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Membrane Proteins

About 30% of the human genes encode for membrane proteins.

Membrane proteins play important roles as receptors and channels, in signal 
transduction and cell communication and many others.

About 60% of all targets for newly developed drugs are membrane proteins. 



Structure Determination of Membrane Proteins
By 2007 only ~100 structures of a few membrane proteins were known in strong
contrast to ~35000 structures of soluble proteins

Standard methods for structure determination fail for membrane proteins

X-Ray
Diffraktion

NMR-
Spektroskopy

Membrane proteins 
do not easily form 
highly ordered  
crystals

Membrane proteins
do not move 
isotropically in 
solution



Why Solid-State NMR?



Structure Determination



NMR-Methoden zur Untersuchung von Membranproteinen

☺



Magic Angle Spinning Techniques

Alanin

Verbesserung der spektralen Auflösung



Isotopic Labeling
NMR active isotopes of spin ½ that can be detected by solid state NMR 
methods are rare (13C, 15N), which calls for specific enrichment

1. Chemical synthesis if peptides at the solid phase

☺ Almost any given labeling scheme can be done, provided specifically 
labeled amino acids are available

☺ No scrambling of the label
Expensive!!!
Peptides should be smaller than ~50 residues



Isotopic Labeling

2. Biosynthesis with uniformly 13C Glucose/15N Ammoniumcloride

☺ Relatively cheap
☺ Works in principle for all recombinant proteins

Many membrane proteins do not express 
well, are toxic for bacteria, or aggregate
Poor resolution in solid-state NMR spectra
13C spin diffusion
Dipolar truncation



Isotopic Labeling

3. Biosynthesis with specifically labeled 13C Glucose or 13C Glycerol

☺ Moderate cost
☺ Works in principle for all recombinant proteins
☺ Better resolution in solid-state NMR spectra
☺ No 13C spin diffusion
☺ No dipolar truncation

Many membrane proteins do not express 
well, are toxic for bacteria, or aggregate

2-13C glycerol
1,3 13C glycerol



Specific and Extensive 13C/15N Labeling

PET-15b vector
MGSSHHHHHH SSGLVPRGSH MLEDP
451   INFTTEFL KSVSEKYGAK  AEQLAREMAG
481 QAKGKKIRNV EEALKTYEKY RADINKKINA
511 KDRAAIAAAL ESVKLSDISS NLNRFSRGLG
541 YAGKFTSLAD  WITEFGKAVR TENWRPLFVK
571 TETIIAGNAA TALVALVFSI  LTGSALGIIG
601 YGLLMAVTGA  LIDESLVEKA NKFWGI

Ten-amino acid selective & extensive labeling (TEASE)

Labeled amino acids: 
Ala: 25 α Phe: 8 α,1, 5

Leu: 19 β, γ, CO His: 7 4

Gly: 17 α Tyr: 5 α, 1, 5

Ser: 16 α Trp: 3 α, 5, 7, 9

Val: 10 α, β

Total: 110 out of 198 for Colicin Ia



13C Labeling on ubiquitin

unlabeled, 35 mg, 4096 scans

U-13C glucose labelled, 
10 mg, 64 scans

1-13C glucose labelled, 
15 mg, 128 scans

2-13C glycerol labelled, 
20 mg, 128 scans

(Mei Hong)



Magic Angle Spinning Techniques

1st Isotropic Chemical Shifts



Structural Information from Isotropic Chemical Shifts 
13C Cα chemical Shifts show a strong correlation with the backbone 
conformation of a protein

α-helix:          Cα Cβ

β-sheet:      Cα Cβ

Spera & Bax, 1991

random coil α-helix β-sheet

random coil

α-helix

β-sheet



TALOS – Torsion Angle Prediction

Torsion Angle Likelihood Obtained from Shift and sequence similarity



Conclusions/Remarks
☺ Isotropic chemical shifts are useful tools to determine secondary 

structure elements and even full structural models of membrane 
proteins

☺ Secondary chemical shifts are solely determined by the proteins 
secondary structure, there are no differences between chemical shifts 
in solution and in the solid state (Luca et al., 2001)

☺With the lack of internal standards in solid-state NMR, chemical shift 
differences between Cα and Cβ are independent of referencing!

☺ Experiments can be carried out at any temperature

For the determination of highly resolved NMR structures, additional 
constraints are necessary! Isotropic chemical shifts are not unique



Magic Angle Spinning Techniques

2nd Dipolar Coupling Measurements 
by Proton Driven Spin Diffusion



Proton Driven Spin Diffusion

Crosspeaks are due to diploar coupling D ~ r-3

Strong cross peak: 2.5 – 4.5 Å
Medium cross peak: 2.5 – 5.5 Å
Weak cross peak: 2.5 – 6.5 Å
Very weak cross peak: 2.5 – 7.5 Å



PDSP

(Hartmut Oschkinat)



PDSP

☺ High precision, redundandcy 

☺ Simple experiment, low rf heating

☺ good sensitivity

☺ Peptide structure is provided

number of 13C labelled residues is 

resolution dependend

(Hartmut Oschkinat)



Magic Angle Spinning Techniques

3th Nuclear Overhauser Enhancement

• Protein-Lipid-Interaction
• Protein Structure



C-Terminus of the Human N-ras Protein

13C-13C dipolar coupling measurement is not feasible for sensitivity reasons

Additional structural constraints may come from protein-membrane interactions

☺ Intermolecular cross-relaxation rates provide this information 
1H MAS NOESY only works for small peptides



1H NOESY MAS



Magic Angle Spinning Techniques

Recoupling



Festkörper- NMR zur Untersuchung von Membranproteinen



Separation isotroper und anisotroper NMR-Signale

In t1 wird die anisotrope Wechselwirkung evolviert und seitenspezifisch
in t2 das MAS-Spektrum detektiert.

Separation von: Pulverspektren
MAS-Seitenbandspektren
MAS-Zeitsignalen



Rückkopplung anisotroper Wechselwirkungen
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Magic Angle Spinning Techniques

4th Torsion Angle Measurement



Torsion Angle Measurement



Torsion Angle Measurement



Torsion Angle Measurement

CP: Cx



Torsion Angle Measurement

REDOR: CyNz



Torsion Angle Measurement

90° 15Ny: CyNx



Torsion Angle Measurement

t1 ev.: CyNxcos(ΨCH(t1))cos (ΨNH(t1)) =
CyNxcos((ΨCH(t1)+ΨNH(t1))/2)cos ((ΨCH(t1)-ΨNH(t1))/2)



Torsion Angle Measurement

90° 15N-y : CyNzcos(ΨCH(t1))cos (ΨNH(t1)) =
CyNzcos((ΨCH(t1)+ΨNH(t1))/2)cos ((ΨCH(t1)-ΨNH(t1))/2)



Torsion Angle Measurement

REDOR: Cxcos(ΨCH(t1))cos (ΨNH(t1)) =
Cxcos((ΨCH(t1)+ΨNH(t1))/2)cos ((ΨCH(t1)-ΨNH(t1))/2)



Torsion Angle Measurement

☺ High precision (± 5°) 

Complicated experiment, high rf heating

Low sensitivity

unique labelling pattern, 1D resolution



Methods

5th Explicit Distance Measurements



Magic Angle Spinning Techniques

REDOR and rotational resonance

☺ High precision (0.1 Å)

☺ Unique distance constraint

Low sensitivity, high rf heating

Needs isolated spin pair

Experiments at low temperature



Static Solid Techniques



Static Solid Techniques

6th Oriented Membrane Stacks



Oriented Membrane Stacks



Oriented Membrane Stacks



Oriented Membrane Stacks



Oriented Membrane Stacks

PISEMA: Correlation of 15N anisotropic chemical
shift and 15N-1H dipolar coupling



Oriented Membrane Stacks

☺ High precision 

☺ Peptide topology

Complicated experiment, 

high rf heating

Low sensitivity

Very complicated sample 

preparation (large membrane 

proteins are very difficult to 

orient)

No peptide structure

Flat coil probe



Outlook

The limitations of solid-state NMR for structure determination are defined by
sensitivity and resolution.

Sample preparation:

5.5 mg protein

29 mg lipid

35 wt% H2O

4 amino acids 13C-labeled (~30 µg each)

≅ 0.25% of the rotor volume

Linie width ~ 0.4 ppm

13C chem. shift

Barré et al., Eur. Biophys. J. 32 (2003) 578-584


