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•   Sphingosine, sphingomyelin and ceramide Sphingosine, sphingomyelin and ceramide 
monolayersmonolayers

•   Cholesterol and cholesterol/ lipid mixtures in Cholesterol and cholesterol/ lipid mixtures in 
oriented bilayer systems oriented bilayer systems 

Pu re HO2
RF



Benasqu e, Sp ain  Ju ly/ 31-
Aug/ 122005

2

Reflectivity

Incident beam

Qz  = 2k 0s inα	k 0 = 2π/λ
scattered beam

αi = αf  = α

First X- ray reflect ivity from water (or any liquid) was 
measured by Pershan’s group at Harvard  Phys Rev. 
Lett. 54, 114 (1985 ).  

What is measured? 

Reflected beam versus 
momentum transfer 

R~ (Qc/ 2Qz)4 ~ (αc/2α)4  

22
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Master Formula   

•     Exact solution – matrix methodExact solution – matrix method

•     Born- Approximation  Born- Approximation  
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From  the  reflectiv ity , the   s cattering length 
dens ity  (Neutron) or e lectron dens ity  (X- ray s ) 
can be  determ ined and correlated w ith the  
s tructure  at the  interface . 

Electron Density Across the Interface

The ref lectivity results are 
best represented as the 
normalized reflectivity, 
that is, measured 
ref lectivity, R divided by the 
calculated reflectivity from 
the ideally f lat surface RF.  
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Incident beam, k i is kept below the critical angle 
creating an evanescent wave with finite 
penetration depth into the bulk (approximately 
100A) enhancing signals from the surface.  

•   Grazing Incidence X- ray Diffraction (GIXD) -   2d crystallography 

•   Diffuse Scattering

•   Liquid structure factor  

An ordered 2D sy s tem giv es  ris e  to  rod like  Bragg reflections  that contain 
information on the  electron dens ity  along the z - axis  of the  ordered 
objects .  The total cros s  s ection for s cattering from a 2D sy s tem is  in 
general v ery  small and X- ray  flux from s y nchrotron sources  is  required.

Top view of an ordered 
monolayer

Inplane Structure – Crystalline or 
Disordered 
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Q z

Q x y

2D
 ro

d

I2D(Qxy,Qz)~|F(Qxy)| 2 | f(Qz)| 2 | t(Qz)| 2

2D Structure Factor

Molecular form Factor

Multiple scattering DWBA

 Rod- Scans at 2D Bragg Reflections 

The peak due to the Fresnel transmission function   
indicates the top most layer is being probed.  

Objective: Determine the 
shape of the diffracting 
entities

2 2
xy x yQ Q Q= +
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Liquid Surfaces Diffractometer 

Built with the help of Mike Harper and Terry Herrman at ISU
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The  Am es  Lab – Liquid Surfaces  Diffractom eter 
(LSD) 

6  ID- B  MUCAT Beam - Line at the  Adv anced Photon Source  
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Membrane Reconstitution – Langmuir 
Monolayers

Biomimetic -  Membranes

Water  solu t ions

Gas  

Motivation 
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Sphingolipids

Regulating Cell proliferation

Cell programmed death, 
apoptosis, cell aging and 

differentiation

Metabolism – 
sphingomyelin cycle 

Function (in animals)

Skin, hair , etc.
Increased ceramide levels are 

associated with cell 
programmed death

Myelin sheath – nerves, 
brain

Protein rafts

Hannun , Y.A. Science 274 , 1855 (1996). 

Sim on  & Ikonen , Nature 3 87 , 569 (1997)

Sp iegel, and  A. H. Merrill, FASEB  J  10 , 1388 (1996). 
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π- A isotherm

C18 sphingos ine  does  not form 
a regula r  monolay er –Highly  
soluble  in w ater -  mess enger 
activ ity ?

I s o t h e r m  o f  A r a c h i d i c  A c i d  

2A r e a  ( Å  / m o l e c u l e )

Pr
e

ss
u

re
 (m

N
/m

)

3 63 02 41 8
- 1 0

0

1 0

2 0

3 0

4 0

5 0

6 0

“ S o li d ”  P h a s e

L i q u i d - C r y s t a l l i n e  P h a s e

“ G a s ”  P h a s eC18 sphingosine is natural  -  does 
not form a regular monolayer

C20 sphingosine is synthetic  -  
forms a monolayer. 
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Vaknin,  J. Am . Chem . Soc. (2002). 

Berge et al, Phys. Rev. Let t . 73 , 1652 (1994). 

Short chain alcohols

C18- SP Residues Show in Reflectivity

Short chain alcohols spread in excess – 
producing a meta- stable monolayer
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•   C18- SP – forms a 2D liquid- like 
structure at the interface

•   C20- SP forms a 2D rectangular latt ice 
with t ilted molecules.  The rod scans 
indicate that only a port ion of the tails is 
ordered – consistent with the 
corrugation (digitat ion) of chains (seen 
in reflectivity). 

2D Diffraction (GIXD) -  C18- SP and C20- SP 
Monolayers
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Relation to Function 

Sphingosine clusters at low 
densit ies – strong hydrogen 
bonding at the head group

Implications

•   C18- SP is a secondary messenger – 
marginal marginal solubility – 

•   Protein rafts -   Clustering due to strong 
binding at the head group.  Corrugation at 
the tails -  stronger binding with 
hydrophobic parts of the proteins. 

Experimental Findings

•  C18- SP solubility

• Clustering 

• Corrugated (digitated)  
surfaces 

•   strong hydrogen bonding in the 
head- group region

•   strong aff inity to water
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C18- Ceramide

Just like for sphingosine -  
3 slabs are necessary to 
reconstruct the electron 
density.  In general our 
studies as well as those of 
others on numerous kinds 
of lipids show that 2 slabs 
are sufficient.  

D. Vaknin , and  M. Kelley, Biophys. J  79 , 2616 
(2000). 

π = m N/ m

T =  18 C
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The two slabs at 
the air interface 
are associated 
with the chains 
(CH2)n 

Natural Sphingomyelin 
(extracted from bovine 
brain) consists of a 
distribution of chain lengths 
(45% C18, 31%  C24 with a 
double bond (cis) in the 
middle, and many others.  

D. Vakn in , an d  M. Kelley, an d  B. M. Ocko, J. Chem . Phys. 115 , 7697  
(2001). 

 Sphingomyelin � � Natural and 
C18
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Hy pothes is : The digitation in the  chains  is  s im ply  a conform ation to  the  s taggering at 
the  head group region, w hich is  driv en by  the  m ultiple  s ites  that  form  hy drogen 
bonding. 

Relation to  Function:  Ceram ides  are  abundant in s kin (dealing w ith hars h 
env ironm ental conditions ), m y elin is  an ins ulator in nerv e  ce lls  (80% lipid in 
m em brane). As  a bilay er (a real m em brane) one expects  interdigitation of chains  
(s trength, im perm eability ).  Ve lcro  e ffect o f the  bilay er.  

Corrugated Monolayers
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Sphingomyelin – Short- range- inplane- order 

D. Vaknin , and  M. Kelley, and  B. M. Ocko, J. Chem . Phys. 115 , 7697(2001). 

•   Chain length distribution does not play an important role in the organization of the 
film, the interaction at the head group region are more important.  
•   Molecules with double- bond chains (kink) phase separate from saturated chains. 
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 Linear gramicidin is a hydrophobic antibiotic polypeptide 
composed of 15 hydrophobic amino acids in D-  and L-  alternate 
conformers with the following sequence: formyl- L- X- gly- L- ala- D-
leu- L- ala- D- val- L- val- D- val- L- trp- D- leu- L- trp- D- leu- L- trp- D-
leu- L- trp- ethanolamine where X represents either valine or 
isoleucine 

Simple membrane protein

-- -- -- -- -- -- -- --
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Short range in- plane order

Gramicidin on Water

Water Restructuring 
at the interface?

26- 30 ÅDimer

14- 16Å
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DPPC- Gramicidin on water 2D Diffraction from 
Chains  

100%

90%

 75%

50%

0%

DPPC/ Gramicidin

10%

25%

Broadening of peak and its 
disappearance with increase in G 
concentration indicate complete 
miscibility of DPPC/ Gramicidin; no phase 
separation  

DPPC only 

Qz=  0 Å - 1

Qz=  04 Å -

1
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Oriented Bilayers – Cholesterol/ Lipid Mixtures 
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Oriented Bilayers  of pure 
cholesterol 

Spin Coated s am ples  on glas s  flat (roughnes s  
~   1⊕)  

•       1 000  rpm  (1 0  to  11  lay ers ).  1 000  rpm  (10  to  1 1  lay ers ).  

•       Chloro fo rm  s o lution 700  Chloro form  s o lution 700  µµLL

•     50 / 50  is  m olar ratio .  No  s onicate  w as  us ed.50 / 50  is  m o lar ratio .  No  s onicate  w as  us ed.

•       Electrical s haker is  us ed to  dis s o lv e  the  m aterials  in  Electrical s haker is  us ed to  dis s o lv e  the  m aterials  in  
chloro form .chloro form .
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Crystalline Cholesterol 

a = a = 14.156414.1564 ⊕  (⊕  (14.172Å)14.172Å)

b = b = 10.521Å  (10.481Å)10.521Å  (10.481Å)

c =  c =  68.4Å  (34.209Å)68.4Å  (34.209Å)

γ ≈   ≈  90 90 deg.deg.

Shieh , Hoard  and  Nord m an  “The Sh ieh , Hoard  and  Nord m an  “The 
s t ru ctu re of Ch les terol” Acta Cryst . B s t ru ctu re of Ch les terol” Acta Cryst . B 
3737 , 1538 (1981)., 1538 (1981).  

•     Cho les tero l Readily  cry s talliz es  Cho les tero l Readily  cry s talliz e s  

•     New  s tacking foundNew  s tacking found

•     Very  hard to  hy drate  Very  hard to  hy drate  
(im pos s ible )  (im pos s ible )  
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Oriented- Bilayers of 
Sphingomyelin  

2D -  Hexagonal 2D -  Hexagonal 

a = a = 4.8374.837 ⊕  ⊕  

c =  c =  62.8 (d ry) -  69.8Å62.8 (d ry) -  69.8Å    

  
•       No  interlay er corre lations  No  interlay er corre lations  

•       Sens itiv e  to  hum idity  Sens itiv e  to  hum idity  
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Oriented- Bilayers of SPM/ Chol and 
DPPC/ Chol   

SPM/ CholSPM/ Chol        

•       Dry  conditions  – phas e Dry  conditions  – phase  
s eparateseparate

•       Wet conditions  -  mixedWet conditions  -  mixed

DPPC/ Chol DPPC/ Chol   

•       Dry  conditions   –  phas e  s eparateDry  conditions   –  phas e  s eparate

•       Wet conditions  – phas e  s eparateWet conditions  – phas e  s eparate
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Oriented- Bilayers of SPM/ Chol and 
DPPC/ Chol   
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Conclusions and Future Directions

• Surface propert ies of membrane const ituents can (might) 
shed light  on their funct ions.  

• Interfacial phenomena can be monitored and characterized 
on the molecular length scale -  Mimic the immune system, 
biomineralizat ion processes, ion- concentrat ions.

• Future work – 
• Mixed monolayers – dif ferent lipids, cholesterol, and 

proteins – construct ing a leaf let  of  a membrane.  
• Transferring those half  membranes to solid support  to build 

membranes.  
• Varying condit ions of subphase – Temperature, pH, ionic 

concentrat ions etc.
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Ceramide forms spontaneously 2D crystals that 
nucleate at zero surface pressure, suggest strong 
binding energies between molecules.    At low 
pressures the reflectivity can be fitted as an 
incoherent sum of water domains +  monolayer 
domains

D. Vakn in , and  M. Kelley, Biophys. J  79 , 2616 (2000). 

Bragg reflection is due 
to the ordering of 
single chains although 
pairs of chains are 
coupled to single head 
group
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2D Physics 

Structure and phase transit ions in Langmuir monolayers

Kaganer et  al., Rev. Mod. Phys.  71 , 779 (1999).  

Langmuir Monolayer

Langmuir  monolayer -    -   a monomolecular (amphiphilic) f ilm at the air/ water interface    

Typical molecules -     -    fatty- acids, - alcohols, lipids, and others

Spreading and Compressing

T e f l o n  

B a r r i e r
f i l t e r

p a p e r
m i c r o ­ b l a a m n c e

π   =   F / L   ( m N / m )

F

L   =   p a p e r   p e r i m e t e r

F i l m   C o m p r e s s i o n

W a t e r

F
W a t e r

S o l u t i o n  

s o l v e n t

S p r e a d i n g

O x y g e n
H y d r o g e n
C a r b o n

Head Group
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I s o t h e r m  o f  A r a c h i d i c  A c i d  
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“ G a s ”  P h a s e

Techniques : 

•   Ellip som etry 

•   Fluorescence m icroscop y

•   Brewster  Angle Microscop e 

•   IR sp ectroscop y 

•   AFM 

•   others

__________________

Structure  on molecular- length-
scale  

•   X- ray scat ter ing 

•   Neu tron  scat ter ing

Structural Competing Techniques 


