using
vibrational Stark effect (VSE) spectroscopy, in which changes in the absorption energy of
a probe oscillator molecule are used as a local and directional probe of the electrostatic
environment in which that oscillator is immersed. VSE spectroscopy has been applied in
several protein systems to measure the magnitude and direction of local electrostatic
fields and their influence on ligand binding, catalytic mechanism, and protein-protein
interactions. The sensitivity of a vibrational oscillator to its local electrostatic
environment is given by Equation 1:

where the transition energy, E, of the absorption, measured as the vibrational frequency,

obs, responds to the local electrostatic field vector, F , through a sensitivity factor
dependent on the difference dipole moment of the transition from ground to first excited
vibrational state,  , often called the Stark tuning rate. After the value of  has
been calibrated independently in a known electrostatic field, the probe oscillator is
inserted into the system of interest, in this case the interior of lipid membrane bilayer,
where measured changes in vibrational energy of the probe act as a local and sensitive
reporter of its electrostatic environment (see Figure 1.2). Several VSE probes have been
demonstrated, including the nitrile group.17 This probe is sensitive to its local field
environment (large value of  ), possesses a vibrational transition in a clear region of
the infrared spectrum, and is stable in aqueous and lipid environments.18-20
3

Figure 1.2. Illustration of VSE spectroscopy.
and
are the Stark tuning rate of the
probe and change in electrostatic field, respectively. The absorption energy of the probe
shifts to lower frequency if the two vectors align parallel, and shifts to higher frequency if
they align against each other.
1.4 Bicelle Model Membranes
We use VSE spectroscopy to measure local electrostatic fields in the interior of
bicelle model membranes. Bicelles are discoidal bilayer structures composed of longchain lipids (14-18 carbons in the acyl chain) in the planar region and short-chain
detergents (6-8 carbon) in the rim area,21 shown schematically in Figure 1.3. Typical lipid
compositions

include

1,2-dimyristoyl-sn-glycero-3-phosphocholine

(DMPC),

1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1-palmitoyl-2-oleoyl-sn-glycero3-phosphocholine (POPC) as the long-chain lipid, and either the detergent 1,2dihexanoyl-sn-glycero-3-phosphocholine (DHPC), or a bile-salt derivative such as 3(cholanidopropyl) dimethylammonio-2-hydroxyl-1-propane-sulfonate (CHAPSO) as the
short-chain lipid. The exact morphology of the bicelle structure is influenced by a
number of factors including the molar ratio of long:short chain lipid, q (which typically
varies between 0.5 – 3), chemical identity of the phospholipids, total lipid concentration,
temperature, and buffer pH. The structure and chemical composition of bicelles formed
4

under various conditions have been characterized by NMR, fluorescence spectroscopy,
dynamic light scattering, electron microscopy, and other techniques. Bicelles have been
demonstrated to be useful model membrane systems through their ability to support and
maintain the functions of reconstituted membrane-associated proteins.

As an

intermediate structure between classically mixed micelles and lipid vesicles, bicelles
combine attractive properties of both micelles (optically transparent) and vesicles
(composed of lipids and avoiding the possible artifacts created by detergents), and have
emerged as a practical tool to study the structure and function of membrane-associated
proteins by both solution and solid-state NMR.22 They are ideal for VSE experiments
because they are soluble at sufficiently high concentration for measuring absorption
spectra of the nitrile chromophore on peptides intercalated in the bicelle.

Figure 1.3. Schematic representations of an ideal bicelle model with long-chain
phospholipids in the planar region and short-chain lipids protecting the rim, r and t are
the radius and thickness of the discoidal shape, respectively.

5

Chapter 2 Direct Measurement of Membrane Dipole Field in Bicelles
Using Vibrational Stark Effect Spectroscopy
2.1 Experimental Design
Here, we describe VSE spectroscopic measurements of a nitrile probe moved
systematically through the interior of bicelles composed of DMPC/DHPC, DPPC/DHPC,
and POPC/DHPC to explore the possible effect of chain length and unsaturated bond on
the membrane dipole potential and to examine the molecular contributions to the
magnitude of the dipole potential. For each bicelle composition two sizes, q = 0.5 and 3,
were studied. The sizes of these two bicelles are estimated to be 5 nm and 15 nm in
diameter, respectively, based on a previously published model.23

These two sizes

display different compositional phase diagrams but have both been shown to be good
membrane mimics and have been widely used in solution and solid-state NMR studies of
membrane proteins. As this is our first report VSE spectroscopy in the biceller system,
we characterize the bicelles through

31

P NMR spectroscopy both in the presence and

absence of Pr3+ (which has been shown to provide additional structural evidence for
bicelles in others studies), and after the intercalation of the membrane-spanning peptide.
The nitrile probe was incorporated into the membrane bilayer by intercalating a
transmembrane helix containing p-cyanophenylalanine (CN-Phe) as the VSE probe
(Figure 2.1).

The transmembrane helix was composed of the polypeptide

HHGGPGAmLnXGPGGHH where m + n = 18 and X = CN-Phe. This peptide has been
shown to be a stable transmembrane helix both in vivo and in molecular dynamics (MD)
simulations, and to be suitable for introducing any amino acid into the membrane
environment.24,

25

The chosen helix length (28.5 Å) approximately matched the

hydrophobic thickness of the employed lipid bilayers (23 – 27 Å, based on the number of
carbon atoms in the acyl chain),26 and along with the helix-disrupting GGPG sequence,
6

ensured the helix intercalated perpendicular to the plane of the bilayer. Two histidine
residues at the N- and C- termini were added to increase solubility of the hydrophobic
helix in the bicelle-forming buffer. The CN-Phe residue was moved systematically from
the C- to N-terminus of the peptide to step the VSE nitrile group from the bilayer surface
to its interior; the sequences of these peptides are given in Table 2.1. In doing so, the
VSE probe was exposed to the local electrostatic environment at specific locations
throughout the membrane bilayer. Changes in the absorption energy of the nitrile as a
function of its location on the -helix were then related to changes in electrostatic field
due to the membrane dipole potential.
peptide
sequence
αLAX(25)
HHGGPGLALALALALALALALALAXGPGGHH
αLAX(23)
HHGGPGLALALALALALALALAXALGPGGHH
αLAX(21)
HHGGPGLALALALALALALAXALALGPGGHH
αLAX(16)
HHGGPGLALALALALXLALALALALGPGGHH
Table 2.1. Amino acid sequences of the four polypeptides described in this work. X =
CN-Phe.

p-cyanophe

Transmembrane
helix

Nitrile probes

Figure 2.1. A model of transmembrane -helix with several possible locations of the
nitrile probe on CN-Phe residues.
7

2.2 31P NMR Characterization
Bicelles of q = 0.5 and q = 3 were prepared from mixtures of DMPC/DHPC,
DPPC/DHPC, and POPC/DHPC lipids and characterized by

31

P NMR spectroscopy to

determine the structure of the bicelle both before and after peptide incorporation. Figure
2.2 shows representative

31

P NMR spectra of a q = 3 DMPC/DHPC bicelle at 27˚C as

prepared (red), in the presence of Pr3+ ions (green), and with the addition of the peptide
αLAX(25) (blue). Two well-resolved resonances were observed in all three spectra and
the relative integrated areas of these peaks were used to assign each peak to the long or
short chain lipid. The observed chemical shift, integrated area, and assignment of each
shift are listed in Table 2.2. When DMPC and DHPC were mixed together in chloroform
or methanol in control experiments, only one peak appeared in the 31P NMR solution. In
the biceller solution, however, DMPC possessed chemical shift approximately 7 ppm
higher than DHPC. Therefore, phosphate functional group of monomeric DMPC and
DHPC are immersed in the same chemical environment when randomly distributed in
solution (as in chloroform or methanol), while the 7 ppm separation of chemical shift in
bicelle samples indicated that DMPC and DHPC are in different chemical environments
in the bicelle structure. The addition of Pr3+ provided further structural information
because paramagnetic lanthanide ions induce a downfield chemical shift in the 31P signal
which is sensitive to the extent of lipid aggregation.27 As seen in Figure 2.2, the peak
with larger area, assigned to DMPC, exhibited a significantly larger downfield shift (40
ppm) when exposed to Pr3+ than the peak corresponding to DHPC (20 ppm). This
difference in chemical shift response to Pr3+ can be explained by a model in which the
lipid mixture formed a bicelle structure in which DMPC primarily occupied the planar
region of the disk, and thus could chelate the Pr3+ ions more effectively than the DHPC
lipids located in the rim of the bicelle. By interacting with the lipid headgroups, Pr3+
8

causes the bicelles to obtain a net positive magnetic susceptibility anisotropy. When
placed in the magnetic field, the Pr3+-complexed bicelles flip by 90˚ with respect to their
orientation in the absence of Pr3+, with the bilayer normal aligned parallel to the magnetic
field. This causes the peak corresponding to DMPC to shift downfield from that of
DHPC, seen in Figure 2.2. The addition of Pr3+ also interferes with measurement of the
31

P nucleus, causing the line broadening shown in the middle spectra in Figure 2.2.

Figure 2.2. Representative 31P NMR spectra for q = 3 DMPC/DHPC bicelle (left) and q =
0.5 DMPC/DHPC bicelle(right): in each bicelle solution the total lipid composition is
15% (w/v), the molar ratio of Pr3+:lipids is 0.5, and the molar ratio of peptide:DMPC is
1:100. The peptide used in both solutions was αLAX(25). All solutions were buffered at
pH 6.8 with 20mM HEPES buffer. Note that on left all three spectra share the same xaxis, while on right there are three different x-axes for the three spectra.
Similar behavior was observed in the 31P NMR resonances of these DMPC/DHPC
mixtures in smaller bicelles of q = 0.5 (Figure 2.2 right), with a few notable differences.
In the smaller bicelles, DMPC and DHPC resonances had a smaller peak separation (0.1
ppm) than in the larger bicelles (7 ppm), caused by the fact that the smaller bicelles are
closer in shape to isotropic micelles, and thus the difference in chemical environment
between DMPC and DHPC in q = 0.5 bicelles should be much less than that in q = 3
9

bicelles. As in the larger bicelles, the addition of Pr3+ caused a larger change in the
chemical shift of DMPC than DHPC, indicating that the interaction between the
lanthanide and the DMPC is the result of the different structure of the bicelle, rather than
different lipid concentration. Therefore, at 27˚C, both q = 3 and q = 0.5 DMPC/DHPC
compositions indeed form a bicellar structure as seen in previous studies.23, 28 Complete
31

P NMR results for DMPC/DHPC, DPPC/DHPC and POPC/DHPC are summarized in

Table 2.2. From these data, we conclude that in all q = 0.5 lipid mixtures, the bicellar
discoidal structure is preserved from 15˚C to 37˚C, in good agreement with literature
precedent.23

bicelle size temp.
(oC)
15
q=3
27
37
q = 0.5

15
27
37

DMPC
δ (ppm)
-0.15
-9.15
-10.41
0.04
0.12
0.21

no Pr3+
DHPC
δ (ppm)
-0.15
-2.46
-4.84
0.09
0.23
0.34

integrated
ratio
*
2.63
2.79
0.49
0.51
0.52

DMPC
δ (ppm)
24.4
29.2
25.8
25.3
25.1
25.0

with Pr3+
DHPC
integrated
δ (ppm)
ratio
15.9
2.64
17.7
2.95
20.9
3.25
18.4
0.48
19.3
0.54
19.6
0.54

Table 2.2. The 31P chemical shifts δ of q = 0.5 and 3 composed of DMPC and DHPC
measured at different temperatures. All δ values were referenced to 85% phosphoric acid
(0 ppm). * no distinguishable peak and/or the bicellar structure collapsed so no peak
assignment can be made from relative areas.
For bicelles of q = 3, however, the phase transformation of the mixed lipid system
into the biceller structure was more complex. The phase behavior of these larger bicelles
has been shown in previous studies to depend on a variety of parameters such as lipid
composition, concentration, temperature, and other factors.29,

30

Under appropriate

conditions, a clear micelle-to-bicelle phase transition has been observed, but other
morphologies have been observed such as disc-shaped, mixed micelles, or lamellae.31, 32
Here, we monitored the phase transition to the biceller structure by NMR. In bicelles
10

composed of DMPC/DHPC, at 15˚C only 1 resonance peak was observed, indicating no
structural feature distinguishing the long and short chain lipids. When the sample was
heated to 27˚C, the single 31P resonance split into two peaks approximately 7 ppm apart,
then did not change significantly when the sample was heated further to 37˚C. This
observation can be interpreted in light of previous observations that large bicelles
demonstrate a liquid crystalline phase above the long-chain lipid’s phase transition
temperature (23˚C for DMPC) while below this temperature the lipid mixture forms
mixed micelles. This also explains our observation that at low temperature, q = 3
DMPC/DHPC mixture was clear and fluid, but became viscous at room temperature and
grew even more viscous when temperature increased to 37˚C. Similar patterns for

31

P

chemical shifts changes as a function of temperature were also seen in q = 3
DPPC/DHPC mixture above and below its phase transition temperature, 41˚C (Table
2.2). This phase transition was not tested in POPC/DHPC bicelles of q = 3 due to the low
temperature of the phase transition (-2˚C) which made it difficult to obtain a
homogeneous mixture of POPC and DHPC. This reversible phase transition from mixed
micelles to bicelles as a function of temperature could be employed in future experiments
to provide some insight into the electrostatic similarities and differences of these two
membrane mimics.

Here, we describe only vibrational spectroscopy of peptides

incorporated into bicelles as confirmed by NMR.
The effect of peptide incorporation on lipid mixture structure was also evaluated
by

31

P NMR by adding the appropriate amount of peptide to both q = 0.5 and q = 3

DMPC/DHPC bicelles. No apparent perturbation was found in either case (blue spectra
in Figure 2.2) and the two well resolved resonances could still be readily assigned by
their relative intensity. While we did not characterize local structural changes due to the
interaction between the peptide and lipid molecules, the
11

31

P NMR data indicate that the

entire bicelle shape is maintained after intercalation of the peptide. The DMPC peak
broadening caused by the addition of the peptide indicates that peptide incorporation
perturbed somewhat the local lipid packing density in the bicelle, giving rise to a more
heterogeneous chemical environment compared to bicelles not containing any peptide.17
Overall, the 31P NMR data demonstrate that our preparation protocol does yield a bicellar
structure that can be used as a mimic of the membrane bilayer structure for our purpose
of measuring the dipole potential in lipid membranes.
2.3 Circular Dichroic Spectroscopy
Peptide-containing bicelle samples were formed by first dissolving the desired
peptide in the DHPC solution and then mixing this with the long-chain lipid and forming
the bicelle through normal procedures. The secondary structure of the peptide in the
bicelle was then investigated with CD to estimate the extent of -helical character. Figure
2.3 shows a representative CD spectra of the four peptides αLAX(25), αLAX(23),
αLAX(21), and αLAX(16) incorporated into bicelles of q = 0.5 composed of a
DMPC/DHPC mixture.

Peptides were insoluble in the buffer solution without the

addition of the lipid mixture, indicating that the CD signal arose from the peptides
incorporated into the formed bicelles. We observed two minima at 208 nm and 220 nm
as well as a maximum at 195 nm, indicating a high fraction of -helical character for all
four of these peptides in the DMPC/DHPC bicellar sample.33 The extent of helical
character was estimated from the magnitude of the absorption at 222 nm, and was found
to be from 32-56%. The helical alanine-leucine repeat sequence comprises 18 residues
in each of these 30-mer peptides, for a maximum possible helicity of 60%. These
peptides therefore are strongly helical when intercalated within the bicelle.

Similar

results were observed for these four peptides incorporated into DPPC/DHPC bicelles
(data not shown). For samples composed of POPC/DHPC bicelles, two minima were
12

observed but we were unable to collect spectra below 200 nm because of the high
absorbance of the unsaturated bond in the POPC acyl chain at lower wavelengths. For
bigger bicelles (q = 3), we were unable to collect CD spectra because the relatively high
lipid concentrations required to form large bicelles in turn caused substantial light
scattering. Given the conclusion from NMR experiments that q = 0.5 and q = 3 bicelles
have very similar discoidal shape and only differ in disk radius, we assume that these
peptides should also be predominately helical in q = 3 bicelles.
CD spectroscopy has been used to determine the extent of aggregation of helices in both buffer and biceller solutions, based on the intensity ratio of the measured
molar ellipticity at 220 and 208 nm.33, 34 To test the extent of any aggregation of helices incorporated into bicelles, we compared the CD spectra of two DMPC/DHPC
bicelles in which the ratio of peptide:DMPC was increased by a factor of 2 (from 1:100
as described above to 1:50). While both spectra demonstrated strong helical character,
they displayed different intensities molar ellipticity at 220 and 208 nm; the ratio of

220/208 was approximately 0.85 for 1:100 samples and 1 for 1:50 samples. Previous
reports have concluded that a ratio of 0.85 suggests that most of the peptide helix is
monomeric while ratio of 1 suggests a large extent of helix association. The size of
bicelle (i.e. disk radius) can be estimated from modified ideal bicelle model, in previous
studies and we expect to have a radius of ~5 nm for q = 0.5 small bicelle and ~15 nm for
q = 3 bicelles under our preparation conditions.23, 30 According to this model, in a bicelle
of q = 0.5, there are approximately 80 DMPC phospholipids, and a peptide to DMPC
molar ratio of 1:100 would lead to an average distribution of 0.8 helix per bicelle. Using
a Poisson distribution, this means approximately 45% of the bicelle population contains
no peptides, 36% of the population contains 1 peptide, while only ~14% of the population
contains more than 2 peptides. Therefore, the signal is indeed dominated by bicelles
13

containing only 1 peptide. When peptide-intercalated bicelles are prepared in a ratio of
1:50, on average 60% of the bicelles contain 2 peptides, assuming that the samples are
formed homogeneously.

However, according to Poisson statistics, there is a wider

distribution of possible peptide:bicelle ratios in this scenario; if P(n) indicates the
probability P of finding n peptides per bicelle, P(0)=0.2, P(1)=0.32, P(2)=0.26,
P(n>2)=0.22. All spectra reported here are from the former case, bicelles containing a
single peptide, thus avoiding convoluting factors in the vibrational absorption of the
nitrile caused by aggregation of multiple peptides in the same bicelle.

However,

controlling peptide aggregation by increasing the concentration of peptides in bicelles
provides an additional experimental tool for future experiments that investigate the effect
of dipole potential on protein-lipid and protein-protein interactions within the bilayer.

Figure 2.3. Representative circular dichroic spectra of peptides αLAX(25) (black),
αLAX(23) (blue), αLAX(21) (green), and αLAX(16) (red) in q = 0.5 DMPC/DHPC
bicelles, respectively. Spectral intensity is presented as mean molar ellipticity per residue.
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2.4 FTIR Spectra of the Peptides in Bicelles
Representative vibrational absorption spectra of the nitrile probe on the four helices studied here intercalated in bicelles composed of DMPC/DHPC lipids of size q =
0.5 are shown in Figure 2.4. As the nitrile probe was moved from the C-to-N-terminus
of the peptide, and thus immersed deeper into the bilayer, the absorption energy of the
probe 2.3 cm-1 higher in energy from αLAX(25) to αLAX(16). For q = 3 DMPC/DHPC
bicelles, we measured slightly different vibrational energies of nitrile probe (e.g. the
nitrile on αLAX(23) intercalated in q = 3 bicelles absorbed at a frequency 0.7 cm-1 less
than in the same bicelle of q = 0.5), but the pattern of increasing absorption energy as the
probe was inserted deeper into the membrane is nearly identical to DMPC bicelles of size
q = 0.5 (Table 2.3). Furthermore, we observed a systematic decrease in the full width at
half maximum (fwhm) of the absorption peaks as the nitrile probe was moved towards
the center of the membrane. The fwhm of the nitrile absorption peaks of peptides
intercalated in DMPC/DHPC bicelles of q = 0.5 were 10.7 ± 0.5 cm-1, 11.4 ± 0.2 cm-1,
9.2 ± 0.2 cm-1, 6.9 ± 0.7 cm-1 for αLAX(25), αLAX(23), αLAX(21) and αLAX(16),
respectively. The relative magnitude of the fwhm of the absorption peak has been
proposed as a measurement of the homogeneity of the local chemical environment in the
immediate vicinity of the probe.19 When the peptide is immersed in the hydrophobic
lipid bilayer, only the probe on αLAX(25), closest to the membrane surface, is possibly
interacting with the lipid head group or water molecules immersed in the membrane. The
probe on the other three peptides are located beyond the point of possible penetration by
water molecules, and are thus only exposed to the aliphatic lipid tail, seen as the
systematic reduction of the fwhm.35 The effect of complicating factors on electrostatic
responses of the nitrile bond, such as hydrogen-bonding on absorption energy or
moderate changes in probe orientation, are therefore negligible and the observed spectral
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shifts are primarily due to a Stark effect based on electrostatic fields within the membrane
bilayer.

Figure 2.4. Representative normalized FTIR spectra for four peptides in q = 0.5
DMPC/DHPC bicelle collected at room temperature. The absorption spectra of each
peptide are ordered from low to high energy as αLAX(25) (black), αLAX(23) (blue),
αLAX(21) (green) and αLAX(16) (red), respectively.
To interpret how these changes in absorption energy are related to the electrostatic
field created by the membrane dipole potential, it is necessary to know the distance
between the nitrile positions at each of the four locations that CN-Phe was placed on the
-helix and the orientation of the nitrile with respect to the membrane normal. To this
end, models of each of the 4 peptides studied here were made with Avogadro 1.00, an
open-source molecular builder and visualization tool.36 The distances between adjacent
nitrile probes were determined from the distance between the nitrogen atoms of the
nitriles projected onto the peptide axis. The axis-projected distance between the two
nitrile probes on αLAX(25) to αLAX(23) was 1.8 Å, from αLAX(23) to αLAX(21) was
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3.1 Å, and from αLAX(21) to αLAX(16) was 8.3 Å, for a total distance from the nitrile
probe on αLAX(25) to αLAX(16) of 13.2 Å. The angle of the nitrile with respect to the
helical axis (and thus presumably the membrane normal) was determined by the angle
between the peptide axis (defined above) and the line defined by the carbon and nitrogen
atom pair of the nitrile bond on CN-Phe. The angle between these two lines was found
to be 57 ± 4˚; the error is the standard deviation of the nitriles on the four helices
measured here, and shows little dependence on the CN position along the helix, which
agrees well with a previous study.17 With the total frequency change caused by moving
the nitrile probe from residue 25 to 16 of the -helix of 2.3 cm-1, using these distance,
angle, and vibrational energy measurements and a value of Stark tuning rate of 0.67 cm1

/(MV/cm) in equation 1,37 we estimate an electrostatic field perpendicular to the plane of

the membrane and extending from the intermediate region near the lipid head group to
the hydrophobic center of the bilayer to be approximately -6 MV/cm.
bicelle size
q=3
q = 0.5

temp
o
C
15
27
37
25

αLAX(25)
cm-1
2228.4 ±0.2
2228.3 ±0.2
2228.4 ±0.1
2229.0 ±0.1

αLAX(23)
cm-1
2229.0 ±0.2
2229.0 ±0.2
2228.9 ±0.1
2229.7 ±0.1

αLAX(21)
cm-1
2230.0 ±0.2
2229.9 ±0.2
2229.9 ±0.3
2230.8 ±0.1

αLAX(16)
cm-1
2231.0 ±0.1
2231.1 ±0.2
2231.3 ±0.1
2231.3 ±0.1

Table 2.3. The nitrile absorption frequency of the peptides in q = 3 and q = 0.5
DMPC/DHPC bicelles collected at different temperatures. Reported errors represent one
standard deviation from multiple experiments.
The magnitude of this field is well within the range of the previous experimental
estimates of dipole fields within lipid membranes by other diverse experimental methods
in lipid bilayers and vesicles.5, 6 The magnitude of this field was the same for bicelles
composed of DMPC, DPPC, or POPC (Figure 2.5). The incremental frequency changes
as the position of the nitrile probe was moved through the bicellar structure were
measured to be 0.7 cm-1, 1.1 cm-1, and 0.5 cm-1 as the chromophore moved from
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αLAX(25) to αLAX(23), αLAX(21), and finally αLAX(16). The electrostatic field from
peptide αLAX(25) to αLAX(23) is -1.91 MV/cm, from peptide αLAX(23) to αLAX(21)
is -3.01 MV/cm, then from peptide αLAX(21) to αLAX(16) is -1.38 MV/cm. Although
there are a limited number of lipids which have demonstrated stable bicellar structures
beyond the one studied here, we are exploring experimental methods to extend this
investigation to lipids which may indeed demonstrate a large difference in membrane
dipole field. We are also investigating the role that small molecules that intercalate in
the bilayer play in modulating the magnitude of the dipole field. Preliminary data on the
effect of the incorporation of phloretin into DMPC/DHPC bicelles is described in the
next chapter.

Figure 2.5. IR absorption energy of the four peptides in q = 0.5 DMPC/DHPC (black
circles), DPPC/DHPC (red squares) and POPC/DHPC (blue diamonds) bicelles. The
error bar in absorption energy was calculated from the standard deviation of 3-5
measurements of the same sample.
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The measured value of the dipole field could be effected by hydrophobic
mismatch between the hydrophobic thickness of lipid bilayer and the hydrophobic stretch
of the transmembrane helical peptide. It is known from solid state NMR measurements
and molecular dynamics simulations that hydrophobic mismatch would cause the helical
axis to tilt with respect to the bilayer normal.26 Given the hydrophobic thickness of
DMPC/DHPC bicelle of 22.8 Å and helical stretch of 28.5 Å , a tilt angle as large as 35˚
would cause a possible error of approximately 2.5 MV/cm in the estimated dipole field.
Thus, even this error would result in a dipole field that is in the range of 1 – 10 MV/cm
that has been previously estimated from indirect measurements.
The structured -helix carries a helix-long dipole moment from the negativelycharged C-terminus to the positively-charged N-terminus of approximately 3.5 D per
amino acid residue and oriented nearly along the helical axis.38-40 In the experiment
reported here, we have no way of distinguishing the effects of the electrostatic field
created by this dipole moment from the surrounding lipid medium. In a peptide of this
size, the magnitude of the field at the positions of the probe molecules is estimated to be
around 4 MV/cm.39 The magnitude of this field is proportional to the length of the helix
up to approximately 7 residues, after which additional residues have only a marginal
effect on increasing the field.38 Because of this, we placed our VSE probe near the Cterminal end of the peptide, no closer than 9 amino acids from the N-terminal end of the
-helix. Therefore, any electrostatic field due directly to the helical dipole should be
constant for each of the 4 probe locations discussed here, and any change in field
experienced by moving the probe should be due entirely to the dipole potential supported
by the membrane bilayer. Future experiments will explore the interaction between the
N-terminal helical field and the membrane dipole field through VSE probes that are near
the N-terminus of the peptide.
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2.5 Summary of Results
The membrane dipole field is often cited as important in membrane organization
and the function of membrane-associated proteins. A variety of experimental methods
have identified the magnitude of the membrane dipole field between 1 – 10 MV/cm,
which we have verified with VSE spectroscopy in bicelles composed of DMPC and
DHPC. This method relies on a diatomic spectroscopic probe that can be placed
synthetically on a variety of transmembrane components, including the lipids or peptide
elements interacting with the membrane interior. This therefore raises the possibility of
measuring electrostatic fields in the membrane interior in the presence of transmembrane
elements with an appropriately placed VSE probe.

In combination with alternative

techniques to estimate the membrane dipole field discussed above, this technique offers
the opportunity for a new suite of experimental investigations for determining the
molecular origin of the dipole field and the mechanism by which it may influence the
lateral organization of biological molecules in membranes of increasingly complex
composition.
Experimental
Materials
The lipids DMPC, DPPC, POPC, and DHPC were purchased as dry powders from
Avanti Polar Lipids (Alabaster, AL) and were used without further purification.
Deuterium oxide (D2O) was purchased from Cambridge Isotope Labs (Andover, MA).
Praseodymium(Ⅲ) chloride hexahydrate (99.9%), tetrahydrofuran (THF), and sodium
azide were purchased from Sigma Aldrich (Milwaukee, WI). HPLC-grade water was
used to prepare all aqueous solutions. Four peptides, αLAX(25), αLAX(23), αLAX(21),
and αLAX(16) (Table 2.1) were synthesized using standard Fmoc solid state peptide
synthesis. Fmoc-p-cyanophenylalanine was obtained from PepTech Corp (Burlington,
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MA). The final mass of the purified product, ~2933 Da, was confirmed with an ABI
Voyager MALDI-TOF mass spectrometer with alpha-cyano-4-hydroxycinnamic acid as
the matrix.
Bicelle Sample Preparation
Two different bicelle sizes, q = 0.5 and 3, were used in the measurement and
prepared in different ways following previous procedures with certain modifications.41 A
25% (w/v) DHPC stock solution was prepared in a 10 mM phosphate buffer (pH 6.5,
0.15mM NaN3) for later use. To form bicelles of q = 0.5 composed of DMPC/DHPC, an
appropriate amount of DMPC powder was weighed, added to the buffer, vigorously
vortexed, and occasionally heated to 38 ˚C to help disperse the pellet if necessary. This
solution was then mixed with proper amount of DHPC stock solution and buffer to a final
molar ratio of 0.5 and the 15% (v/v) lipid concentration. This mixture was then vortexed
for 1 min, centrifuged for 5 min at 6500 rpm, after which this cycle was repeated 3 – 5
times until the solution was clear, homogeneously mixed, and free of bubbles. The same
protocol was used in preparing q = 0.5 DPPC/DHPC and POPC/DHPC bicelle solutions.
To prepare q = 3 DMPC/DHPC bicelles, in addition to the above procedure, the solution
was put through 5 – 8 cycles of heating at 38˚C for 30 min, vortexing for 1 min, cooling
on an ice bath for 30 min, and vortexing for 1 min, until the solution was transparent and
viscous at 38 ˚C while clear and fluid when on ice. A nearly identical protocol was
applied when preparing q = 3 DPPC/DHPC bicelles, except they were heated to 43˚C
rather than 38˚C due to the fact that DPPC has a higher phase transition temperature
(41˚C) than DMPC (23˚C). POPC was not used to make q = 3 bicelles because its phase
transition temperature is low (-2˚C) and they were difficult to generate reliably. Bicelles
intercalated with the -helical peptide were prepared by the same procedure with the
addition that a proper amount of peptide (according to the chosen ratio of peptide:long
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chain lipid) was added to the DHPC solution. All samples were stored at -20˚C between
measurements and were always vortexed after thawing.
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P NMR Spectroscopy
Bicellar NMR samples were prepared in 20 mM HEPES buffer (0.15 mM NaN3,

pH 6.8) following the method described above, followed by the addition of 10% (v/v) of
D2O for instrument locking, to a final total lipid concentration of 15% (w/v). For biceller
samples containing peptide, the peptide concentration was 0.01 mole fraction of the longchain lipid. Selected samples contained PrCl3 that was added to a molar ratio of Pr3+:total
lipid = 0.5, which was sufficient to saturate lipid-lanthanide interactions. About 1 ml of
sample was then transferred to 8 mm NMR tube for acquiring spectra. Samples that were
not fluid at room temperature were cooled in ice bath before transferring to the NMR
tube. For q = 0.5 DMPC/DHPC, DPPC/DHPC and POPC/DHPC, and q = 3
DMPC/DHPC samples, spectra were collected at 15˚C, 27˚C, and 37˚C, while for q = 3
DPPC/DHPC samples, spectra were recorded at 27˚C, 43˚C, and 52˚C. At each
temperature, samples were equilibrated 15 – 30 min before collecting spectra. All
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P

NMR experiments were carried out at 202.349 MHz on a Varian INOVA 500
spectrometer with 128-256 scans, 161862 data points, and a sweep width of 100 ppm. All
spectra were referenced to an external 85% H3PO4 solution (0 ppm).
Circular Dichroic Spectroscopy
Circular dichroism (CD) spectra were measured on JASCO J-815 CD
spectrometer in a 1 mm path length cell under instrument conditions of 0.2 nm resolution,
50 nm/min scanning rate, and 1 s response time. Five scans collected at room temperature
were added to give the final spectrum. Only peptides intercalated into small bicelles of q
= 0.5 were measured by CD since q = 3 bicelle solutions caused substantial light
scattering because of the relatively high concentration of lipids. After samples were
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prepared in the method described above, they were diluted to a final concentration of 16
mM of the long-chain lipid, 32 mM DHPC, and 0.16 mM peptide in 10 mM phosphate
buffer (pH 6.5) for a final ratio of peptide:long chain lipid of 1:100. To test for peptide
aggregation, spectra were also collected in bicelle solutions where the peptide
concentration was 0.32 mM (ratio of 1:50) with all other conditions the same. The
background spectra of bicelles not containing any peptide were subtracted from the
sample spectra to obtain the dichroic signal of the peptides embedded in the bicelles.
Reported spectra shown here were smoothed with 5-point FFT filter using Origin
software.
Fourier Transform Infrared Spectroscopy
Infrared spectra were recorded on a Bruker Vertex 70 Fourier transform infrared
spectrometer (FTIR) equipped with a liquid-nitrigen cooled InSb detector and a sample
chamber purged with N2(g). The absorption frequency of the nitrile group was collected
in a cell made of two sapphire windows separated by Teflon spacers 100-125 μM thick.
Spectra were typically collected in solutions containing 2 mM peptide, 200 mM of the
long-chain lipid (i.e. DMPC, or DPPC, or POPC), 400 mM or 66 mM DHPC for bicelles
of q = 0.5 and q = 3, respectively, prepared in 10 mM phosphate buffer (0.15 mM NaN3,
pH 6.5). Since these peptides were insoluble in aqueous buffer without reconstituting into
bicelles, we assume that any peak observed in the IR spectrum corresponds to the nitrile
probe located within bilayer. To test the effect of the peptide concentration in the
bicelle, samples containing different molar ratios of the peptide:long chain lipid (1:20,
1:50, and 1:80, compared to 1:100 described above) were measured. The IR spectra were
averaged from 250 scans at a resolution of 0.5 cm-1. The temperature dependence of
absorption spectra is discussed in the Supplemental Materials. In all cases, background
spectra containing buffer solution were subtracted from the sample spectra. The spectra
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were then baseline corrected using an interactive polynomial option in the OPUS
software package from Brucker.
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Chapter 3 Manipulating Membrane Dipole Potential in Bicelles and
Testing the Change in Field Using Vibrational Stark Effect
Spectroscopy
3.1 Dipole Potential Modifying Molecules
Previous methods that have been used most commonly to estimate the membrane
dipole potential, such as hydrophobic ion transport rate3, 4 and ratiometric fluorescence,6, 7
have manipulated the dipole potential by incorporating some molecular dipoles into the
membrane and have successfully observed the signal change, either in rate or ratio,
responding to the change in dipole potential. By doing this, these methods are considered
to be effective ways to measure the membrane dipole potential. And the molecular
dipoles that are used to modify the dipole potential are mostly cholesterol, 6Ketocholestanol (or 6-KC), and phloretin (see Figure 3.1 for their molecular structures).5
The former two are thought to increase the dipole potential while the last one usually
decreases the dipole potential. The easiest way to understand this is that cholesterol and
6-KC molecules must align their dipole moments with the original internal dipoles that
contributes to the membrane dipole potential, whereas phloretin molecules align their
dipole moment against the original dipoles when intercalated into the membrane
interface. Nevertheless, this simplified argument cannot fully explain the molecular-level
processes that occur when these sterol molecules move into the membrane. Research
have shown that the change in dipole potential may also arise from the change in the
water penetration into the membrane caused by the change in lipid packing density
induced by the sterols. One thought is that the hydroxyl groups hydrogen bond to lipid
molecules in the head group region or in the acyl linkages to the alkyl chain, thus
displacing hydrogen bonded water molecules in the head group region of the lipid.
Because the molecular dipole moment of these aligned water molecules are thought to be
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the source of the membrane dipole field, the field decreases as they are excluded from the
membrane.42 Although this mechanism has not been proven,43 phloretin has been widely
used in studies in which the effect of lowering the membrane dipole potential has been
investigated on measurable properties, such as ion transport rate and fluorescence of
voltage-sensitive dyes.5, 6 These studies have been conducted on a variety of model lipid
systems, including vesicles, micelles, and supported lipid monolayers and bilayers. Here,
we study the effect of these sterol molecules on the membrane dipole potential of lipid
bicelles composed of the lipids DMPC and DHPC, both as a means of calibrating our use
of VSE spectroscopy against other accepted methods for measuring membrane dipole
field and as a first step towards using VSE spectroscopy to understanding the effects of
membrane electrostatic fields on membrane structure and organization.

cholesterol

6-ketocholestanol (6-KC)

phloretin

Figure 3.1. Molecular structures of the compounds that can modify the dipole potential.
3.2 Fluorescence Testing
Because essentially all previous work on sterols has been on vesicles and micelles
model system, not bicelles, we first repeated fluorescence rationmetric measurements in
bicelles to ensure that sterols behaved in the same manner in our model bicelles system.
To do this, we prepared bicelles (q = 0.5, DMPC/DHPC) as reported in Chapter 2. These
bicelles were assembled with phloretin from 0 – 40 mol % or 6-KC from 0 – 30 mol %
and 10uM amount of the voltage sensitive dye di-8-ANEPPS (Figure 3.2). The
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fluorescence spectrum of this dye is sensitive to its local electrostatic environment, and
may shift in either way depending on the change in electrostatic field. It is well
established that the ratio R of its fluorescence intensity at 440 nm to that at 530 nm can
bu used as a signal to the change in dipole potential; R increases when dipole potential
increases and decreases when dipole potential decreases.44

Figure 3.2. The structure of the fluorescence probe: di-8-ANEPPS.

(a)
(b)
Figure 3.3. (a)The fluorescence excitation spectra of di-8-ANEPPS; (b)The excitation
ratio R of fluorescence intensity at 440 nm to that at 530 nm, as a function of the mole
fraction of additive intercalated in q = 0.5 bicelles composed of DMPC/DHPC, measured
at the emission wavelength of 620 nm.
Figure 3.3(a) shows how the fluoresence excitation spectrum of di-8-ANEPPS
changes in response to the addition of 30 mol% phloretin and Figure 3.3(b) displays the
fluorescence ratio R of the dye intercalated in q = 0.5 DMPC/DHPC bicelles in which the
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concentration of additive was increased from 0 to 40 mol %. The addition of phloretin
caused a red shift on the fluorescence excitation spectrum ,which then change the ratio R.
R decreases from ~6.2 at 0 mol% phloretin to ~1.3 at 40 mol% phloretin, replicating the
trend that has been observed before.6 Furthermore, the rate of change in R with respect to
the concentration is very similar to what has been measured previously in a variety of
different vesicles, demonstrating that phloretin is well behaved in our bicellar membrane
model system. These results demonstrate that we have successfully incorporated
phloretin molecules into our bicelle model membrane and that they decrease the
magnitude of the dipole electrostatic field as expected. They also provide a standard
against which to calibrate VSE spectroscopy results in this model system. On the other
hand, we found the response of the dye to the presence of 6-KC molecules in bicelles is
much weaker than what is reported in other vesicles, probably due to the different
interaction of 6-KC with DMPC lipids we used, nevertheless we are still exploring this
issue.
3.3 Dynamic Light Scattering

Figure 3.4. DLS size measurement of DMPC/DHPC bicelles: q=0.5 sample at room
temperature (left) and q=3 sample at 35oC (right).
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Dynamic light scattering (DLS) can also be used to characterize the formation of
bicellar structure by measuring the size of the discoidal shape of bicelles. In DLS, the
intensity of scattered light from a solution of particles is a function of the Brownian
motion of those particles. Small particles move quickly while big particles move much
slower. The Stokes-Einstein equation then relates the speed of these particles to their size.
We did the DLS experiments on both small (q = 0.5) and big (q = 3) bicelles to ensure
that the lipid aggregates we obtain is the bicellar structure as we expect. Figure 3.4 shows
how the measured hydrodynamic radius of the particles distributes. Clearly, we find the
most populated hydrodynamic radius for the small bicelle we prepared is around 3 nm
and for big bicelle around 13 nm. This result is very close to what the ideal bicelle model
has previously predicted, that is around 5 nm and 15 nm in radius for q = 0.5 and q = 3
bicelle, respectively.23 Therefore, these measurements confirm our initial estimate of
bicellar size.

mol% of phloretin

0

20

diameter of bicelle/nm
6.3
8
Table 3.1. The sizes of q=0.5 DMPC/DHPC bicelles containing phloretin measured by
DLS.
In the same way, we measured the size of the bicelles that contain phloretin, to
ensure that the phloretin molecules are all incorporated into the membrane, rather than
aggregates into micelles themselves. We compared the measured hydrodynamic diameter
of the pure q = 0.5 DMPC/DHPC lipid sample with the same lipid sample containing 20
mol % phloretin, tabulated in Table 3.1. And we found that the size of the bicelle
increases as we added the phloretin into the sample: 20 mol % amount of phloretin causes
the size of bicelle to increase from 6.3 nm to 8 nm, about 27% change. This DLS result
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supplements the fluorescence measurement presented before, indicating that the phloretin
molecules are indeed incorporated into the lipid membrane as we expected.
3.4 FTIR
We next used VSE spectroscopy to measure the change in dipole electrostatic field
in the same phloretin-containing bicelles. As described in the previous chapter, we
intercalated two peptides (see Table 3.2) into the same lipid bilayer membranes, q = 0.5
DMPC/DHPC bicelles.

These peptides are -helices that are known to intercalate

perpendicular to the plane of the membrane. Previous studies in our laboratory have
demonstrated that under our experimental conditions, bicelles self-assemble with on
average only one peptide per bicelle, and do not otherwise disrupt the bicellar structure.
Both of these peptides had one residue in the helix replaced with an unnatural amino acid
carrying a nitrile probe, p-cyanophenylalanine (p-CN-Phe), at two locations. The nitrile
group on the peptide αLAX(25)) will be held close to the membrane surface, while the
nitrile group on the other peptide, of αLAX(16)), will be positioned near the middle of
the membrane interior. Placing our electrostatic vibrational probe at these two extreme
positions will allow us to measure the effect of phloretin on the dipole field at different
locations along the membrane normal. Complete characterization of the structure and
orientation of these peptides in q = 0.5 DMPC/DHPC bicelles are in Chapter 2, including
a measured value of the membrane dipole field of -6 MV/cm.
peptide
sequence
αLAX(25)
HHGGPGLALALALALALALALALAXGPGGHH
αLAX(16)
HHGGPGLALALALALXLALALALALGPGGHH
Table 3.2. Amino acid sequences of the two polypeptides described in this work. X =
CN-Phe.
Figure 3.5 shows the representative FTIR spectra of these two peptides in bicelles
that did or did not contain phloretin. In Figure 3.5(a) the nitrile probe on αLAX(25)
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shifted from 2229.0 ± 0.1 cm-1 to 2229.7 ± 0.2 cm-1 when 30 mol% phloretin was added
to the membrane, a blue shift of 0.7 ± 0.2 cm-1. In Figure 3.5(b), the nitrile probe on
αLAX(16) experienced no change in absorption energy after we observed no shift in the
absorption energy of peptide αLAX(16) after 30 mol% phloretin was added to the bicelle,
remaining at 2231.3 ± 0.1 cm-1. Although a small shoulder appeared on the high energy
side of the spectrum, we attribute this to a greater range of chemical environments
available to the nitrile probe in the phloretin-containing bicelles.

(a)
(b)
Figure 3.5. Representative normalized FTIR spectra for two peptides in q = 0.5
DMPC/DHPC bicelles collected at room temperature with either 0 or 30 mol% phloretin:
(a) αLAX(25) and (b) αLAX(16).

Because it is thought that phloretin inserts into bilayers exclusively near the headgroup and acyl linkage region of the lipid, the electrostatic environment of the nitrile
probe far away from this area, in the middle of the membrane, should not be significantly
effected by the presence of phloretin. Previous reports have already shown that the
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magnitude of the dipole field near αLAX(16) has been almost completely canceled out by
the oppositely oriented dipoles at both sides of the membrane. The nitrile on αLAX(25),
which is close to the membrane surface, however, should be substantially effected by the
displacement of water molecules, and thus reduction in electrostatic field, caused by the
presence of phloretin. It is therefore expected that the electrostatic environment of the
nitrile will be substantially effected when it is close to the membrane surface but entirely
unaffected when placed in the membrane interior, just as we have observed. The total
absorption energy difference between the nitriles in these two positions, 1.6 cm-1; when
combined with the angle of the nitrile with respect to the helical (and membrane) axis as
discussed before, using equation

E  hcobs    F we estimated a dipole

electrostatic field of -4.2 MV/cm in bicelles containing 30 mol% phloretin. Compared
with the previous -6 MV/cm dipole field of pure lipid membrane we reported
previously,45 we conclude that 30 mol% phloretin causes a 30% reduction in the dipole
field. Interestingly, this result is in very good agreement with what has been previously
reported, when Lairion, et al. measured the dipole potential in DMPC liposomes as ~510
mV, which dropped to ~350 mV when ~30 mol% phloretin was added to the membrane,
a drop of ~31%11 using an electrochemical method. The similar results given by VSE
spectroscopy and other techniques demonstrates that this method will become an
essential tool in the exploration of the biological effects of electrostatic fields in
membranes, with a small, nonperturbing probe that can be chemically synthesized on
essentially any component of the membrane-small molecule-protein system.
3.5 Summary of Results
In conclusion, we have successfully incorporated the phloretin molecules into the
bicelle membrane and measured the change in dipole potential both in terms of the
fluorescence ratio of a voltage-gated dye intercalated in the membrane, and the
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vibrational absorption energy of the VSE probe inserted into the membrane. We find an
excellent agreement between our results and other techniques, indicating that VSE
spectroscopy indeed can offer an opportunity to investigate the dipole potential in a
different way. Given the small size of this diatomic spectroscopy probe and its great
availability to be synthesized into different structures, this technique offers the
opportunity for a new suite of experimental investigations for determining the molecular
origin of the dipole field and the mechanism by which it may influence the lateral
organization of biological molecules in membranes of increasingly complex composition.
We are currently expanding these investigations to include molecules such as sterols
which are known to increase the magnitude of the membrane dipole electrostatic field.
Experimental
Materials
DMPC, POPC, and DHPC lipids were purchased from Avanti Polar Lipids
(Alabaster, AL) and were used without further purification. D2O, chloroform, ethanol,
and NaN3 were purchased from Sigma Aldrich (Milwaukee, WI). HPLC-grade water was
used to prepare all aqueous solutions. Cholesterol, 6-KC and phloretin powders were also
purchased from Sigma. The fluorescence dye di-8-ANEPPS was from Molecular Probes
(Eugene, OR).
Preparation of Bicelles Containing Sterols
Pure bicelle sample were prepared following previous procedure: appropriate
amount of DMPC powder was weighed and dispersed in buffer homogeneously; DHPC
dissolved in chloroform was put under vacuum to remove solvent and then dissolved in
buffer; then these two solutions were mixed until finally the solution become transparent.
For the bicelle sample containing cholesterol/6-KC/phloretin/dye, the procedure is a little
different. 6-KC, phloretin and dye were all prepared to be stock solution in ethanol, with
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concentrations of 20 mg mL-1, 20 mg mL-1 and 500 uM, respectively, while cholesterol
was weighed directly as powder. To prepare the sample, DMPC powder and
cholesterol/6-KC/phloretin/dye were mixed in one glass vial and all dissolved by
chloroform, then the solvent was removed under vacuum and the vial was put in the
glove box overnight to remove the residual chloroform. The next day, this mixture (dry
film on the wall) was dispersed in buffer, went through brief vortex, 30mins sonication,
and brief vortex. Then this DMPC solution was mixed with DHPC solution prepared the
same way, and the mixture went through several freeze/thaw cycles, until the sample
turned clear. All samples were stored at -20˚C between measurements and were always
vortexed to be clear after thawing.
Fluorescence Testing
Bicelle samples of q = 0.5 DMPC/DHPC containing dye (di-8-ANEPPS), and
sterols (phoretin/6-KC) were all prepared and the fluorescence measurements were
conducted at TI_3D facility using Synergy H4 Hybrid Multi-Mode Microplate Reader
where the fluorescence excitation ratio of the intensity at 440 nm to that at 530 nm was
measured at a fixed emission wavelength of 620 nm. The fluorescence excitation
spectrum was scanned from 400 nm to 600 nm by a 10 nm step, 100 msec delay time and
10 measurement for each data point, using a 384 flat bottom plate. The concentration for
the sample is as follows: 40 mM DMPC, 80 mM DHPC, 10 uM dye, 0 – 40 mol %
phloretin, 0 – 30 mol % 6-KC.
Dynamic Light Scattering
Dynamic light scattering (DLS) experiments were also used to characterize the
size of the bicelles we prepared. Some size measurements were performed, where 1ml
bicelle sample were prepared and transferred to the cuvette to be measured by DLS. The
concentration of the lipids is 5% (w/w) and 10% (w/w), for q = 0.5 and q = 3 bicelles,
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respectively. The measurements were conducted on Zetasizer Nano ZS instrument at TMI
facility.
Fourier Transform Infrared Spectroscopy
IR samples of peptide αLAX(25) and αLAX(16) in q = 0.5 DMPC/DHPC bicelles
with certain amount of phloretin present were prepared. Spectra will be typically
collected in solutions containing 2 mM peptide, 200 mM DMPC, 400 mM DHPC, and 0
– 30 mol % phloretin, to test the effect of phloretin on the absorption energy of the nitrile
probe. The instrument setting is the same with that in Chapter 2.
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