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Outline

Modeling protein in solution
- SANS
- SASSIE
Model membrane formation
- Solid supported membranes
- Neutron reflectivity
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Here is an outline of what I’ll be talking about – my work this summer was divided into two parts – one was modeling the solution structure of the HIV gag protein, and the other was developing a model membrane system for studying virus assembly.



Human Immunodeficiency Virus
• Retrovirus (RNA based virus) which causes AIDS.
• Originated in Africa and detected in the United States in the early 

80’s. 
• 33.2 million people living with AIDS in 2007 and of those 2.1 million 

died
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It attacks vital cells of the human immune system.

A global problem mainly because as research is being done, resistant strains surface.

So clearly it’s a problem worth investigating! 



The Viral Life Cycle
• Viral Life Cycle
• Therapeutics
• Why focus on 

Assembly?
• What do we know?
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Viral Life Cycle: fusion/penetration, reverse transcriptase – DNA replaced, Assembly/budding, and maturation

For the stages circled in blue, therapeutics have been developed to stop the virus.

However, there are no therapeutics to stop the virus at the assembly process therefore further research needs to be done.

Targeting the assembly process could be effective for resistant strains of HIV.

We know that there’s a protein called Gag – expressed in the cytoplasm (in solution). It then targets cell wall where assembly occurs.

Brings in other components necessary to form complete virion.



The Gag Protein
• Three structured domains 

– MA: matrix domain
– CA: capsid domain

• Ctd: c-terminal of capsid
• Ntd: n-terminal of capsid

– NC: neucleo-capsid 
domain 

• Four Flexible linkers 
unstructured
– Variability in conformation

• Compact in solution and 
extended on membrane

MA

NTD

CTD

NC
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These structured regions have been modeled by xray and NMR (???)

MA: lipid tail region’s affinity for the MA domain

Protein’s positive charge pulls it towards the negatively charged membrane.

CA: capsid domain: lateral organization of gag on membrane, has two sub-domains

NTD: n-terminal of capsid

CTD: c-terminal of capsid – dimerizes (causing interaction between gag proteins on the membrane surface)

NC: neucleo-capsid domain: responsible for binding viral genome.

As a result of the flexible linkers the protein is compact in solution and extended on membrane surface (CARTOON)

Therefore by learning more about the nature of the protein, we can restrict its role in virus assembly.



Methods of Studying Proteins

In Solution Model Membranes

35 Å

200 Å
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INTRO: there are two main ways of studying the gag protein in its role with the assembly of the viral cells – the first is in solution and the second is on a model membrane surface. Previous experiments have shown that the protein is compact in solution, extended on a membrane. 



Modeling Gag In Solution
• SANS
• Computational model provide all possible 

conformations of flexible regions
• Compare SANS data to modeling (chi-squared)
• Characteristics about the protein:

– Domain-domain interactions 
• Regions of study: 

– NTD-CTD (capsid domain)
– MA-NTD
– NTD-CTD-NC
– MA-NTD-CTD-NC (full protein)

MA

NTD

CTD

NC
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Standard Methods such as X-ray crystallography are unable to image flexible domains.

From small angle neutron scattering (SANS) we get information about the size and shape of the protein in solution.

Program called SASSIE is used to generate all possible conformations for the linker regions 

We then compare generated SANS profile to experimental SANS profiles and ensure that our model fits the actual data with the chi squared test –filtering out all the invalid structures.

From this comparison we can infer characteristics about the protein:

Such as interactions between the different domains

We studied the protein in different sections as well as the full length







SASSIE
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The conformational searches and comparison to SANS data was done with SASSIE, which is actually being developed at the NCNR. 

Shown is a one of the four linker regions.



Modeling Ntd-Ctd

411

1303

Ntd

Ctd
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Example modeling the linker between NTD-CTD domains. 

GRAPH ONE: 

Generated thousands of conformations.

Plot the Radius of gyration (measure of molecules size in solution) versus chi-squared (which is a measure of fit between experimental SANS profile and the model)

Proteins that are fully compacted or fully extended don’t fit the experimental data. But we do see a cluster of structures with an intermediate Rg which do fit the experimental SANS data well.

GRAPH TWO:

Experimental SANS profile

Example of 5 model structures out of thousands

The best fit for the data is partially extended while the worst is completely folded over.

The same graphing and chi-squared analyses is being done for other sections of the protein – giving us an idea of the overall structure of the protein in solution.



Gag-membrane interaction
• Viral Membrane

• Model 
Membrane

-multi-lipid system

-Asymmetric bi-layer

-Protein binds to 
charged leaflet

-Complete bi-layer

-Charged lipid
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The second method for studying the gag protein is on a membrane because this is where virus assembly occurs

The actual viral membrane is a multi-lipid, asymmetric bi-layer where the protein binds to the charged leaflet

the negative charge density of membrane attracts the positive charged residues of the protein 

Phosphatidyl serine (PS) lipids provide negative charge.

In order to better understand the gag-membrane interaction, we work with simpler systems.

The model membrane is composed of charged lipids and ideally is complete bi-layer system.

on the right you see a depiction of a model membrane, where the there is a solid support, a water layer of 10-20 ang which cushions the bi-layer, and finally the bulk water layer which is comparable to the cytoplasm.

In this half of my project – I tested methods of membrane formation as well as several lipid compositions:



Two Methods of Membrane 
Formation

Rapid Solvent Exchange Vesicle Fusion
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Here are two of three methods of membrane formation: the RSE and VF are very similar. The preparation of the wet-cell is identical. 

For RSE: the lipid is dissolved in an organic solvent. The lipid concentration is higher and only needs to be incubated in the wet cell seen at the bottom for 10 minutes after injected into the wet cell. Then the entire system is rapidly flushed with deionized water or a buffer solution.

As seen in the cartoon, as the buffer flushes through the system, it helps remove excess lipid and forms a bi-layer system on the silica surface.

As the name dictates it is a very quick and easy method of bi-layer formation.



Vesicle fusion first involves forming a lipid vesicle solution and introducing that to your wafer surface. Then you incubate the wet cell for about two hours during which time the vesicles fuse to the silica surface and then rupture, forming a bi-layer.



Langmuir Blodgettry!
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The third and final method of lipid bi-layer formation is Langmuir blodgettry, which is based on creating a lipid monolayer and dipping the wafer in that layer several times to deposit a bi-layer system onto the wafer.

First you deposit your lipid solution onto the water surface with a syringe

Then you allow the lipid solvent (in our case – chloroform) to evaporate so that the only thing on the surface is the lipid molecule

Next you compress the lipid to a certain pressure, and maintain that pressure , as you program the dipper to dip the wafer twice allowing for a deposition of a monolayer during  the first dip and a bi-layer during the second.
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The good thing about this method is that it gives us a lot of control of the membrane system and it gives us an indication of the approximate coverage before reflectivity experiments. it allows us to form asymmetric lipid membranes which is again ideal for emulating the actual immune cell membrane.

Unfortunately its time consuming

Its also somewhat sensitive to contamination.







Microscopy of pure DPPC membranes

Rapid Solvent 
Exchange

Vesicle Fusion

Langmuir 
Blodgett
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Fluorescent dye lipid is excited with a beam of green light, and emits red light as a result

Helps image lipid membrane system.

Microscopy gives us an approximate idea of the completeness, and it’s a low resolution method (only microns, whereas proteins is on the order of angstroms)

With all three methods though, we got a solid supported bi-layer

The LB gave us the best coverage

Whereas the other two methods show defects as seen by the very dark spots and very bright spots
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Advanced Neutron diffractometer 
and reflectometer (ANDR)

θs

Q = (4π/λ) sinθs
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But for a higher resolution we use reflectivity which gives us the structural information about protein extension (perpendicular to the bilayer surface)

Basically how this works is that a neutron beam is directed at the wafer

Depending on the scattering length density and incident angle, the intensity of the reflected beam changes.

The detector measures intensity of neutron at various angles from the sample

The difference in intensity of neutrons reports on the thickness of each layer in the sample

Samples are run with D2O, H2O and CM4 (mixture of D20 and H20) buffers.



The first graph reflectivity data of the neutron intensity versus Q which is directly related to the incident and reflected angle. 

We take the experimental graph and find a model that fits – the program that does this uses parameters such as scattering length density and thickness to fine tune the fit

From that we get a second graph of scattering length density versus thickness and any significant change in scattering length density marks a change from one layer to the next.

We also know what the scattering length density should be for each layer, therefore – if this graph matches those known values, that further reinforces the accuracy of our data

In this graph, there are two separate lines, one for a pure water system, and the second when the water is replaced with D20 which has a higher scattering length density. 

Therefore if there are any holes in the bi-layer, the D20 will fill those holes, and they will show up in our results as a higher in scattering length density of the inner and outer leaflets in this region of the graph.







Surface 
Coverage
(Inner / 
Outer)

Thickness 
per leaflet
(Å)

Vesicle 
Fusion

100% / 
97%

15.6

Langmuir- 
Blodgett

100% / 
100%

16.5

Rapid 
Solvent 
Exchange

76% / 79% 16.3

Summary of pure DPPC Results
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Rapid Solvent Exchange
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Vesicle Fusion
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Here are our models for rapid solvent exchange and vesicle fusion systems

As seen in the table to the right, we see that the Vesicle fusion and LB worked really well, and RSE – less so.

This is clear in our model systems to the left 

In the top graph of the RSE model, we see that the scattering length density changes as the buffer changes which shows that there were holes in the bilayer – HOWEVER – the bi-layer was in the gel-phase which may account for the poor coverage.

However, for the VF and LB model, the two curves almost overlap in that leaflet region of the graph, indicating that the bilayer was close to a 100% complete.
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Mixed Lipid Systems
Langmuir Blodgett

• Inner Leaflet: 84% d62DPPC 16% DPPS
Outer Leaflet: 50% d62DPPC 50% DPPS
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After we got positive results from the pure DPPC systems, we moved onto mixed lipid systems to better model a viral membrane.

Shown is the data for a 70% deuterated DPPC and 30% DPPS mixture (where PS lipids provide negative charge to attract gag protein)

Mixed lipid system deposited with LB

PC – deuterated (higher scattering length density), PS – not

Inner leaflet has higher SLD – therefore it has more PC lipid, while outer leaflet does not – so it has more PS lipid

We formed an asymmetric bi-layer

From the measured scattering length density of lipid mixture, and knowing SLD of pure lipids, one can determine the actual composition of the inner and outer leaflets





Why was first layer only PC and 2nd PS and PC?...PS is negative which leads to a slight electrostatic repulsion with the slightly negative silica oxide layer.

During the dip – PC pulled towards wafer , PS pushed away 

OR after layer was formed (with 70:30 ratio), the PC lipids flipped towards the silica while the PS lipid flipped away from the silica (“lipid flip flop”)



Mixed Lipid System Results

Surface 
Coverage
(Inner / Outer)

Thickness per 
leaflet
(Å)

LB (70:30 
DPPC:DPPS)

88% / 84% 16.5

VF (70:30 
DPPC:DPPS)

8% / 4% -------

RSE (70:30 
DPPC:DPPS)

30% / 18% -------

VF (80:20 
DOPC:DOPS 
)

100% / 86% 15.9
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DOPC:DOPS – Vesicle Fusion
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LB data – we got about 88% coverage in the first layer and about 84% coverage in the second.

We tried the other two methods with the 70:30 mixture and they both failed.

Essentially our model would not fit the data, therefore this is a very uncertain estimation of the surface coverage. (thickness could not be determined)

Because the charged lipid plays a role in the poor coverage we attempted a system which had lower concentration of charged lipid 

(80:20 DOPC:DOPS)

This gave us a complete coverage of the inner leaflet and an 86% coverage of the outer leaflet



Conclusions
• Successfully deposited neutral lipids on silica 

wafers.
• Negatively charged lipids interact unfavorably 

with the silica oxide layer making deposition 
more difficult.

• Langmuir Blodgett gave evidence of asymmetric 
bi-layers (inner leaflet has to be neutral).

• Developed consistent protocol for LB.
• SASSIE modeling indicates partial extension of 

linker regions.
• Helped de-bug SASSIE.
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So as far as what we accomplished: 

We successfully deposited neutral lipid on silica wafer

We found that negatively charged lipids interact unfavorably with the silica oxide layer making the deposition more difficult

Langmuir blodgett gave evidence of asymmetric bi-layer (as long as the inner leaflet is neutral)

From SASSIE we found that there is a partial extension of the linker regions

We developed consistent protocol for Langmuir Blodgettry

And finally we helped de-bug SASSIE





Outlook

• Study protein association to model 
membranes
– Co-factors responsible for extension

• Characterize complex lipid systems
• Explore dimerization of the gag protein 

using SASSIE.
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And finally for future outlook we hope to study the protein’s association to the model membrane and any co-factors responsible for protein extension

We hope to characterize complex lipid systems 

and explore dimerization of the gag protein using SASSIE.
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Intrinsically Disordered 
Proteins

A Definition:
Proteins or regions of proteins that fail 
to form specific 3-D structure under 
physiologic conditions in vitro.  
from Le Gall et al., J. Biomolecular Struct. 
and Dynamics 24, 325 (2007)

Standard Methods are unable to resolve flexible domains
X-ray
NMR

There are a lot of them!
~30 % of proteome has proteins with 
sequences of disordered segments of ≥

 
50 amino acids



Ntd-Ctd Run 1



Ntd-Ctd Run 1
Structure Number Rg (Å) χ2

411 (best) 22.90 0.25

904 22.67 0.38

1169 25.05 0.41

1303 (worst) 17.27 3.59

2045 22.88 0.40

904

2045 1169

1303

Ntd

Ctd

411
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From the previous slides graph, we have the five conformations – as you can see the best model is partially extended, and the worst is completely compact. 

All the conformations which low chi-squared’s are partially extended. 

So another thing that SASSIE allows us to do is to take models that are best and worst fits of the raw data and actually look at the molecular structure of the protein. 

Why is this useful?
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