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Abstract

Thickness fluctuations have long been predicted in biological membranes but never directly
observed experimentally. Here we utilize neutron spin echo spectroscopy to experimentally reveal
such fluctuations in a pure, fully saturated, phosphocholine lipid bilayer system. These fluctuations
appear as an excess in the dynamics of undulation fluctuations. Like the bending rigidity, the
thickness fluctuations change dramatically as the lipid transition temperature is crossed, appearing
to be completely suppressed below the transition. Above the transition the relaxation rate is on the
order of 100 ns and is independent of temperature. The amplitude of the thickness fluctuations is
3.7 A + 0.7 A, which agrees well with theoretical calculations and molecular dynamics simulations.
The dependence of the fluctuations on lipid tail lengths is also investigated and determined to be

minimal in the range of 14 to 18 carbon tails.

PACS numbers: 61.05.fg, 82.70.Uv, 87.16.d]j



Biological membranes are supramolecular aggregates that harbor many chemical reac-
tions essential to cellular function. They are self-assembled highly flexible structures that
have the ability to undergo an array of dynamic conformational transitions which are vital
to many biological processes. These motions range from individual lipid oscillation, to the
undulation of large (micron size) patches of the membrane. At atomic to molecular length
scales the diffusion of individual lipids within the membrane have been shown to affect cell
signal transduction [1] while at the large length scales membrane stiffness and fluidity have
been shown to have a significant impact on cellular uptake and release [2]. The dynamics
at intermediate length scales are fundamental to understanding how the large scale motions
emerge from atomic and molecular movements and interactions, yet remain experimentally
elusive. At this intermediate length scale thickness fluctuations have been suggested theo-
retically [3-7] and even proposed as a mechanism for membrane pore formation [8, 9]. The
insertion and functioning of membrane proteins is believed to be heavily influenced by such
dynamics [10]. Computational work has been done to evaluate the characteristic features of
these fluctuations [11-14] with simulation snapshots clearly showing thickness fluctuations
on the order of a few angstroms. While such fluctuations have never been experimentally
observed in lipid membranes, they have been reported in the much more flexible surfac-
tant membranes using neutron spin echo (NSE) spectroscopy [15, 16]. Very recently, these

fluctuations were investigated in more detail using a surfactant/oil membrane mimic [17-19].

In this letter we report the experimentally measured thickness fluctuations in a single
component phospholipid model membrane as a function of both lipid tail length and tem-
perature. Unilamellar vesicles (ULVs) composed of a single lipid dimyristoyl-, dipalmitoyl-,
or distearoyl-phosphocholine (DMPC = 14 carbon tail, DPPC = 16 carbons, or DSPC =
18 carbons) were prepared and their dynamics characterized using NSE complemented with
small angle neutron scattering (SANS) and densitometry measurements to fully characterize

each system.

DMPC, DPPC, and DSPC were purchased in both tail deuterated and fully hydrogenated
forms from Avanti Polar Lipids. In order to highlight any thickness fluctuations tail deuter-
ated and fully hydrogenated lipids were mixed in an appropriate ratio so that the membrane
tail region was contrast matched with D,O. Saturated phosphocholine lipids undergo a first
order phase transition known as the melting transition temperature, T, resulting in a change

in membrane thickness and density. T}, changes with deuteration and was determined for



each lipid mixture by measuring the specific gravity (see inset of Fig. 1) as a function of
temperature to be 20.5 °C, 37.5 °C, and 50.5 °C (£ 0.2 °C) for our DMPC, DPPC, and
DSPC systems, respectively. The final system of relatively monodisperse lipid vesicles was
prepared by heating each 10 % lipid mass fraction solution above Ty, and extruding through

a 100 nm polycarbonate filter.

SANS data were collected at the National Institute of Standards and Technology (NIST)
(on the NG3 and NG7 30m SANS instruments) [20, 21] and at the Institut Laue-Langevin
(ILL) (on D22). A (= 4wA~'sin (6/2)) range of 0.001 A~* to 0.45 A~ was investigated,
where A is the wavelength and 6 is the scattering angle. The reduction of the SANS data
was performed using NIST Center for Neutron Research (NCNR) developed macros [22] and
ILL developed scripts (GRASansP) [23] while the analysis was performed using SansView
[24].

NSE data were collected at NIST on the NG5-NSE [25, 26] and at ILL on the IN15
spectrometers. Wavelengths of 6 A and 8 A were employed on NG5-NSE while 6 A, 10
A, and 18 A were used on IN15. The observed two-dimensional echo signal was treated
to obtain the usual ¢-dependent normalized intermediate scattering function, I(q,t)/I(q,0)
[27]. In this study the relevant dynamics occur at the membrane thickness length scales,
where the coherent scattering signal in the SANS profile is at a minimum. Thus, particular

care must be taken in correcting for background.

Figure 1 shows the SANS from DPPC ULVs at 30 °C, 40 °C, and 50 °C. The scattering
from the bilayer is modeled as vesicles with a Schulz distribution [28] of radii and composed of
three layers, each with a corresponding scattering length density (SLD). The two outer layers
of the membrane represent the hydrogenated lipid headgroup regions and were constrained
to have equal thickness and SLD, the third (center) layer represents the deuterated lipid tail
region. The lines in Fig. 1 represent the vesicle fits. The fit parameters for each lipid and
temperature are summarized in Table I. The change in membrane thickness, d,, on crossing

T, is clearly visible in the shift of the SANS dip position, gumin.

The I(q,t)/1(q,0) data for each lipid were measured by NSE (see Fig 2a). Following
the procedures used in the previous investigations for thickness fluctuations in surfactant

membranes [17-19], a stretched exponential function with a stretching exponent of 2/3 was
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FIG. 1. (Color online) SANS of DPPC vesicles (o) T'= 30 °C (m) T' = 40 °C (for clarity only every
34 data point is shown) and (A) T' = 50 °C. Vertical lines represent qui,. Fits are to the three shell
vesicle model described. (Inset) specific gravity of the DPPC sample as a function of temperature.

Full symbols indicate temperatures where both SANS and NSE measurements were performed.

Error bars represent +1 standard deviation and are smaller than the plotted data points.

TABLE I. Fit parameters obtained from SANS results for each lipid and temperature. dp,, dy,
and d; indicate the thicknesses of the entire, head only, and tail only regions of the membrane,

respectively, gmin is the location of the SANS dip position. The error indicates one sigma for each

fitting parameter. * denotes data taken at ILL.

lipid [T (°C)| dm (A) | dn (&) | d¢ (A) | Gumin (A7)
15 |55.6 £2.4|12.0 £0.4|31.6 £ 0.9/0.075 £ 0.007
16* |54.7 £1.9{12.3 = 0.2|30.1 £ 0.9]0.078 £ 0.008
DMPC| 25 1(49.9+2.9(12.6 +0.7|24.8 +0.4|0.092 & 0.005
35 |48.4+2.2(12.6 £0.5]23.2 £+ 0.5]0.095 + 0.006
35* [48.1 £1.5(12.8 +£0.2|22.6 & 0.6|0.097 £ 0.008
30 [59.5+£3.7{11.4 £ 0.7(36.8 & 0.3]0.066 4 0.003
DPPC| 40 |52.14+3.1|10.1 0.6{31.8 &0.3]0.084 £ 0.003
50 [50.3 & 3.0{10.1 £ 0.6{30.0 4+ 0.3]0.089 4 0.003
45 160.7 £4.11 9.0 £ 0.6 {42.7 £ 0.2]/0.058 £ 0.007
DSPC 55 [51.6 £3.3] 9.5+ 0.6 {32.6 0.2]0.076 & 0.005
65 [49.8 +3.4| 8.9+ 0.6 {32.0+0.2]0.082 + 0.007
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FIG. 2. (Color online) (a) I(q,t)/I(q,0) of DPPC vesicles at T' = 50 °C, fits are to Eq. 1. ¢-
dependence of I'/¢? for (a) DMPC (b) DPPC and (c¢) DSPC vesicles. Fits above T}, are to Eq. 4.

(inset) Plot of rescaled I(q,t)/I(q,0) based on Zilman and Granek theory.

employed to fit the I(q,t)/1(q,0) data:

I(q,1)
I(q,0)

where I' is the decay rate. In principle, the diffusion of the vesicles also contributes to the

= exp |- (1)) (1)

dynamics of the system. However the diffusion constant for such a large object (vesicle
radius &~ 50 nm) of roughly 10712 m?/s, estimated from the Stokes-Einstein equation is
outside the NSE window. Thus, the theory of Zilman and Granek for the bending motion of
a single membrane [29] should be applicable here and, as shown in previous studies of ULVs

(30, 31], T should scale as ¢>.



As was the case for the previously studied surfactant system [17-19], the data for the
fluid phase (above Ty,) of the lipid systems shown in Fig. 2b, ¢, and d (DMPC, DPPC, and
DSPC respectively) clearly exhibit a deviation from the expected ¢ behavior, manifested as
a peak in I'/¢®. To further verify this deviation, we plot, as insets in Fig. 2, I(q,t)/I(q,0)
against the rescaled time (¢%t)%/3. As expected all the data fall on a master curve except for
the data at ¢ ~ 0.09 A~!. This excess in dynamics is observed at the gu;, observed in the
SANS measurement (DPPC shown in Fig. 1, all values shown in Table I) indicating that the
length scale of the enhancement in the dynamics signal is that of the membrane thickness.
In the gel phase (below T,) the lipid tails are much more ordered leading to a much more
rigid membrane which translates into the much smaller I' observed here. Interestingly, in
this regime there is no observable excess in the dynamics (peak in I'/¢®). We note that
while a transition in the ¢ dependence of I' from ¢* at low ¢ to ¢? for ¢ > 0.04 A~! has been
reported in ULVs [32] and attributed to a hybrid relaxation of the lipid bilayers, we observe
no evidence for such a transition in any of our data. The only deviation we observe is the
very localized, excursion at ¢ around 0.1 A~' (the membrane thickness) for temperatures
above T, which registers as an enhancement rather than suppression of the ¢ dependence.
Due to the lack of contrast in the plane of the bilayer on length scales within the ¢ window,
only motions perpendicular to the membrane are visible in such simple ULV systems. Thus
this excess in dynamics at the membrane thickness length scale must originate from thickness
fluctuations.

In order to further characterize the excess in dynamics at the membrane thickness length
scale, as in the previous work [17], we assume that the decay rate contains two additive

terms and can be expressed by the following empirical equation:

r r r 1
L _IBexp , 1TF 2)

¢ ¢ g 1+ (q—q0)% %

where I'ggnp indicates the decay rate due to the bending fluctuations and I'tp represents
the decay rate due to the thickness fluctuations leading to the excess dynamics observed
at ¢ = qo. I'rr/q5 is the peak height of the Lorentzian where gy is the peak position of
the Lorentz function, and £~! is the width of the Lorentzian [17]. According to the theory

proposed by Zilman and Granek [29] and refined by Watson and Brown [33]

[kgT kpT
FBEND = 0.025« BT & qg, (3)
R nDQO
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FIG. 3. (Color online) The bending modulus, &, plotted against the reduced temperature, 7' — Ty,
for (¢) DMPC (A) DPPC and (4) DSPC membranes.

where « is a factor close to unity originating from averaging the angle between the wave
vector and a vector normal to the bilayer surface. np,o is the viscosity of DO, kg is
Boltzmann’s constant, and & is the effective bending modulus including the interlayer friction
and is given by & = k + 2d?ky, [33], where d and k,, are the height of the neutral surface
from the bilayer midplane and the monolayer lateral compressibility modulus, while & is
the intrinsic bending modulus. Although the value of d should be close to half the bilayer
thickness, its exact value is not known. Thus, we employ the relation used for a similar lipid
system of 2d/d; = 1.21 [30].
Substituting Eq. 3 into Eq. 2, and using the expression ky,, = 24k /d? [34], yields

r kT [kgT  Top 1
~ —=0.0058 \/ + , 4
Q@ .0 VK a5 14 (¢ — qo)%¢2 )

where np,o and kg7 are known quantities, while gy comes from the SANS measurements and

a is set to 1. k is plotted in Fig. 3 as a function of the reduced temperature, ' — T,,. The
expected transition in x as Ty, is crossed is clearly visible. The values of k obtained in the
fluid phase are approximately 20 kg7, and within the uncertainty of our measurements are
in agreement with the values found in the literature [30, 35]. Note that as both temperatures
above T,, are also above the anomalous swelling regime, no softening of the bending modulus
is expected.

The temperature dependence of the thickness fluctuation decay rates, I'tg, is shown in
Fig. 4a. Within our experimental uncertainty these rates appear independent of either lipid
tail length or temperature above Ty,. The computed relaxation time, 7 = 1/I'tg, is on the

order of 100 ns, much larger than the several nanoseconds estimated in surfactant membranes
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FIG. 4. (Color online) Temperature dependence of (a) relaxation rate I'rg and (b) amplitude of

thickness fluctuations d,&~1/qo (dashed line is the average). (¢) DMPC (4) DPPC and (4) DSPC.

[15-19]. Such a significant slowdown of thickness fluctuation compared to those found in
surfactant membrane systems might originate from larger membrane viscosities, increased
membrane stiffness, or differences in compressibility of membranes. One explanation for
the lack of observed thickness fluctuations below T, is that if the decay times are slower
(due for example to the higher bending rigidity) they will no longer be within the accessible
experimental time window.

The amplitudes of the thickness fluctuations are related to the observed peak width,
¢71 and can be estimated from d,,&7!/qo [17-19]. As shown in Fig. 4b, this value is also
essentially independent of either tail length or temperature above T;,. The average thick-
ness fluctuation amplitude was estimated to be 3.7 A + 0.7 A, approximately 8 % of the
membrane thickness. This is not significantly smaller than the 12 % found for surfactant
membranes [18]. Thus the amplitude appears to be controlled more by the bilayer’s geo-
metrical constraints, such as volume conservation, rather than dynamical ones. If this holds
below T,, then the lack of observed fluctuations would indeed be due to extremely slow
relaxations.

The values of thickness fluctuation amplitude estimated here agree remarkably well with
estimates based on both theory [6] and simulations [13, 14]. The theory proposed by Huang
for thickness fluctuations in lipid bilayers, based on the free energy of deformation, yields

[6]:

2
21
kgT (,\_> + Cy C
2y _ "B -1 0 N -1 ¥1
(D?) = o3 tan —a tan <C2) , (5)

where C = 0/2d,K;, Coy = \/4B/d2 K,, and K, = k/dy. D is the thickness fluctuation

amplitude, \g is the cutoff wavelength (= d,,/2), B is the membrane normal compressibility
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coefficient, and o is the half bilayer tension (& surface tension). For each lipid and tem-
perature the bending moduli are obtained from our NSE measurements and the membrane
thicknesses are determined from the SANS measurements, while the values for membrane
compressibility and surface tension can be estimated from the literature [36-39]. In all cases
the result, D &~ 4.5 A, is in very good agreement with the 3.7 A 4 0.7 A extracted from our
experiments. Note that the theory predicts a similar amplitude even below Ty,. This is only
consistent with our data if the time scales for those fluctuations are outside our experimental
window rather than being truly suppressed.

More recently Lindahl and Edholm performed molecular dynamics simulations on a 10
to 60 ns time scale looking specifically at a fully hydrated DPPC bilayer in the fluid phase
[13]. According to their simulations the amplitude of the thickness fluctuation of a single
DPPC (mono)layer, is approximately 2.5 A. The total thickness fluctuation amplitude, for
the bilayer, would then be ~ 5 A, also in reasonable agreement with our results above Ty,
albeit on a somewhat faster timescale than our 100 ns measured relaxation time.

An even more recent eight million step Monte Carlo simulation by West and Schmid [14],
looking at the fluctuations and elastic properties of a DPPC lipid bilayer specifically in the
gel phase, reported a suppression of the thickness fluctuations. In particular, fluctuations in
the tilt direction were of significantly smaller amplitude than in the fluid phase while those
in the direction perpendicular to the tilt were almost entirely suppressed. While clearly
not conclusive, this result would tend to favor the interpretation of our data as being due
to a true suppression of the mode rather than a simple slowdown moving it outside of the
experimental window.

While these findings experimentally demonstrate the existence of thickness fluctuations
in lipid membrane systems and provide some quantitative insights into them, there remains
significant theoretical work on the physics of lipid bilayers in order to fully understand
their dynamics. We hope that these findings will lead to other theoretical and experimental
investigations of local intra-membrane dynamics to improve our understanding of these
interesting systems. In particular the nature of the suppression remains an open question
as is the question of exactly how these fluctuations might enable pore formation, membrane
protein insertion, or other biological functions.
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