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ABSTRACT: The ultrafast dynamics in the interior of planar
aligned multibilayers of 1,2-dilauroyl-sn-glycero-3-phosphocho-
line (dilauroylphosphatidylcholine, DLPC) are investigated
using 2D IR vibrational echo spectroscopy. The nonpolar and
water insoluble vibrational dynamics probe, tungsten hexacar-
bonyl (W(CO)g), is located in the alkane interior of the
membranes. The 2D IR experiments conducted on the
antisymmetric CO stretching mode measure spectral diffusion
caused by the structural dynamics of the membrane from ~200
fs to ~200 ps as a function of the number of water molecules
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hydrating the head groups and as a function of cholesterol content for a fixed hydration level. FT-IR studies of the lipid bilayers
and the model liquids, hexadecane and bis(2-ethylhexyl) succinate, indicate that as the number of hydrating water molecules
increases from 2 to 16, there are structural changes in the membrane that partition some of the W(CO); into the ester region of
DLPC. However, the 2D IR measurements, which are made solely on the W(CO); in the alkane regions, show that the level of
hydration has no observable impact on the interior membrane dynamics. FT-IR spectra and 2D IR experiments on samples with
cholesterol concentrations from 0 to 60% demonstrate that there is a change in the membrane structure and an abrupt change in
dynamics at 35% cholesterol. The dynamics are independent of cholesterol content from 10 to 35%. At 35%, the dynamics
become slower and remain unchanged from 35 to 60% cholesterol.

I. INTRODUCTION

The plasma membrane provides a boundary between a living
cell and its surroundings enabling organizational control of
proteins, small molecules, and ion localization that is critical to
the complexity of biological systems. In addition to a
permeability barrier, the second role of membranes is to
serve as the “solvent” for membrane proteins and other
molecules located in membranes or that pass through
membranes. The lipid environment of proteins influences
their function,'™> and so impact cell signaling, metabolism,
growth, defense, and a myriad of other biological functions.

The plasma membrane is a nanoscale collective structure
primarily composed of phospholipids, embedded proteins, and
other molecules, such as cholesterol.®” Biological membranes
have a highly organized bilayer structure due to their
amphiphilic nature. The nonpolar alkane chains of the
phospholipids form the interior of a molecular bilayer, with
zwitterionic or ionic head groups at the interfaces with water.
The lipid compositions can vary and lead to differences in the
physical properties of the membranes."” Eukaryotic membranes
tend to have neutral lipids with zwitterionic head groups such
as phosphatidylcholine and sphingomyelin, as well sterols like
cholesterol.

Cholesterol is an important component of many plasma
membranes where it is found in concentrations that can be
greater than 25%,” although in mitochondrial and endoplasmic
reticulum membranes it is less than 5%. Cholesterol has a
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substantial impact on the structural properties of membranes.
The area of phospholipids in the bilayer decreases with
increasing cholesterol concentration.” Also, the presence of
cholesterol influences the mechanical properties of mem-
branes.'® Its presence leads to a decrease in the enthalpy of the
lipid bilayers gel to liquid—crystalline phase transition and
keeps membranes in a more fluid liquid—crystalline phase.'~"?

Because of the importance of biological membranes, a variety
of biophysical techniques, such as fluorescence microscopy,
atomic force microscopy, and visible and vibrational spectros-
copy, are used to investigate their structure and hetero-
geneity.'*">° Dynamic properties and membrane phase
transition behavior have been extensively studied by EPR and
NMR spectroscopy.”' ~>° Analysis of line shape changes with,
e.g, changing temperature or cholesterol concentration
provides order parameters and rotational diffusion rates of
the lipids, which generally occur in the range 10°—107 g1.3031
Also, the oxygen and other paramagnetic molecules transport
parameters across lipid bilayers have been used to characterize
the dynamics of bilayers.>>** The time scale of the transport
process is in the ys region. Very high frequency EPR line shape
analysis has been employed to examine the temperature
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dependent 100 ps time scale orientational relaxation of a small
probe molecule in vesicle bilayers.**

Here the ultrafast structural dynamics of the interior alkane
regions of membranes and how interior membrane dynamics
are affected by cholesterol and the degree of headgroup
hydration are investigated. Ultrafast two-dimensional infrared
(2D IR) vibrational echo experiments***> and IR pump—probe
experiments”® are employed to address structural dynamics on
the time scales of 200 fs to 200 ps. Previously, 2D IR
experiments have been used to investigate transmembrane
peptides by analyzing the multiple peaks in the amide I band
spectrum of the peptide backbone,” * and biomolecules
bound to membranes.* These experiments and simulations
provide information on the biomolecular structure but do not
examine the time dependence of the systems.”’ ' IR pump—
probe vibrational lifetime measurements of a probe molecule in
phospholipid multibilayer have been used to observe distinct
locations for the probe and changing levels of hydration.**

Chemistry depends to a great extent the solvent, which
provides dynamical intermolecular interactions that are
intimately involved in chemical processes. For cytosolic
proteins and enzymes, the medium is water. MD simulations
use sophisticated water models that do a reasonable job of
reproducing the dynamics of water’s mechanical degrees of
freedom. The bath degrees of freedom can be included in these
MD simulations because there is a broad understanding of
water dynamics, and water simulations have been tested against
experiments, principally ultrafast 2D IR vibrational echo
experiments.*~*® Our knowledge of the ultrafast internal
structural dynamics of membranes, which serve as the bath
modes for membrane processes, is almost nonexistent by
comparison to what we know about water.

Important insights have been gained by multiple methods
that address slower time scale dynamics. For example,
translational diffusion of lipids and cholesterol is intimately
involved in the formation of rafts and the motion of
transmembrane proteins. Ultrafast membrane structural
dynamics give rise to the slower time scale macroscopic
motions, but they also play other roles. The ultrafast dynamics
of the membrane bath are directly connected to the structural
fluctuations of transmembrane proteins and other membrane
biomolecules. Motions of the solvent (membrane) drive
structural changes of the protein. In addition, for the internal
structure of a protein to change, generally there will be some
structural change at the protein surface. The internal motions of
a transmembrane protein are tied to the ability of the
membrane structure to respond by accommodating the
proteins shape changes, and membrane structural fluctuations
to induce protein structural fluctuations.*” The ultrafast
membrane structural dynamics are a spectrum of response
times. Protein structural changes that are matched to the
response times are facilitated. In addition, the ultrafast
membrane dynamics provide the structural fluctuations that
permit relatively small molecules to move in and through
membranes in a manner analogous to a solute moving through
a normal solvent.

To study ultrafast membrane dynamics, 2D IR vibrational
echo and IR pump—probe experiments as well as FT-IR
absorption studies are performed on the antisymmetric CO
stretching mode of the vibrational probe molecule, W(CO);, in
aligned multibilayers of 1,2-dilauroyl-sn-glycero-3-phosphocho-
line (dilauroylphosphatidylcholine, DLPC). DLPC has been
studied extensively using many techniques in the context of

understanding membrane structure, dynamics, and the proper-
ties of proteins and other biomolecules located in mem-
branes.* %' 'W(CO),, which is nonpolar and insoluble in
water, dissolves in the interiors of the DLPC bilayers. The 2D
IR vibrational echo experiments**** measure spectral diffusion,
which is caused by the structural evolution of the interior of the
bilayers. Because W(CO); has a long vibrational lifetime, the
dynamics can be measured from ~200 fs to ~200 ps, which is
sufficient to observe the full range of ultrafast structural
fluctuations of the membrane’s interior. The measurements are
performed as a function of the number of water molecules
solvating the zwitterionic head groups, with the number of
water molecules ranging from 2 to 16. Previous studies
examined the dynamics of the water between the bilayers.”>~%
In addition, the dynamics are studied as a function of
cholesterol content of the bilayers. The cholesterol concen-
tration ranges from 0 to 60%. Comparisons are made to two
model liquids, hexadecane and bis(2-ethylhexyl) succinate
(EHS).

The FT-IR studies as a function of water content indicate
that there is a continuous change in some aspects of the
structure of the membranes as the number of water molecules
hydrating the head groups increases from 2 to 16. For the
lowest water content, the W(CO)4 environment is very similar
to an alkane. As the number of waters of hydration increases,
some of the W(CO)y have increased exposure to the ester
portions of DLPC. However, the 2D IR experiments show that
there is essentially no change in the dynamics in the interior
alkane regions away from the ester-zwitterion head groups. FT-
IR studies as a function of cholesterol concentration
demonstrate that there is a change in the membrane structure
at ~35% cholesterol. The 2D IR experiments see a sudden
change in dynamics at 35% cholesterol. The dynamics are
independent of cholesterol content from 10 to 30%. At 35%,
the dynamics become slower, and remain unchanged with the
slower dynamics constant from 35 to 60% cholesterol.

Il. EXPERIMENTAL PROCEDURES

A. Multibilayer Preparation. The experiments are conducted on
model membranes composed of aligned multibilayers of DLPC
phospholipids.*>*”~7° A multibilayer is like an ordered phase of a
liquid crystal. Each bilayer is planar and separated by a water layer.
Cells are large with typical sizes of 10 to 30 ym for eukaryotic animal
cells. Prokaryotic cells are smaller, typically 1 to 10 gm. Except for the
smallest prokaryotic cells, a cell membrane has a large radius of
curvature, and over a local region that is small compared to the cell
size, it is almost planar. Liposomes and bicelles are much smaller and
have much smaller radii of curvatures. Aligned multibilayers eliminate
light scattering from liposomes as well as excess water, which absorbs
throughout the IR and can interfere with 2D IR experiments. The
samples have several thousand individual bilayers. The total sample
path is 75 pm. Properly aligned bilayers provide an optically
transparent medium.

The DLPC phospholipid and the W(CO); vibrational probe were
dissolved in dichloromethane and mixed. The solvent was evaporated.
For samples with cholesterol, it was also added to the solvent in the
appropriate percentage prior to solvent evaporation. The cholesterol
concentrations are given as the mole fraction; the sample with 10%
cholesterol means there is 1 cholesterol molecule for 9 DLPC
molecules. Once the solvent was evaporated, the appropriate quantity
of water was added. The amount of water in the sample was verified
using Karl Fischer titration.

A small amount of the phospholipid sample was placed between
two CaF, windows with a Teflon spacer that determines the thickness.
A heater, temperature probe, and feedback temperature controller
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were used to set the sample temperature for alignment and for the
experiments. DLPC was aligned at 50—SS °C, and all of the
experiments discussed below were conducted at 45 °C. The windows
with the sample were held by a copper sample cell. The bottom of the
cell was clapped to the stage of a conoscopic microscope. The top
plate of the cell was very slightly loose, and the plate and top window
were gently slid around to produce shear that aligned the lipids into a
multibilayer. The sample alignment was monitored with the
microscope through crossed polarizers. The aligned regions do not
rotate the light polarization and appear black. While there are bubbles
and regions of unaligned lipid, large regions become aligned. It is only
necessary to have aligned spots that are larger than ~300 um to
completely pass the IR laser beams. Typically there were aligned
regions of at least 1 mm and usually several millimeters.

The uniformity of the aligned regions was tested. A small pinhole
was placed in the sample cell above the lipid region. The sample cell
was mounted on xy translation stages and placed in an FT-IR. The
HeNe beam in the FT-IR was put through the pinhole, and the
micrometers on the xy stages were read. The micrometers were
adjusted to an aligned clear region in the sample, the coordinates were
noted, and an FT-IR spectrum was taken. The micrometers were
adjusted to other spots and read, and spectra were recorded. The FT-
IR spectra demonstrated that most of the aligned samples were
uniform from spot to spot. In addition, the measurements were
repeated after hours and days, and no changes were found, showing
that water did not evaporate from the sealed sample cell.

Following the FT-IR measurements, the sample cell on the xy stages
was put into the 2D IR instrument. The IR beams that went into the
sample have collinear HeNe alignments beams. The HeNe beams were
put through the pinhole, and the xy translation stage coordinates were
read. The micrometers were adjusted to the positions on which the
FT-IR measurements were made within a few micrometers. Therefore,
the 2D IR experiments were performed on the same spots on which
the FT-IR spectra were taken.

W(CO); is substantially smaller than DLPC. It has a molecular
volume of ~115 A3, compared to the ~675 A® molecular volume of
DLPC. In addition, its concentration in the bilayers is small, with 1
W(CO)s per 800 DLPC molecules in the experiments presented
below. Measurements were also made with 1 W(CO), per 400 DLPC
and 1 W(CO)¢ per 200 DLPC. For all of these concentrations, the
results were the same. Because the data were very good at the lowest
concentration, 1:800, this concentration was used for all of the
experiments presented below. Therefore, the presence of W(CO)g
should not have a significant influence on the global structure of the
phospholipid bilayers.

B. 2D IR Experiments. A Ti:Sapphire oscillator/regenerative
amplifier with repetition rate of 1 kHz, which produced 100 fs pulses
with pulse energies of ~700 yJ and wavelength centered at 800 nm
were used to pump a mid-IR optical parametric amplifier (OPA) to
generate an ~170 fs pulse centered at 1980 cm™ with ~8 yJ pulse
energy. The mid-infrared pulse was split into a weaker probe pulse and
a stronger pulse. The weak pulse is routed through a mechanical delay
line, which is used to set the waiting time T, (see below). The strong
pulse was sent to a mid-infrared Fourier-domain pulse-shaper. Details
of the laser system and the pulse shaper have been presented.*® The
output from the pulse shaper, which produces pulses 1 and 2 in the
vibrational echo pulse sequence (~250 um spot size), was crossed in
the sample with the weak probe pulse (pulse 3, 180 ym spot size). The
probe is collimated after the sample then sent into a spectrometer
acting as a spectrograph equipped with a 32 element HgCdTe infrared
array detector.

In a 2D IR vibration echo experiment, 7 (the time between pulses 1
and 2) is scanned for a fixed T,, (delay between pulse 2 and 3), which
produces a temporal interferogram at each wavelength measured by
the spectrograph. Fourier transforming the interferograms gives the
horizontal axis (@, axis) and spectrograph gives the vertical axis (@,
axis) of the 2D spectrum. Then T, is changed, and 7 is scanned to
obtain another 2D spectrum. A series of such spectra was recorded for
various T,. The desired information is contained in the T,

dependence of shapes of the peaks in the 2D spectrum (spectral
diffusion).

In the pump—probe experiments, two pulses, a strong pump and a
weak probe, impinged on the sample. The time between the two
pulses is t. The pump produces a transient change in the transmission
of the probe. The probe was frequency resolved by the spectrograph,
and its amplitude at each frequency was measured as a function of .
The change in probe transmission was obtained with the pump
polarization parallel to the probe and at the magic angle of 54.7°.

The frequency—frequency correlation function (FFCF), which
quantifies the spectral diffusion in terms of the amplitudes and time
scales of the dynamics, is the joint probability that a vibration with an
initial (¢ = 0) frequency in the inhomogeneous spectral distribution
will maintain its frequency at a later time t, averaged over all initial
frequencies. To extract the FFCF from the 2D spectra, center line
slope (CLS) analysis was employed.”"”> The CLS provides a robust
method for determining the FFCF from the 2D IR data that eliminates
many systematic errors.”"”> In addition, it is a direct observable that
can be plotted to illustrate the nature of the time dependent spectral
diffusion dynamics.

The FFCF was described with a multiexponential model,

Ci(t) = (6w, 4(1,)80, 1(0)) = Z Alexp(—t/z) W

where the A; are the frequency fluctuation amplitudes of each
component, and the 7; are their associated time constants. A
component of the FFCF with A7 < 1 is motionally narrowed, and it
is the dominant source of the homogeneous broadening of the
absorption line. When a component is motionally narrowed, A and 7
cannot be determined separately. The motionally narrowed homoge-
neous contribution to the absorption spectrum has a pure dephasing
line width given by I'* = A’z = 1/2T¥, where T¥ is the pure dephasing
time. The observed homogeneous dephasing time, T, also has
contributions from the vibrational lifetime and orientational relaxation:

1 1 1 1

T, Ty 2L 3T, )

where T%, T, and T, are the pure dephasing time, vibrational lifetime,
and orientational relaxation times, respectively. The total homoge-
neous line width is I' = 1/zT,.

The polarization selective pump—probe technique tracks the decay
of the probe transmission with polarizations parallel (Ij) and at the
magic angle (ma, 54.7°) relative to the pump pulse polarization. The
data contain information about both population and orientational
dynamics.

Iy = P()(1 + 0.8C,(t)) 3)

Ly = P(t) (4)

P(t) is the vibrational population relaxation and C,(t) is the second
Legendre polynomial, which is the transition dipole orientational
correlation function for the vibrational mode. Measurements of I,
enable Cy(t) to be extracted from measurements of I;. Here C,(t) is a
single exponential decay characterized by the anisotropy decay time,
T,.

The lifetimes of the CO stretch of W(CO); in the various samples
studied here all are in the range of 110 to 150 ps. Therefore, the
lifetime contribution to the homogeneous line width, I, is between
0.03 and 0.04 cm™". The homogeneous line widths measured with the
2D IR experiments discussed below are all ~3 cm™. Therefore the
lifetime contribution to the homogeneous line width is negligible. The
orientational relaxation times, T, are all ~6 ps. The orientational
relaxation contributes ~0.6 cm™ to the homogeneous line width.
While not negligible, this is a small contribution that does not vary
systematically with sample. The homogeneous line widths reported
below contain all contributions, but are dominated by the pure
dephasing.

The anisotropy decay of the antisymmetric CO stretch of W(CO);
is not caused by normal molecular reorientation. The CO stretch is
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triply degenerate. The excitation pulse projects out a superposition of
the three modes that results in the initially excited transition dipole
being along the pump pulse electric field”®> Then fluctuations that
cause this initial superposition to change produce a change in the
direction of the transition dipole without physical reorientation of the
molecule.”® Therefore, the anisotropy decays in these systems do not
provide the type of information that normal orientational relaxation
measurements do and cannot be interpreted in terms of shape factors,
hydrodynamic boundary conditions, or friction coefficients. Therefore,
the orientational relaxation will not be considered further.

lll. RESULTS AND DISCUSSION

A. Linear Absorption Spectra of the W(CO), Stretch-
ing Mode. Figure 1 shows the chemical structure of DLPC.
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Figure 1. The chemical structures of DLPC (1,2-dilauroyl-sn-glycero-
3-phosphocholine, dilauroylphosphatidylcholine), top; EHS (bis(2-
ethylhexyl) succinate), middle; and cholesterol, bottom.

DLPC can be roughly divided into three regions, the
zwitterionic headgroup, the diester moiety, and the alkane
chains. Also shown in Figure 1 is the molecule bis(2-ethylhexyl)
succinate (EHS). EHS also has a diester region and two
hydrocarbon chains. It is a normal organic liquid, and it is used
as a model for the nonzwitterionic portions of DLPC.
Hexadecane (C;4Hj,) is used as a model for the strictly alkane
portions of DLPC. In addition, Figure 1 shows the structure of
cholesterol, which is added to the model membranes to study
its affects on structure and dynamics.

Figure 2A displays the water background subtracted FT-IR
spectra of the antisymmetric CO stretch of W(CO); in aligned
DLPC bilayers as a function of the number of water molecules
per DLPC molecule as given in the figure. Note that there is a
shoulder on the high frequency side of the spectra at ~1988
cm™ in this FT-IR spectrum and all others discussed below.
This shoulder is caused by imperfect background subtraction.
The peak is observed in a bilayer sample without W(CO). The
main source of the absorptive background is water. Making a
bilayer sample takes approximately 24 h, and they are not
perfectly reproducible. Therefore, a water sample scaled to the
water region of the bilayer spectrum was used for the
background subtraction. In fitting the spectra, this shoulder
was not included.
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Figure 2. (A) Water background subtracted FT-IR absorption spectra
of the CO antisymmetric stretching mode of W(CO)g in aligned
DLPC bilayers with various numbers of water, 2, 4, 7, 12, 14, and 16,
per headgroup. As the number of waters of hydration increases, a wing
on the low frequency side of the absorption line becomes larger. (B)
Background subtracted FT-IR absorption spectra of the CO
antisymmetric stretching mode of W(CO); in aligned DLPC bilayers
with 8 waters of hydration for various concentrations of cholesterol,
0—60%. As the concentration of cholesterol increases, the wing on the
low frequency side of the absorption decreases. There is a sudden
decrease in the size of the wing going from 30 to 35% cholesterol.

The most prominent feature associated with increasing the
number of hydrating water molecules from 2 to 16 is the
continuous growth of a wing on the low frequency side of the
line. The FT-IR spectrum of W(CO), in DLPC multibilayers
with 2S5 waters of hydration (not shown) is identical to the
spectrum with 16 waters of hydration. Thus, the bilayers with
16 waters of hydration are fully hydrated. The bilayer spectra
with the various numbers of hydrating water molecules are
discussed in detail below.

Figure 2B displays the CO stretch absorption as a function of
cholesterol concentration. All samples have 8 water molecules
per DLPC. The change in the spectra with cholesterol
concentration is bimodal in regard to the low frequency
wing. In going from 0 to 10% cholesterol, the wing becomes
only slightly smaller. However, the 10, 20, and 30% spectra are
almost identical. Then in going from 30 to 35% there is a jump;
the wing is basically gone. The 35% sample spectrum is almost
the same as the higher concentration samples, with the 40, 50,
and 60% spectra being essentially identical. So the spectra
divide into two groups, those with less than 35% cholesterol,
and those with 35% or more cholesterol, as discussed in detail
below.

Figure 3 displays the CO stretch spectra of W(CO); in two
liquids, EHS and hexadecane. As can be seen in Figure 3,
W(CO); in hexadecane has an exceedingly narrow line width
compared to the width in EHS (15.2 cm™). The line width in
EHS is more typical. For example, the CO antisymmetric
stretch of W(CO) in CCl, and in CHCI, are 10 cm™ and 19
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Figure 3. Background subtracted FT-IR absorption spectra of the CO
antisymmetric stretching mode of W(CO), in EHS (bis(2-ethylhexyl)
succinate) and in hexadecane. These spectra are used to model the
spectra in DLPC.

cm ™, respectively.”* Long linear hydrocarbons like hexadecane
tend to have all trans configurations, which will produce little
variation in the environment experienced by W(CO)y, yielding
the narrow line width. In EHS, W(CO); can experience a wider
range of environments giving rise to a broader line. In EHS,
W(CO)4 can be in an alkane environment or it can interact
with the ester moieties (see Figure 1). Given the spectrum in
hexadecane, presumably the high frequency side of the EHS
line corresponds to more alkane-like environments. The
W(CO)4 does not have to come in direct contact with an
ester oxygen to have its frequency shifted. As has been shown
by comparison between experiments and simulations, fre-
quency shifts that give rise to inhomogeneous broadening of
vibrational absorption lines can arise from variations in the local
electric field. Such variations can be caused by proximity to the
ester moieties of EHS.”>™””

1. Effects of Waters of Hydration. Figure 4 shows a
comparison of the CO stretch spectra of W(CO); in aligned
DLPC bilayers with 2 water molecules per headgroup (DLPC/
2water) and hexadecane. While not identical, the two spectra

1.0 - R P P
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0.8 - —DLPC2water
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2 06f |y
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Figure 4. Background subtracted FT-IR absorption spectra of the CO
antisymmetric stretching mode of W(CO) in DLPC with 2 waters of
hydration and in hexadecane (C,4Hj,). The spectra are very similar.
The insets show Voigt line shape fits to the spectra. Both are
symmetrical and well fit as Voigt line shapes.

are very similar. The insets in Figure 4 show Voigt fits to the
two absorption bands. The spectrum in DLPC/2water is
centered at 1982.4 + 0.1 cm™' and has a full width at half-
maximum (fwhm) of 4.35 + 0.03 cm™'. The spectrum in
hexadecane is centered at 1981.8 + 0.1 cm™" and has a fwhm of
3.7 + 0.01 cm™". These results indicate that at the very low
water hydration level of 2 waters per DLPC, the W(CO),
experiences an alkane environment.

As shown in Figure 2A, an increasingly large wing on the low
frequency side of the spectrum grows in as the number of water
molecules per DLPC is increased. To model the changes in the
spectrum with increasing water content, we employ the
W(CO)4 in EHS spectrum (see Figure 3). The W(CO);4 in
EHS spectrum was fit with a Voigt line shape, although it is
almost Gaussian. The W(CO); in EHS CO stretch spectrum is
centered at 1976.8 + 0.1 cm ™! with a fwhm of 152 + 0.2 cm ™.
We fit all of the other spectra in Figure 2A as the sum of the
DLPC/2water spectrum and the EHS spectrum, with their
relative amplitudes allowed to vary. In all of the fits, the EHS
parameters, center frequency, width, and shape were fixed. For
the DLPC/2water spectrum, the width and shape were fixed.
However, at high water content the DLPC/2water spectrum
was shifted somewhat to lower frequency to improve the fits,
with 0.8 cm™" the largest shift for 16 waters per DLPC.

Figure 5 shows the results of the fits of the experimental CO
stretch spectra to the sum of the W(CO), in EHS and DLPC/
2water spectra. The top panel is the spectrum in DLPC with 16
waters per headgroup (DLPC/16water). This is the spectrum
with the largest wing. As can be seen in the figure, the fit is
excellent. The middle panel shows the fit to the DLPC/7water
spectrum, and the bottom panel shows the fit to DLPC/4water
spectrum. In each case, the fits do a very good job of
reproducing the data. The fits to the other spectra shown in
Figure 2A are equally good. These results show that with more
water the larger wing arises from greater interaction of W(CO);
with the ester part of DLPC.

As shown in Figure 4, the FT-IR spectrum of W(CO); in
DLPC/2water is a symmetric Lorentzian with no red side wing.
This spectrum reflects W(CO); in a pure alkane environment.
From the fits, the ratios of the areas (A) of the W(CO), in
DLPC/2water spectrum to the W(CO)¢ in EHS spectrum
(ApLpc/2water/ Apns) for DLPC/4water, DLPC/7water, DLPC/
12water, DLPC/14water, and DLPC/16water are 6.0, 3.0, 2.1,
1.1, and 0.9, respectively. The results of the fits in Figures 4 and
S show that the W(CO)4 experiences both alkane and ester
environments but with the interaction with the ester region of
DLPC bilayers increasing as the number of waters of hydration
increases. Even for DLPC/16water, the dominant interaction is
with the alkane portion of the bilayer, as one of the
components in the fit is essentially pure alkane (see Figure
4) and the other component of the fit uses the molecular
solvent EHS, which is predominately alkane but also part ester.

The spectroscopic trends with increasing water of hydration
(Figures 2A and S) can be considered in the light of X-ray
structure, EPR, and neutron diffraction experiments, as well as
molecular dynamics simulations on lipid bilayers as a function
of the number of the hydration level.”*~® These studies show
that upon hydration, the structure of the bilayers change. The
thickness of the membrane decreases, while the area per lipid
increases. This increase in area with increased water causes the
side chains to tilt relative to the bilayer plane. Thus, the changes
in the W(CO)4 spectrum appear to be reporting on the
structural changes induced by increased number of waters of
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Figure S. Background subtracted FT-IR absorption spectra of the CO
antisymmetric stretching mode of W(CO) in DLPC with 16 (top), 7
(middle), and 4 (bottom) waters of hydration (solid black curves) and
fits to the data (dashed red curves). The fits are the sum of two Voigt
line shapes, one with the EHS parameters (see Figure 3) and one with
the DLPC with 2 waters of hydration parameters (see Figure 4). The
wings on the low frequency side of the spectra are reproduced by
varying amplitudes of the W(CO)4 CO stretch in EHS spectrum. The
amplitude decreases as the number of waters of hydration decreases
showing less interaction with the ester moiety of DLPC. See text.

hydration and result in the increased interaction of the
W(CO);, with the ester portion of DLPC. The influence of
the level of hydration on the bilayer structural dynamics is
discussed below in Section IILB.1.

2. Effects of Cholesterol. Returning to Figure 2B, it can be
seen that the effect of cholesterol on the W(CO)4 CO stretch
spectrum in DLPC/8water is fundamentally different from the
influence of the number of waters of hydration. The spectra
with 10, 20, and 30% cholesterol are essentially identical and
are only slightly different from the spectrum with no
cholesterol. At 35% cholesterol, the spectrum changes; the
wing on the low frequency side of the line vanishes. The 35%
spectrum is almost the same as the 40, 50, and 60% spectra,
which are identical.

The Figure 6A shows one of the identical spectra, the
spectrum with 40% cholesterol and a fit to a Voigt function; the
line is symmetrical and well described as a Voigt profile. (Recall
that the small shoulder at ~1988 cm™" is caused by imperfect
background subtraction.) The symmetric shape is in contrast to
the spectrum in DLPC/8water with no cholesterol that has a
pronounced wing on the low frequency side of the line (red
curve in Figure 2B). Figure 6B shows a comparison of the
spectrum in DLPC/8water/40% cholesterol and the spectrum
in DLPC/2water with no cholesterol. These two spectra are
almost identical. (The Voigt fit to the DLPC/2water/0%
cholesterol is shown in the inset of Figure 4.)

= DLPC/8water/40% chol
1of— - Fit

08
0.6 -

04 F

absorbance (norm.) >

02
N
0.0 I !
= DLPC/8water/40% chol
1.0 L= DLPC/2water/0% chol

08 F

0.6 -

04 =

absorbance (norm.) w

= ) M —
= DLPC/Bwater/20% chol
1.0 == Fi

0.8 F

0.6

04 F

absorbance (norm.) 0

02F

LX)

L
1960 1970 1980 1990 2000  201C

frequency (cm™')

Figure 6. (A) Background subtracted FT-IR absorption spectra of the
CO antisymmetric stretching mode of W(CO); in aligned DLPC
bilayers with 8 waters of hydration and 40% cholesterol (black curve)
and a fit to a Voigt line shape function (dashed red curve). The line
shape is a symmetric Voigt. (B) A comparison between the spectra
W(CO)4 in DLPC with 8 waters of hydration and 40% cholesterol
(red curve) and DLPC with 2 waters of hydration and 0% cholesterol
(black curve). The two spectra are virtually identical. (C) The FT-IR
spectrum of W(CO), in aligned DLPC bilayers with 8 waters of
hydration and 20% cholesterol (solid black curve) and a fit to the data
(dashed red curve). The fit is the sum of two Voigt line shapes, one
with the EHS parameters (see Figure 3) and one with the DLPC with
8 waters of hydration and 40% cholesterol parameters (see panel A).
The wing on the low frequency side of the spectrum is reproduced by
the contribution of the W(CO)4 CO stretch in EHS spectrum. See
text.

Figure 6C shows the spectrum for DLPC/8water/20%
cholesterol and a fit performed in a manner similar to that used
to fit the spectra at different levels of hydration (see Figure ).
The spectrum in DLPC/8water/20% cholesterol was fit using
the sum of the spectra from DLPC/8water/40% cholesterol
(see Figure 6A) and EHS (see Figure 3). The fit is very good.
So at low cholesterol concentration, <30%, the W(CO)4
interacts with the ester portions of DLPC to some extent.
The ratio of the areas of the fit, A,p/Apys = 3.6. Thus, the
dominant interactions are with the alkane portions of DLPC,
but there is some exposure to the esters. However, at high
cholesterol concentration, >35%, the spectra are symmetric and
virtually the same as the spectrum from the DLPC/2water and
hexadecane (see Figure 4). Therefore, for >35% cholesterol,
the interactions are exclusively with the alkane chains. The
spectra show that there is an abrupt change between 30 and
35% cholesterol. These results demonstrate spectroscopically
that there is a sudden change in the interior bilayer structure
between 30 and 35% cholesterol. This change is also observed
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in the dynamical measurements presented below in Section
IIL.B.2.

An interesting general aspect of the FT-IR results presented
above is that the CO antisymmetric stretching mode of
W(CO); is sensitive to the internal structure of the bilayers.
FT-IR studies are relatively simple experiments. It is possible
that W(CO)s can be used to study structural changes in
bilayers induced by wide variety of influences. It is possible that
W(CO); can be placed in the membranes of living cells and
used as a probe for changes in structure as well as dynamics.
Metal carbonyls have been inserted into live cell membranes for
Raman and SERS imaging.***

B. Dynamical Measurements. Figure 7 displays 2D IR
vibrational echo spectra taken on the antisymmetric CO stretch

1987

=
o

@, (cm™)

1979

@, (cm'!)

1975 1979 1983 1987
o, (cmt)

Figure 7. 2D IR vibrational echo spectra of the CO antisymmetric
stretching mode of W(CO)j in aligned DLPC bilayers with 16 waters
of hydration. Top panel, short T,, = 0.5 ps. Bottom panel, long T, =
100 ps. The top panel shows the diagonal, dashed line.

of W(CO); in aligned DLPC bilayers with 16 waters of
hydration. The panels show the portions of the 2D spectra that
correspond to the 0—1 vibrational transition. The top spectrum
is taken at a short T, = 0.5 ps. The bottom spectrum is taken at
a relatively long T, = 100 ps. The dashed line in the top
spectrum is the diagonal. At short time, the 2D IR spectrum is
substantially elongated along the diagonal. However, by 100 ps,
the shape has changed substantially, and the spectrum is almost
symmetrical about the diagonal. The change in shape with
increasing T,, provides the information on spectral diffusion
and, therefore, the time dependence of the structural evolution
of the system.

While the FT-IR spectrum for DPLC with more than 2
waters of hydration show asymmetrical line shapes that were
resolved into W(CO); in an alkane-like portion and W(CO);
in a portion modeled with EHS, which is composed of both
alkane and ester moieties (see Figures 2A and S). For the lower
water concentrations (<~14 waters of hydration), the non-
alkane contribution to the spectrum is small and results in
negligible contribution to the 2D IR spectrum that is analyzed

with the CLS method in the wavelength range (~1980 to
~1984 cm™') corresponding to the alkane region (see Figure
4). For the higher water concentrations, particularly 16 waters
of hydration, the EHS-like shoulder has significant area.
However, the fraction of the EHS shoulder that falls within
the range used in the CLS analysis is small, and part of it is
alkane-like. In addition to its broad width reducing the
amplitude of the 2D IR spectrum at a given wavelength,
qualitative analysis shows that the CO stretch of W(CO)y in
the ester region of the bilayer has a substantially larger
homogeneous component. Looking at the smallest contours at
short time, it is possible to see the 2D IR spectrum well to the
red (<1970 cm™") of the spectrum shown in Figure 7. The
amplitude of the data is not sufficient for quantitative analysis,
but it is possible to see that the spectrum is very broad in the
antidiagonal direction (perpendicular to the dashed line in the
upper panel of Figure 7). This large width is caused by
substantial homogeneous broadening, which further reduces
the amplitude of the signal by spreading it out in the
antidiagonal direction. The large homogeneous width of the
CO stretch of W(CO); in the ester region may be caused by
very fast structural fluctuations of the nearby water molecules.

The net result is that even for 16 waters of hydration, the
data analysis for all of the 2D IR data are from W(CO); in the
alkane interior of the bilayer with essentially no contribution
from W(CO); in the ester regions. It should be possible using
different vibrational probes to study the ester and headgroup
regions of the bilayers.

As mentioned in Section ILB, the change in shape of the 2D
IR spectra with increasing T,, is quantified using the CLS
method.”"’> The CLS analysis provides a mechanism for
obtaining the FFCF from the 2D IR data. The CLS varies from
1 at T, = 0 to O at sufficiently long time such that all
frequencies in the inhomogeneously broadened absorption line
have been sampled, that is, when all structures that contribute
to the inhomogeneous line have been sampled. The CLS will
only be 1 at T,, = 0 if there is no homogeneous component to
the absorption line. The homogeneous component is
manifested as the difference from 1 of the T,, = 0 value of
the measured CLS. Using the CLS method, this difference from
1 gives the homogeneous component of the FFCF.

1. Effects of Waters of Hydration. First we consider the
influence of increasing the numbers of waters of hydration of
the DLPC head groups on the interior structural dynamics of
the membranes observed from the perspective of the interior
alkane region of the bilayers. The samples studied contained 2,
4,7, 8, 12, 14, and 16 waters per headgroup. Figure 8A shows
CLS decay curves for three of these, 2, 8, and 16. The points
are the data, and the solid curves are the biexponential fits. As
can be seen in the figure, these curves, and in fact all of the
curves for the other numbers of waters, are virtually identical.
The curves are fit very well with biexponential decay functions.
Figure 8B shows a plot of the slow and fast components for
each sample. In spite of the fact that the curves appear almost
identical to the eye, fitting with a biexponential function
produces some variation in the time constants. The error bars
are the errors in the biexponential fits. However, there can be
additional systematic errors that can cause the data points to
vary somewhat outside of the fit error bars. The horizontal lines
are the average values of the time constants obtained from the
fits. From Figure 8A,B it is clear that increasing the headgroup
hydration does not impact the internal structural dynamics of
the membrane’s interior alkane regions. While there is some
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Figure 8. (A) Center line slope (CLS) decay curves obtained from the
2D IR spectra of the CO antisymmetric stretching mode of W(CO),4
in DLPC with 16 (red), 8 (green), and 2 (black) waters of hydration.
The decay curves are essentially identical, showing that there is no
dependence on the internal bilayer dynamics on the number of waters
of hydration. (B) Fast and slow decay time constants obtained from a
biexponential fits to the CLS decay curves for the various number of
waters of hydration. Although there is scatter in the fit values, there is
no systematic change in the parameters with the number of waters of
hydration, showing that there is no dependence of the interior bilayer
dynamics on the number of waters of hydration.

scatter in the data, both the fast and slow components do not
systematically vary with the number of waters of hydration.

The FFCF (see eqs 1 and 2) and the vibrational lifetime
parameters are given in Table 1. Because all of the curves were
so similar (see Figure 8A), the values in Table 1 are the average
of the fits to all of the experimental curves for the various
number of waters per headgroup. The individual time constants
are displayed in Figure 8B. The lifetime value, T, = 110 ps,
given in Table 1 is for the CO stretch of W(CO)j in the alkane
interior of the bilayers. By performing the pump—probe
experiment in the low frequency portion of the spectrum, we
were able to obtain a value for the lifetime for the CO stretch of
W(CO)y in the ester region of the bilayer, i.e,, T; = 37 + 6 ps.
The large difference in the lifetimes in the two regions confirms
that the W(CO)j is located in very different environments. The
fact that two distinct lifetimes are observed shows that W(CO);
does not move on a picosecond time scale between the two
regions.

It is worth noting that a 2D IR study of AOT (sodium bis(2-
ethylhexyl) sulfosuccinate) bilayers also using the CO stretch of
W(CO)y as the probe showed that there is no change in the
internal bilayer dynamics as a function of the number of waters
hydrating the sulfonate head groups.86 The structural
fluctuations in the AOT lamellae were slower, with the fast
and slow components of the dynamics being ~12.5 and ~150
ps, respectively. The fast component in AOT is somewhat
slower, while the slow component is approximately a factor of 4
slower. While the dynamics inside the AOT lamellae did not
show a change with the number of waters of hydration, they did
change with a phase transition from lamellar to bicontinuous
cubic structure.®

Figure 2A shows that there is a continuous change in the CO
stretch absorption spectrum with the number of waters of
hydration, while Figure 8A,B shows that there is no change in
the internal structural dynamics observed in the alkane regions
of the bilayers within experimental error. The 2D IR time
dependent spectra measure the evolution of the molecular
vibrational frequency caused by structural changes. The analysis
of the spectra in Figure 2A shows that as the number of waters
of hydration increases, an increasing fraction of W(CO)y is
exposed to the ester portion of DLPC. The absorption
spectrum is highly sensitive to very local intermolecular
interactions. The spectra as well as many other studies’®™**
show that changing the number of waters of hydration changes
the bilayer structure. However, the results in Figure 8AB
demonstrate that changes in the headgroup structure of the
bilayers does not change the dynamics in the alkane interior of
the bilayers. The water content results are not caused by a lack
of sensitivity to changes in the dynamics, as demonstrated
below in the analysis of the influence of cholesterol on
membrane dynamics. Simulations of DLPC bilayer interior
ultrafast structural fluctuations would help clarify the physical
reasons for the observed water independent dynamics.

2. Effects of Cholesterol. The investigation of the affects of
cholesterol on the membrane bilayers uses samples with a fixed
number of waters of hydration, 8 per DLPC. Eight water
molecules are sufficient to hydrate the head groups,®” and in the
absence of cholesterol there is no difference in the alkane
interior dynamics with the number of waters of hydration. As
discussed above in connection to Figures 2B and 6, addition of
cholesterol causes a discontinuous change in the spectrum. The
abrupt change in the FT-IR spectra between 30 and 35%
cholesterol is a sign of a sudden change in the internal
membrane structure. Figure 9A displays CLS decay curves for
two cholesterol concentrations, 20 and 40%, which are on
either side of the 30—35% break in the spectral line shapes. The
points are the data, and the solid curves are the fits. Both curves
are well fit with biexponential functions. The results show that
the decay constants are significantly different. This is in contrast
to the CLS curves displayed in Figure 8A, where changing the
number of waters of hydration did not change the decay curves.

Table 1. FFCF (see eqs 1 and 2) and Vibrational Lifetime (T;) Parameters for DLPC/Water with 0% Cholesterol”

A; (em™)
12 +02

I (em™) T, (ps)
29 +03 36+ 04

7.5+ 0.8

A, (em™) 7, (ps) T, (ps)
09 +0.1 354 +2 110 £ 3.1

“As discussed in the text, the decay curves are virtually identical (see Figure 8A), and therefore, the parameters in the table are the average values of
the fits to the data obtained from all of the samples with different numbers of waters of hydration. The A’s are standard deviations. The total
inhomogeneous line width is the convolution of the two Gaussian contributions, i. e., (A} + A2)'2, The fwhm is obtained by multiplying this number
by 2.35. The total line width (fwhm) is the total inhomogeneous fwhm convolved with the homogeneous Lorentzian component fwhm, T".
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Figure 9. (A) CLS (center line slope) decay curves obtained from the
2D IR spectra of the CO antisymmetric stretching mode of W(CO),4
in DLPC with 8 waters of hydration and with 20% (black curve) and
40% (green curve) cholesterol. The dynamics differ because of the
difference in cholesterol concentration. (B) Fast and slow decay time
constants obtained from a biexponential fits to the CLS decay curves
for the various percent concentrations of cholesterol in DLPC with 8
waters of hydration. There is an abrupt slowing of the dynamics in
going from 30 to 35% cholesterol, while samples with 10, 20, and 30%
have essentially the same slow and fast values, and samples with 35, 40,
50, and 60% cholesterol have essentially the same slow and fast values.
See Table 2 for the values of the time constants. The black lines
correspond to the average values.

Figure 9B displays the results of the CLS fits to all of the
cholesterol concentration dependent data. The two time
constants from the biexponential fits are plotted. The points
at 0% are the time constants from the DLPC with 8 waters of
hydration sample. The time constants and the rest of the FECF
parameters as well as the vibrational lifetimes, T}, are given in
Table 2. It is clear from Figure 9B that the bilayer alkane
interior structural dynamics, as manifested through the spectral
diffusion time constants, behave in a manner analogous to the
spectra shown in Figure 2B. In going from 0 to 10% cholesterol,
there is a slowdown of the dynamics. However, the samples

with 10, 20, and 30% cholesterol have identical dynamics within
experimental error. Then at 35% cholesterol the dynamics slow
substantially, and then the dynamics are constant in the range
35—60% cholesterol. The slowing of the dynamics at high
cholesterol concentrations is more evident in the slow
component, 7,, but both components exhibit a sudden change,
which is outside of experimental error. In the range 10—30%,
the average slow component time constant is 47 ps, while in the
35—60% range, the average slow component time constant is
64 ps. For the fast components, the averages over the same two
ranges give 9 and 11.5 ps. The T, values (homogeneous
dephasing times) in Table 2 also appear to have a break at 35%
cholesterol.

The spectra shown in Figure 2B indicate a change in the local
environment experienced by W(CO); at 35% cholesterol. The
vibrational lifetime decay time (T)) is very sensitive to the local
environment of the vibrational probe. The T values listed in
Table 2, which are measured at the peak of the spectrum
(alkane region) also show a jump between low and high
concentration cholesterol. For <30% cholesterol, the average
T, is 121 ps. For >35% cholesterol, the average T is 146 ps.
The point right at 35% is ambiguous because of the large error
bar. In the spectra shown in Figure 2B, the 35% cholesterol
spectrum was almost but not quite the same as spectra for
higher concentrations. The lifetime for 35% may also be
intermediate between the high and low concentration values.

The structure of cholesterol is shown in Figure 1. Other than
the hydroxyl group, the molecule is a hydrocarbon. The
hydroxyl can make two hydrogen bonds with water since it is
both a hydrogen bond donor and acceptor. Therefore, the
hydroxyl locates at or near the surface of the membrane where
it can interact with water. X-ray experiments show that the
length of the cholesterol molecule is 16 A®® Therefore, leaving
out the DLPC zwitterion headgroup and the cholesterol
hydroxyl, both of which will be hydrated by water, DLPC and
cholesterol are approximately the same length. Cholesterol has
4 rings with a single double bond and a 6 carbon chain in
contrast to DLPC in which the hydrocarbon portions are linear
alkanes. In the interior of the membrane, W(CO)j interacting
with the DLPC hydrocarbon chains may not be much different
in terms of influencing the CO stretch absorption spectrum
than interacting with hydrocarbon portion of cholesterol.

DLPC bilayers with 8 waters of hydration and 0% cholesterol
has a relatively small but readily observable wing on the low
frequency side of the W(CO)4 CO stretch absorption line (see
Figure 2B). This wing has been accounted for as arising from a
degree of interaction of the W(CO)s with the DLPC ester

Table 2. FFCF (see eqs 1 and 2) and Vibrational Lifetime (T;) Parameters for DLPC with 8 Waters Per Head Group and

Varying Amounts of Cholesterol®

sample I (cm™) T, (ps) A, (em™)
10% 3.5+03 3.0=+02 1.3 +£0.2
20% 3.5 +0.1 3.0=+0.1 14 + 0.1
30% 34 +02 32 +02 1.3 +0.2
35% 30+03 3.6 +03 14 + 0.2
40% 2.6 +0.2 40+ 02 1.3 +£0.1
50% 28 £ 0.3 3.7 +£0.1 14 + 0.1
60% 2.6 + 0.1 40+ 02 14 +£02

“The A’s are standard deviations. The total inhomogeneous line width is the convolution of the two Gaussian contributions, i.e., (A}

7, (ps) A, (em™) 7, (ps) T, (ps)
9.5 +03 0.7 + 0.3 49 + 4 125 + 2
83+ 02 09+ 0.1 45 +2 117+ 3
9.1 + 0.3 09 + 0.1 48 + 4 120 + 3
104 + 0.1 0.8 + 02 61 +2 126 + 9
123 £ 02 0.7 £ 0.2 68 + 6 147 £ 1
123 £ 0.3 0.7 + 0.1 61 +6 143 +3
10.8 + 0.1 0.7 £ 02 65 +2 147 £ 2

+ A", The

fwhm is obtained by multiplying this number by 2.35. The total line width (fwhm) is the total inhomogeneous fwhm convolved with the

homogeneous Lorentzian component fwhm, I"
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moiety (see discussion surrounding Figure 5). However, as
discussed in detail above, the 2D IR spectral analysis focuses
only on the signal from those W(CO)s molecules in the
interior, alkane regions of the bilayers. Therefore, changes in
dynamics measured by the 2D IR experiments are associated
with changes in the alkane chain dynamics with essentially no
direct contribution from the ester/headgroup regions of the
bilayers. In going from 0 to 10% cholesterol, the wing decreases
very slightly and then remains essentially constant for 10, 20,
and 30% cholesterol. The bilayer internal structural dynamics
measured by the spectral diffusion (see Figure 9B and Table 2)
become slower in going from 0 to 10% cholesterol and then are
constant for 10, 20, and 30% cholesterol. As mentioned earlier,
the addition of cholesterol to phospholipid bilayers decreases
the area of the headgroup’ and presumably the volume per
phospholipid molecule, and it also decreases the depth of water
penetration into the bilayer.*”” Such changes can modify the
interior alkane chain structure of the membrane and could be
responsible for the changes in both the spectrum and the
dynamics in going from 0 to the 10—30% cholesterol
concentrations. However, the results presented here show
that going from 10 to 30% cholesterol in DLPC bilayers with 8
waters of hydration at 45 °C produces no additional changes
that are experienced by the W(CO); vibrational probe in either
the spectrum or the dynamics. These results indicate a change
in structure with the first addition of cholesterol (0—10%) but
no significant changes from 10 to 30%. It is possible that in the
10—30% cholesterol concentration range, the DLPC bilayers
are in the liquid-disorder (L) phase with the acyl chains
containing gauche bonds, which reorient them away from the
bilayer normal. L; phase has been observed for other
phospholipids at low cholesterol concentrations.”>*""

In going from 30 to 35% cholesterol there is a fundamental
change in the nature of the system. The wing on the low
frequency side of the spectrum vanishes (see Figure 2B) and
the dynamics slow (see Figure 9A,B). These sudden changes
with a small change in cholesterol concentration suggest a
structural phase transition in the interior alkane region of the
bilayers, particularly given that both the spectrum and the
dynamics do not change further over the range of cholesterol
concentrations from 35 to 60%.

The bilayer structure that gives rise to the W(CO)4 alkane
environment at high cholesterol concentration may involve less
free volume and tighter packing liquid-order (L,) phase, which
results in the slower structural dynamics. In a study using
acousto-optical methods it was shown that dipalmitoylphos-
phatidylcholine (DPPC) undergoes a sharp change in
mechanical properties when the cholesterol concentration is
increased.'” DPPC bilayers at ~45 °C display a break in both
the in-plane anisotropic viscosity and the anisotropic bulk
modulus at ~20% cholesterol. The bulk modulus, which is a
measure of the resistance to compression, has a sharp increase
at 20% cholesterol. The bulk modulus is a macroscopic
property. Its sudden increase can be attributed to a decrease in
the free volume of the DPPC/cholesterol bilayer internal
molecular structure. EPR studies of DPPC show sudden
changes in residual homogeneous line widths at 20%
cholesterol going from L; to L, phase.’® These types of
changes may occur in the DLPC bilayers between 30 and 35%
cholesterol. A reduction in free volume of the L, phase resulting
in tighter packing in the bilayer could produce the observed
slowing of the molecular level structural dynamics measured
with the 2D IR spectral diffusion experiments.

At high cholesterol concentration the W(CO)s FT-IR
spectrum is very similar to that in hexadecane (see Figure 4).
The 2D IR measures the dynamics in the interior alkane region
of the bilayers. It is informative to compare the dynamics in the
bilayers and in hexadecane. The spectral diffusion time
constants for the CO antisymmetric stretch of W(CO)4 in
hexadecane are 7; = 4.9 ps and 7, = 19.8 ps. In contrast, at high
cholesterol concentrations the corresponding decay times are
~1L1.5 ps and ~64 ps. Although the spectra in hexadecane and
high concentration cholesterol/DLPC are virtually the same,
the dynamics are substantially slower in the ordered bilayer
environment. At low cholesterol concentration, the dynamics in
the DLPC bilayers are faster, and with no cholesterol, they are
even faster, but all are still slower than in hexadecane (see
Tables 1 and 2).

IV. CONCLUDING REMARKS

The results presented above investigate the ultrafast structural
dynamics of phospholipid model membranes in their interior
alkane regions. The nonpolar and hydrophobic vibrational
probe, W(CO),, placed inside of the bilayers at low
concentration, reports on its environment through the CO
antisymmetric stretch vibrational absorption spectra and on the
internal structural dynamics of the model membranes through
the time dependence of the 2D IR vibrational echo spectra. The
experiments conducted on aligned DLPC multibilayers
examined the influence of the number of waters of hydration
of the phospholipid head groups and the concentration of
cholesterol on dynamics and structure. The results show that
the dynamics in the interior alkane region of the bilayers do not
depend on the number of waters of hydration (see Figure
8A,B), although FT-IR absorption measurements demonstrate
that there is some degree of structural changes of the bilayers
with hydration level (see Figures 2A and S). In contrast to the
lack of changes in alkane interior structural dynamics caused by
water on the outside of the membranes, the addition of
cholesterol does change the interior structural dynamics of the
bilayer. Adding cholesterol slowed the dynamics, but the slower
dynamics are independent of cholesterol concentration in the
range of 10—30%. However, at 35% cholesterol there is a
sudden change, and the dynamics become even slower (see
Figure 9A,B). The abrupt change between 30% and 35%
cholesterol is also evident in the FT-IR spectra (see Figure 2B)
and may be caused by a phase change.

A large number of biological processes occur in phospholipid
membranes and membranes composed of other types of lipids.
The portion of a transmembrane protein that is embedded in a
membrane has dynamical interactions with its membrane
environment. The dynamics of internal protein processes are
coupled to the membrane medium. The selectivity of
transmembrane proteins to pass particular ions and neutral
species in and out of a cell depends on specific chemical
interactions along the transport pathway. However, the
movement from point to point on the pathway requires
protein structural fluctuations that are coupled to the structural
fluctuations of the membrane. Knowledge of the structural
dynamics of membranes and how the dynamics are changed by
other molecular species such as cholesterol, transmembrane
peptides, or proteins can inform our understanding of
membrane biological processes.

The work presented above brings up a large number of
questions that can be answered using the methods employed
here. How different are the dynamics of DLPC and DPPC; that
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is, what is the side chain length dependence? Does cholesterol
affect DLPC and DPPC in the same manner? How do the
ultrafast dynamics in vesicle bilayers differ from the planar
bilayers studied here, and how do possible differences depend
on the radius of curvature (size) of the vesicles? DLPC has
saturated hydrocarbon side chains. How does the inclusion of
lipids with double bonds influence the ultrafast dynamics, and
what is the concentration dependence of the influence? These
are a few of the many interesting issues that can be addressed.
Finally, these experiments are excellent targets for MD
simulations. As with water simulations, comparison of
simulations to the membrane dynamics measured with the
2D IR experiments provides a test of the accuracy of the
simulations.
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