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Solid-state NMR of membrane proteins in phospholipid bilayers.

150 µl volume
q = 3.2 (DMPC:DHPC)
1 mg - 3 mg protein
28% lipid w/v
pH = 4 - 8
15 oC – 50 oC

Bo

Outer modified Alderman-Grant
Inner 5 mm solenoid

SAMPI4

bilayer samples NMR probes pulse sequences



Selected Topics

 Part I:  Recent developments in solid-state NMR of aligned samples.
 Lipid bilayers.
 Double-resonance experiments.
 Triple-resonance experiments.

 Part II:  Phospholipid bilayers are essential for biological relevance.
 Mercury transport membrane proteins.
 Vpu from HIV.



Part I:  Recent developments in solid-state NMR of aligned samples.



Lipid bilayer samples.



15N shift (ppm)

14-O-PC/6-O-PC=3.2

14-O-PC/6-O-PC=3.2
 with Yb3+

DOPC/DOPG (9:1)

Solid-state NMR spectra of Pf1 coat protein in phospholipid
bilayers.
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magnetically-aligned bilayers

mechanically-aligned bilayers
on glass plates

magnetically-aligned bilayers
‘flipped’ with lanthanide

Pf1 coat protein



Magnetic alignment of bilayers at low temperatures without loss of
resolution.

2006Vpu TM domain
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Temperature:  Pencer et al 2005
Addition of POPC: Triba et al 2006

TM helix tilt angle determined by bilayer thickness.

bilayer thickness vs. temperature



Parallel alignment without lanthanides.

Biphenyl group confers positive
magnetic anisotropy

DMPC with lanthanide

TBBPC without lanthanide

Sang Ho Park, Cecille Loudet, Francesca Marassi and Erick Dufourc

q = 3.2 bicelles

Pf1 coat protein
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Double resonance experiments.



 

SLF

HETCOR

at 900 MHz 1H shift spans 14 kHz and 15N shift spans 16 kHz

2007



SAMPI4 based 1H Shift/1H-15N Coupling/15N Shift experiment at
900 MHz on a magneticaly aligned bicelle sample.
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1H vs 15N

2008



Triple resonance experiments.



13C vs 15N detection of 15N, 13Cα labeled peptides.

1H      15N     13C (detect)

single crystal of N-acetyl-leucine

1H      13C (detect)

1H      15N (detect)

aligned sample of Leu (4 sites)
labeled Pf1 bacteriophage

8 scans

8 scans

8 scans

128 scans

128 scans

500 scans



1H-13C PISEMA of 13C and 15N labeled Pf1 coat protein in aligned
bacteriophage.



1H-13C PISEMA of Pf1 coat protein in bicelles.
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2-13C gly “flipped”

35% 13C ul unflipped

 



1H-13C PISEMA / 1H-15N PISEMA / 13C/15N HETCOR.
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2-13C glycerol/ul 15N labeled Pf1 coat protein in “flipped” bicelles.

 



Three-dimensional triple-resonance spectrum of a  13Cα, 15N
labeled model peptide crystal.

13C shift separated 1H-13C/13C-15N dipolar spectra



 

 
single crystal powder

Shiftless NMR Spectroscopy
2008



Powder pattern.

Single crystal 
rotation pattern.

The dipole-dipole interaction is anisotropic.

1948



Part II:  Phospholipid bilayers are essential for
biological relevance.



Mercury transport membrane proteins with 2, 3, and 4
trans-membrane helices.

 

MerE      MerF       MerT       MerC
2TM 2TM 3TM       4TM



 

Solution NMR of the mercury transport membrane protein MerF in
micelles.

MerFt
60 residues
(truncated)

MerF
80 residues
(full length)

H2O D2O

 

MerFt

MerF

MerFt

MerF

MerFt

MerF



-NH3

B0

B0

15N Shift (ppm)

15N uniform 15N Leu 15N Tyr

Parallel bicelles

Perpendicular bicelles

Effect of “flipping” on MerFt (60aa, 2TM) spectra.



13C decoupling of a selectively 15N Leu (13 sites) and 13C’ Tyr (3
sites) labeled membrane protein.

CW 13C irradiation

no 13C irradiation

only one 13C-15N bond in the protein

Tyr 42 - Leu 43



MerFt   (60 aa)

 

Resolution, measurement, and assignment of resonances.



back-calculated spectrum

 

Two orientationally dependent frequencies for each residue
enable calculation of three-dimensional protein structures.



Structure and dynamics of terminal domains of MerF.

   F23        F54        F76

 F23 F54

 F23

MerFt   (60 aa)
MerFm (80aa)



MerF (80 aa, 2 TM) vs. chimeric MerTf (114 aa, 3 TM).

hydropathy plots



MerTf chimera in micelles vs. q=3.2 bicelles.

solution NMR solid-state NMR



Ewart et al, Eur Biophys J 31, 26, 2002

 81 residue membrane protein.

 Enhances virus particle release from infected cells.
 Associated with the trans-membrane domain.
 Associated with ion channel activities.
 Affected by “channel-blocking” drugs.

 Facilitates the degradation of CD4/gp160 complex.
 Associated with the cytoplasmic domain.
 Affected by phosphorylation of two conserved serines.

Vpu oligomer forms ion channels HIV budding from membrane

P P

Vpu of HIV-1.



Tilt angle compensates for hydrophobic mismatch.
No change in rotation angle.

15N (uniform)     15N Val (6 sites)

14C:0

12C:0

18C:1

10C:0

18o

29o

37o

51o

T LΘ

Θ  =  cos-1 L
T



C14:0 30o tilt, straight

C18:1 13o tilt, kinked

Lipids affect the structure of wild-type Vpu TM.



Gel electrophoresis suggests that Vpu forms a tetramer.
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Structure varies with the type of biological membrane.



A18H mutation makes Vpu of HIV-1 act like M2 of influenza.



A18H mutation makes changes structure of Vpu.

Wild-type Vpu TM A18H Vpu TM

Mutation lengthens helix and  increases tilt angle.

A18H Vpu TM

41o

30o

Vpu mutation: Hout et al 2006



A18H Vpu TM domain: Micelles vs. Bicelles.

DHPC micelles
q=0

DMPC:DHPC bicelles
q=3.2

Dipolar Waves



A18H mutation makes HIV-1 infection sensitive to rimantidine.

Drug binding induces spectral changes

A18H Vpu TM A18H Vpu TM + drug



Structures of Vpu TM: willd-type vs. A18H mutant.

Wild type Vpu TM A18H Vpu TM + drug
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