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Lipid Membranes

Cell membranes contain an equal 
ratio of proteins to lipids. Lipid-lipid 
ratios are rigidly maintained. 

Lipid and protein composition 
determines membrane structure and 
dynamics.

Cell function and disease have a direct 
link to nanoscale membrane dynamics 
and macroscopic structure

http://lipidbuilder.epfl.ch/img/membrane.png
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Numerous studies have found that changes in membrane characteristics such as fluidity and thickness correlate to how different sub-types of somatic cells respond to changes in their environment. 

For example, it has been found that malaria parasites exploit the elasticity of the RBC membrane to enable their exit from infected cells and the dynamics of this process have been characterized.

So little is actually known about lipid-protein interaction in biological systems. Therefore, investigating the effects of different conditions on membrane dynamics is important to understanding both biological membranes and cellular function

This project focuses on how a well-studied ion channel (Gramicidin) affects membrane structure and dynamics. 



Gramicidin

Gramicidin channels provide a unique 
combination of advantages that sets 
them apart from other channels.

- Structure of the bilayer-spanning 
channel is known 

- It’s ion permeability is well known and 
can be modified

- Lipid-protein interaction is universal in 
nature. 

Beaven et al. Gramicidin A Channel Formation Induces Local Lipid Redistribution I: 
Experiment and Simulation
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Mini proteins composed of two tryptophan-rich subunits. It is an antibiotic obtained from the soil bacterial species Bacillus brevis. It exerts its anti-bacterial activity by increasing the cation permeability of the target bacterial plasma membrane, due to the formation of bi-layer spanning channels

Gramicidin channel gating is uniquely characterized by the formation and dissociation of transmembrane dimers. These conformational states are a result of the preference of tryptophan residues to reside at the membrane interface. This lipid-protein interaction is universal in nature. 

The average membrane thickness is more than the length of the functional dimer. Channel formation correlates to deformation of the lipid bilayer.



Lipid-Protein Vesicles Were Made via Extrusion 

https://avantilipids.com/divisions/equipment-products

100 nm

Hydrophilic heads 

Hydrophobic tails 

100 nm

https://www.wur.nl/en/show/MSc-Cell-membranes-breaking-the-barrier-using-nanoparticles-1.htm
https://en.wikipedia.org/wiki/Lipid_bilayer#/media/File:Phospholipids_aqueous_solution_structures.svg
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An extruder was used to obtain unilamellar vesicles containing both gramicidin and a lipid of choice; This was our model of a very basic biological membrane. The hydrophobic tails of the vesicles would interact with each other to form the bilayer while the hydrophilic heads of the lipids would be exposed to aqueous solution both inside and surrounding the vesicle.

We wanted to obtain vesicles that were 100 nm in diameter. To do so, membranes of decreasing pore sizes were used: 400 to 200 to 100 nm. 



Density
Partial specific volume (vs) was determined from measurements taken of the 
lipid solution density by the following equation:

vs = 1
𝜌𝜌0

(1 - 𝜌𝜌𝑠𝑠 −𝜌𝜌0
𝑐𝑐

) 

Volume per lipid molecule (VL) was determined from measurements taken of 
the lipid solution density by the following equation:

VL = vs
𝑁𝑁𝐴𝐴

∑ 𝑥𝑥𝑖𝑖𝑀𝑀𝑖𝑖

DLPC
A 12-C Lipid

DMPC
A 14-C Lipid

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

HYDROPHOBIC 
MISMATCH

https://ac.els-cdn.com/S0005273607001848/1-s2.0-S0005273607001848-main.pdf?_tid=b0f57ec4-9014-4a1f-9c21-
dbea993914cf&acdnat=1533184309_7906058a99389690d5d5c648b174e460
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Density measurements over a chosen temperature range were taken of two lipids of interest: DLPC and DMPC (to see what trend the VL would follow; we expected that it would decrease as temperature decreased because lipids would achieve a more orderly gel-like state as temp. decreased). These specific lipids were chosen due to the effects that gramicidin channel formation would likely have on the membranes made of these lipids.

A DLPC bilayer would experience a deformation in which the area surrounding the protein would become stretched as a result of channel formation due to the lipid bilayer being smaller in length compared to the channel.

A DMPC bilayer would experience a deformation in which the area surrounding the protein would not change as a result of channel formation due to the lipid bilayer being similar in length compared to the channel.

These effects are referred to as HYDROPHOBIC MISMATCH.
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Volume per lipid molecule volume increases with temperature as expected because the lipids are more spread out at higher temperatures.



DMPC
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https://phys.libretexts.org/LibreTexts/University_of_California_Davis/UCD%3A_Biophysics_241_-
_Membrane_Biology/Membrane_Phases/The_Gel_Phase
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Making the membrane more elastic ( less flexible)
Or making it less elastic

This is also seen for VL

We decided to focus on DLPC for our model lipid because of the linear trend it displayed and to avoid any complication that DMPC may pose because of it’s phase transition



Gramicidin Conformation in 1,2-dilauroyl-sn-
glycero-3-phosphocholine (DLPC)
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Circular Dichroism: Gramicidin β-helical Structure

0.25% G
0.76% G
1.25% G

Koeppe and Andersen, Annu. Rev. Biophys. Biomol. Struct. 1996, 25: 231-258

channel forming 

non channel forming
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To confirm that the protein was in the correct conformation in our samples, circular dichroism was performed. A technique that utilizes circularly polarized light, which is then absorbed by the sample and certain structural components produce characteristic spectra. In the case of the gramicidin channel, which has a beta-helical structure, two peaks are observed at about 220 and 235 nm. 

To the right is a figure showing the spectra of both channel and non-channel forming gramicidin conformations. 

This data is also background subtracted*



Dynamic Light Scattering (DLS)

A technique used to measure the 
hydrodynamic radius of nanoparticles 
suspended in solution. 

Particle size can be determined by 
measuring the random changes in the 
intensity of light scattered from a 
suspension or solution.

Used to determine the size of our 
artificial membranes

Presenter
Presentation Notes
Better referred to as photon correlation spectroscopy. The signal from the photons in a laser beam can be interpreted in terms of an autocorrelation function, in which photon-photon correlation is lost over time as particles diffuse in solution, giving a characteristic decay function. This technique is however limited to dilute samples to decrease the effects of multiple scattering, where photons interact with more than one particle, or in our specific case, vesicle. 

DLS measures the speed at which particles are moving due to random motion. This speed is measured by the rate at which the intensity of the scattered light fluctuates

I(q,t) graph: Fluctuation of the intensity of the scattered light over time. Smaller particles have faster fluctuation because they are more susceptible to random forces.

C(q, ) graph: Auto-correlation between random variables at two different points in space as a particle diffuses in solution as a function of measurement delay time. ( as delay time increases and the particles have more time to diffuse from their initial states, correlation is lost)

This function is used to used to extract particle size. Faster decays indicate smaller particles. NSE measures decay function as well, even though the two techniques tell you different things.
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Radii of DLPC samples remained stable after extrusion ranging from about 52 – 65 nm. 



Small Angle Neutron Scattering (SANS)

Information about membrane 
structure is gleaned from 
contrast between deuterated 
lipid tails and solvent compared 
to head groups.

Y.A. Hassan, E.E. Dominguez-Ontiveros / Nuclear Engineering and 
Design 238 (2008) 3080–3085

h-lipid

d-lipid

Presenter
Presentation Notes
PMMA  (poly (methyl methacrylate) beads, aka acrylic microspheres in solvents with refractive indices getting closer to that of the beads. 

Same concept with using tail-deuterated lipids in SANS, the neutrons will “see” the tails and head groups as different scattering length densities, providing contrast. 

SLD for head groups= 4.1  
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A close look at raw SANS data displays a difference in the membranes of the samples at higher Q values.

In order to further probe differences in membrane thickness in the samples, SasView was used to fit the data. We chose a sphere model with a core and multiple shells to represent the inside of the vesicles and the non-deuterated lipid heads. 



https://ac.els-cdn.com/S0005273607001848/1-s2.0-S0005273607001848-main.pdf?_tid=b0f57ec4-9014-4a1f-9c21-
dbea993914cf&acdnat=1533184309_7906058a99389690d5d5c648b174e460
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By fitting reduced SANS data with the SasView software, we were able to observe a decrease in membrane thickness as temperature increased. This is expected because as temperature increases the lipid tails become more flexible and they fold in on themselves instead of being straight. 

Samples containing Gramicidin displayed a general trend of being less thick compared to the pure DLPC, with the exception of the 0.25% G sample at 30 C, which may be due to error in fitting the data. The general trend may be due to the transmembrane ion channel being longer than the DLPC composed membrane. 

This would mean that when the channel forms, the membrane is more compressed together than usual in areas further away from the channel. (diagram) We would have to confirm channel formation using a fluorescence assay, in which fluorophore-loaded large unilamellar vesicles made up of lipid + G. We would have to measure the time course of fluorescence quenching from the vesicles due to entry of a quencher through formed gramicidin channels





height fluctuations 
in the membrane

https://upload.wikimedia.org/wikipedia/commons/c/c6/Phospholipids_aqueous_solution_structures.svg
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Once we observed how gramicidin affects membrane thickness, we used NSE to probe membrane dynamics. This is a very different scale length we are looking at. We are basically zooming in from the nanometer length scale of the vesicle to the angstrom length scale of a patch of the membrane. What we are specifically measuring with spin echo is height fluctuations in the membrane.



Neutron Spin Echo (NSE)

- Takes advantage of a neutrons Larmor Precession
- Differences in precession are analyzed 
- Basic information about the structure and dynamics of 

the matter 

https://neutrons.ornl.gov/sites/default/files/Zolnierczuk_Introduction_to_NSE2.pdf
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Used to characterize bending dynamics in the membrane.
In NSE, information about the initial velocity is encoded within the neutron itself through Larmor precession (the rotation of a neutron around a magnetic field when its spin is perpendicular to the magnetic field), and the initial velocity can be compared with the final velocity for the same neutron. 

What NSE ultimately measures is the space-time correlation of the atoms in the sample.
 





𝐼𝐼(𝑞𝑞, 𝑡𝑡)
𝐼𝐼(𝑞𝑞, 0)

= exp[ − (Γ𝑍𝑍𝑍𝑍𝑡𝑡)
2
3]

Where:
Γ𝑍𝑍𝑍𝑍= relaxation rate
t = Fourier time

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

0 20 40 60 80 100 120

I(q
,t)

/I
(q

,0
)

Fourier Time (ns)

q-t correlation for pure DLPC

q=0.039 1/A
q=0.049 1/A
q=0.053 1/A
q=0.063 1/A
q=0.073 1/A
q=0.08 1/A
q=0.094 1/A
q=0.11 1/A

Presenter
Presentation Notes
The trend lines are results of the fit to a stretched exponential function (equation). This function is based on the model predicting the membrane undulation (movement of membrane up and down from normal) by the Zilman and Granek theory.

Q determines decay rate. At relatively higher Q values, we are looking at smaller length scales. Since smaller objects move faster, we observe a faster decay in the space-time correlation of collective height fluctuations in the membrane. 






RELAXATION RATE
Collective height fluctuations can be used to quantify membrane 
elastic bending modulus from NSE experiments with the following 
equation:

𝛤𝛤ZG = 0.0069
𝑘𝑘B𝑇𝑇
𝑘𝑘

𝑘𝑘𝐵𝐵𝑇𝑇
𝜂𝜂

𝑄𝑄3

Where:
𝛤𝛤ZG = relaxation rate
𝑘𝑘B = Boltzmann constant
𝑘𝑘=  Bending modulus
𝜂𝜂= solvent viscosity

height fluctuations 
in the membrane

Presenter
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The decay rate is the time scale of these height fluctuations in nanoseconds. This quantity is affected by  𝜂 and k.

Calculating the bending modulus will give trends that we would intuitively expect to see: a stiff membrane will have a large k and a lower decay rate. A softer membrane will have a smaller k and faster decay rate.

This equation takes into account that the membrane must rearrange to accommodate the very short timescales we are working with. (45 and 100 ns, corresponding to 8A and 11A).




Membrane Elasticity Increases 

Lee et. al. Phys. Rev. Letter, 2010, 038101

NSE Results are Similar to Previously Conducted Experiments

Presenter
Presentation Notes
Quantifying the bending modulus for each DLPC sample gives data that tells us the elasticity of the membrane increases with increasing amounts of Gramicidin. This suggests that Gramicidin is making the membrane stiffer. 
We believe this trend to be accurate since it has been previously observed in experiments with another lipid (DOPC) and melittin protein at different ratios.

The  (bending modulus) and k (bilayer compressibility modulus) of DOPC-melittin membranes at different P/L in HEPES buffer. NSE was also used in these experiments.




Contrasting Trends
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SANS data indicate that membrane thickness is decreasing as the amount of gramicidin increases, yet NSE data indicates that the bending modulus is following an opposite trend. 

We reasoned that a thinner membrane would be softer, or be less elastic (aka a smaller bending modulus), but our data is showing the opposite trend. This means that something more that just membrane thickness and elasticity is affecting the structure dynamics of the membrane. We think it may have to do with the coupling of the membrane leaflets as well as compressibility.



FUTURE WORK
We can solve for the Area Compressibility Modulus (KA) with the Thin Sheet Theory:

KA =
β𝐾𝐾
𝑑𝑑𝑡𝑡2

Where:
𝐊𝐊𝐀𝐀= area compressibility modulus
β= coupling  constant between membrane 
leaflets
𝑲𝑲 = 𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑖𝑖𝑏𝑏𝑏𝑏 𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝒅𝒅𝒕𝒕 = 𝑚𝑚𝑏𝑏𝑚𝑚𝑏𝑏𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏 𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑘𝑘𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

Presenter
Presentation Notes
On that note, we can solve for,  KA which is a quantitative measure of how compressible the membrane is. We have thickness data from SANS and bending moduli from NSE.

This equation will allow us to see whether the thickness or the bending modulus has a more significant effect on membrane dynamics and structure. 

. 
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FUTURE WORK
We can solve for the Area Compressibility Modulus (KA) in two 
ways:

Thin Sheet Theory

KA = β𝐾𝐾
𝑑𝑑𝑡𝑡2

Statistical Mechanics

KA = 𝑘𝑘𝐵𝐵𝑇𝑇
𝜎𝜎𝐴𝐴
2𝐴𝐴0

Which can be combined as :

K = 𝑘𝑘𝐵𝐵𝑇𝑇
β𝜎𝜎𝐴𝐴

2
𝑑𝑑𝑡𝑡2

𝐴𝐴0

Where:

𝒅𝒅𝒕𝒕 = 𝑚𝑚𝑏𝑏𝑚𝑚𝑏𝑏𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏 𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑘𝑘𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚
𝑨𝑨𝟎𝟎 = 𝑚𝑚𝑖𝑖𝑙𝑙𝑖𝑖𝑑𝑑 𝑡𝑏𝑏𝑚𝑚𝑑𝑑 𝑚𝑚𝑚𝑚𝑏𝑏𝑚𝑚

= 𝑽𝑽𝑳𝑳
𝒅𝒅𝒕𝒕

β= coupling  constant 
between membrane leaflets
𝒌𝒌𝑩𝑩 = 𝐵𝐵𝑚𝑚𝑚𝑚𝑡𝑡𝐵𝐵𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏 𝐶𝐶𝑚𝑚𝑏𝑏𝑚𝑚𝑡𝑡𝑚𝑚𝑏𝑏𝑡𝑡
𝝈𝝈𝑨𝑨 =  fractional area change
𝑲𝑲 = 𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑖𝑖𝑏𝑏𝑏𝑏 𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
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This will allow us to see whether the thickness or the bending modulus has a more significant effect on membrane dynamics and structure. 

We can ultimately solve for the coupling constant between membrane leaflets and use it to characterize the effects of gramicidin on local interactions between membrane leaflets in different hydrophobic mismatch conditions. 
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