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Dipolar coupling 
•  Dipolar coupling arises from the local magnetic field of one spin affecting 

another. It can be huge! ~20,000Hz. 

•  It’s dependent on the angle between the internuclear vector and the magnetic 
field as (3cos2θ)-1.  

•  However, in solution, they cancel out due to isotropic tumbling 

The through space interaction is mutual 
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Residual dipolar couplings 
•  If we restrict tumbling only slightly we reintroduce a fraction of the dipolar coupling 

•  The degree of order imposed is typically ~10-3 

•  This near complete removal of the anisotropic interactions maintains spectral 
simplicity and sensitivity 

•  RDCs report on the angle of the internuclear vector with the magnetic field 

-6Hz 

4Hz 

-12Hz 

-7Hz -5Hz 

-46Hz 

-10Hz 

20Hz 

Predicted maximum value RDCs for 0.1% alignment 
for poly-ala helix assuming a max 1DNH RDC of 20Hz 

Quart.Rev.Biophys.,2000, 33, 371 
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RDC vs θ	

•  Dipolar couplings vary depending on the vector angle to the magnetic field and 

the strength of the alignment medium 

 +ve maximum aligned with or against the field 
-ve maximum aligned at 90   to the field 
zero if aligned at the magic angle (54.7 ) ° 

° 
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Why measure RDCs? 
•  A long-range restraint to add to short-range NOEs and torsion angles. 

Can identify/correct errors in short-range restraints that are 
pr0pagated through extended structures such as DNA 

•  Can define relative orientations of two domains perhaps missed by a 
lack of NOEs at the domain interface or carbohydrate complexes where 
H-bonds often mediate contacts 

•  Simple structure validation tool 

•  Faster structures (use fewer or no NOEs) 

•  Dynamics 

•  Easy data to collect and fast to analyse once you have a sample… 
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Alignment healthcheck 
•  Quadrupolar splitting of the deuterium signal 

- HDO exchanging between the partially aligned hydration shell of the media and the bulk solvent 
   result in an incomplete averaging of the large deuterium quadrupole coupling  
- linewidths and relative peak heights provide homogeneity check on sample 
- size of splitting depends on alignment strength 

Autoshim 

2H 2H 

Isotropic 2H spectrum 

Aligned 2H spectrum 
Nice alignment 

Aligned 2H spectrum 
before shimming. 

Poor alignment can look 
like this or with a central 
peak present even after 

shimming 
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Actual RDC data 
•  An addition (+ve or –ve) to the scalar coupling 

•  Must collect isotropic and aligned data 

•  Spectra are acquired as IPAP (inphase, 
antiphase) pairs and added/subtracted. This 
yields 2 spectra each giving one of the peaks 
in the doublet. 

•  RDC  =  Jaligned  -  Jisotropic 

•  Aim for high resolution in the acquisition 
and in the processing so record plenty of 
signal to noise .5 

RDC=10.9Hz 

HSQC 

-95.4Hz 

Scalar coupled HSQC 

-84.5Hz 

Scalar + RDC’d HSQC 

.5 
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STOP! 
Before you go making aligned samples, 

do you first need to record isotropic data? 
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Aligned media requirements 
•  Homogeneous, aqueous liquid crystalline phase compatible with NMR experiments and 

at a suitable pH/temperature 

•  An interaction with molecules via steric and any electrostatic forces to provide an 
alignment of ~10-3 

•  A tunable alignment that remains stable 

•  Media are often gels or gloops. The macroscopic viscosity must not affect the 
microscopic tumbling rate of the protein being studied. 

•  Different media and media strengths can work better for different systems 

    - large or non-spherical biomolecules may require a weaker alignment  

    - charged media are often best avoided with oppositely charged proteins 

    - pH, temp and salt concentrations impact on the stability of phases 
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Systems for aligning proteins 

•  Bicelles/Swiss cheese 

•  Lamellae  

•  Filamentous phage 

•  Stretched gels 

•  Lanthanide ions 
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Eg Cetylpyridinium bromide/n-hexanol mixtures 

Eg DMPC/DHPC mixtures 

Eg Pf1 



Bicelles 

•  Certain lipid mixtures form bicelles and 
undergo a phase change to Swiss cheese as 
the temp rises 

•  Lipids have negative diamagnetic anisotropy 
and align ‘perpendicular’ to a magnetic field.  

•  Typically 3-5 % (w/v) DMPC:DHPC with a 
molar ratio (q ratio) of ~3:1. This system is 
overall neutral and aligns macromolecules 
mainly via steric interactions 

•  Best to dope with +ve TTAB or –ve DMPG/
SDS  

Taken from Mohanty et al. Nanoscale Res Lett. 2011 6. 

dimyristoylphosphatidylcholine 

dihexanoylphosphatidylcholine 

Magnetic field 

40Å 

4
0

0
Å

 

TTAB 

CTAB 

DMPG 
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Bicelle suitability 
•  Proteins that aggregate, bind lipids, have hydrophobic patches or are partially 

unfolded are not good for bicelle preps 

•  Hydrolysis of the cheaper ester lipids occurs rapidly at pH’s away from neutral. 
Keep between pH6.5 & 7 

•  Temp ranges for bicelles depend on the mix but the common 3:1 DMPC/DHPC 
mix at 5% is liquid crystalline between 33 and 45C 

•  Salt concentrations should be kept below 50mM for the typical DMPC/DHPC 
mixes but >50mM salt may help for charged systems 

•  The macromolecule can be recovered 
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Bicelle prep 
1.  Dissolve 81.9mg DMPC and 18.1mg DHPC in 960µL buffer to make a 10% w/v solution 

and hydrate at ~20C 

NB. Hydration takes time. Lipid mixes with ‘q’=2.8-3 hydrate in 2-3hr. Mixes with 
‘q’=3.2-3.5 can take 24hr or more. 

2.  Accelerated hydration can be achieved by heating to 40C for 10mins and cooling to 4C 
then briefly vortexing. 

3.  The solution should be clear and fluid at low temps. At 25C it should become milky and 
then turn clear and viscous at 38C. Samples can be stored at -80C. 

4.  Make a 0.1M stock of CTAB, TTAB, SDS or DMPG and add 40µL (q ratio 3:1:0.1) 

5.  Check alignment in magnet 

6.  Dilute the bicelles to the desired concentration (3-5%) with protein solution. Warm to 
38C to check the solution turns clear. Check you get a deuterium splitting of 6-10Hz at 
38C. 

Note: make bicelle solution transfers in the cold when viscosity is low and keep cold. 

This prep is for charged DMPC/DHPC. 

Store lipids frozen but weigh out at RT as they are hygroscopic.  

Solutions must be kept around pH6.5-7 to avoid hydrolysis and use glass 
not plasticware. 

A common prep buffer is 10mM NaH2PO4, 50mM NaCl, pH6.6, 
0.05% NaN3, 95% HPLC-grade H2O, 5% D2O. 

Filter sterilise your protein solution 
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Bicelles: hints & tips 
•  Purchase lipids as powders from www.avantilipids.com. Off-the-shelf pre-made mixtures 

are available 

 200mg DHPC is $86. 200mg DMPC is $39. 200mg pre-mixed lipids 3:1 cost $325.  

•  Avoid hydrolysis issues by using dialkyl PC ether analogues. Ditetradecyl- and dihexa-PC 
provide stability from pH 1-12.5 and the same degree of alignment but are expensive. 
(Ethers are 5-10x more expensive than esters. Use 81.6mg DTDPC and 18.6mg DHOPC). 

•  Use HPLC grade water as the phase is very delicate. Samples can be frozen at -80C to 
reduce hydrolysis and reform the phase when reheated to 38C. 

•  Check your bicelles are clear when warmed to ensure good mixing of the lipids 

•  Test your bicelles in the magnet before adding to protein. 3.5% w/v gives a 2H splitting of 
~6Hz. If you get poor/no splitting try cooling the sample in the magnet to 4C and then 
warming again 

•  Filter your protein solutions before adding to lipid. A final low speed centrifuge can 
remove small particles which often nucleate bicelle disasters 

•  Keep samples on ice and add them to a ready-heated probe. Hanging around at the 
transition temp (~25C) can cause phase separation 
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Lamellae 

M
ag

n
et

ic
 f

ie
ld

 d
ir

ec
ti

o
n
 

Eg Cetylpyridinium bromide/n-hexanol mixtures 

•  Surfactant/n-alkyl alcohol mixtures can form 
lamellae 

•  Common examples are CPBr/hexanol and 
alkyl-PEG/alcohol mixtures  

•  Typically 4-6.5 % (w/v) CPBr:hexanol at 1:1.33 
ratio with 25mM NaBr. This system is 
positively charged. 

•  Or 3-5% C12E5:hexanol at 0.96:1 

C12E5 (an alkyl PEG) 

CPBr 
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Lamellae suitability 

•  CPBr/hexanol is stable from pH2-8 and from 15-60C. 

•  It’s positively charged so very negatively charged proteins may be sticky 

 *********************************************************************** 

•  Alkyl-PEG/alcohol mixes are stable from pH2-11 and from 5-39C depending 
on the mix type and salt concentration 

•  Being neutral these mixes generally have a low affinity for macromolecules 
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Alkyl-PEG/alcohol prep 
•  A common mix is 3-5% C12E5/hexanol (molar ratio 0.96) which is stable between 26-39C 

•  Mix 50µL C12E5 in 250µL 90%H2O:10%D2O (16% v/v stock) 

•  Adjust the pH from ~3.5 using NaOH 

•  Add ~16µL hexanol in 2µL aliquots vortexing between additions. Initially the system is 
biphasic but turns milky and then clear, opalescent and viscous when the right ratio is 
reached. If it turns milky again you’ve gone too far. 

•  Centrifuge at 5000g for 2mins to remove air bubbles 

•  Mix 165µL PEG/alcohol with 465µL protein sample for a final 4.2% solution. 

Samples can also be prepared by adding PEG/alcohol direct to protein sample 
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Lamellae hints and tips 
•  Ingredients are cheap. C12E5 is £50/g and CPBr is £30/100g (Sigma) 

•  If you have trouble getting the phase right then set up a series of identical PEG stock aliquots 
and add increasing known amounts of alcohol. Test the samples for alignment and then prepare 
a stock of the one that works.  

•  PEG/alcohol mixes are very viscous and need careful handling to avoid bubbles. Make plenty to 
allow for losses 

•  Phase equilibration of CPBr/alcohol mixes can, depending on the buffer, take up to a day sat in 
the magnet. Cheat by sitting the sample under the magnet prior to use. 

C 
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Phage 
•  Filamentous phage Pf1 is probably the most popular 

medium as you just buy it in custom buffers from 
www.asla-biotech.com 

•  ~20,000Å by 60Å diameter & Mwt=38MDa! 

•   α-helix coat proteins are the source of the 
anisotropic magnetic susceptibility 

•  Very negatively charged 

•  Alignment strength is easily adjusted by changing the 
concentration 

From Asla-Biotech.com 
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Phage suitability 
•  Robust medium which works from 5-45C and 50-300mM salt.  

•  The pH range is 6.5-8. Below pH6 and the phage start to aggregate 

•  Active proteases may eat phage! 

•  Phage are negatively charged so are good for negatively charged proteins and 
DNA/RNA 

•  You can change the alignment tensor. Raising the ionic strength weakens 
electrostatic interaction but the steric effect remains. 

•  Samples can be recovered by ultracentrifugation 
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Phage sample prep 
•  Check your deuterium splitting. The Asla 50mg/ml stock should give ~60Hz at 25C 

although it depends on pH. Check the phage A270 assuming an ε of 2.25cm-1mg-1ml 

•  Decide on the phage concentration you want (normally 5-20mg/ml) and prepare your 
protein sample to a concentration to allow for the dilution with phage. 

•  Add the phage to your protein solution. Mix by gently pipetting back and forth. Use a 
sawn off pipette gun as it’s gloopy. 

•  Centrifuge at 10,000g for 2min to remove air bubbles trapped in the gloop. 

•  Use a pipette fitted with 4mm glass tubing to get your sample to the bottom of the NMR 
tube. Draw the tubing up as you SLOWLY dispense the solution to avoid bubbles. 
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Phage: hints and tips 
•  €379 for 50mg (3-5 samples) from Asla Biotech 

•  Easy sample prep but sample handling is messy. Make plenty. 

•  Avoid proteases and shearing stresses with narrow tip pipettes. 

•  Having some salt around (>50mM) helps eliminate protein phage interactions 

•  Poor spectra can be due to protein/media interaction. Try raising the ionic 
strength 

•  Don’t freeze phage. Keep at 4C. Good for >6months at 4C. 
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Polyacrylamide Gel Samples 

•  Strained gels 

•  Anisotropic compression 
or stretching of gels 

•  Alignment through steric forces 
being neutral but gels can be 
made charged 

Compress 
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Gel Suitability 
•  Inert, stable and detergent resistant, gels are generally the most 

applicable medium for aligning macromolecules 

•  Work from 5-45C and from pH2-8.5 

•  Ionic strengths of 0-300mM are fine 

•  Use protein at >500µM. The gel itself can produce peaks between 
114-116ppm and 7-7.8ppm 

•  Easy sample recovery by dialysis of minced gel 
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How To Guide – gel samples 
WARNING! 

•  You need a gel insertion kit (~£280 from New Era www.newera-spectro.com) 

•  Allow 5 days for complete sample prep 

Gel 

NMR tube 

Piston + 
O-ring 

Gel chamber 

funnel 

piston driver 

air chamber 
diameter    = 5, 5.4 or 6mm depending on compression desired 

4.2mm 
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But I want a bargain 
•  Surely you can just drop a dry gel in an NMR tube with protein and wait… for free? 

2 days 

5Hz 1.6Hz 

More compression and homogeneity 

inserted gel                                                                           swelled in tube 
All this solution should have 
been absorbed but the tube 

prevents gel expansion 
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How to guide – gel samples 
•  Buy the kit with the 6mm gel chamber 

and use it for all gel sizes 

•  Pour your gels in glass or clear PVC lab tubing 
(5mm-6mm internal diameter). 
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How To Guide – gel samples 
•  Get some glass or clear PVC lab tubing 

(5mm-6mm internal diameter) 

•  Pour 5-7% polyacrylamide gels 

–  dilute the standard 30% acrylamide/bis 
solution to the % you want 

–  add 0.05% w/v APS 
–  add 0.1% v/v TEMED 
–  mix and pour 
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How To Guide – gel samples 
•  Get some clear PVC lab tubing 

(5mm-6mm internal diameter) 

•  Pour 5-7% SDS PAGE gels 

•  Eject gels and dialyse overnight. 
Change the water regularly 
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How To Guide – gel samples 
•  Get some clear PVC lab tubing 

(5mm-6mm internal diameter) 

•  Pour 5-7% SDS PAGE gels 

•  Eject gels and dialyse overnight 

•  Chop to 600uL volumes on parafilm/PTFE 
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How To Guide – gel samples 
•  Get some clear PVC lab tubing 

(5mm-6mm internal diameter) 

•  Pour 5-7% SDS PAGE gels 

•  Eject gels and dialyse overnight 

•  Chop to 600uL volumes on parafilm 
Dry at up to 40C (dust-free area) 
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How To Guide – gel samples 
•  Get some clear PVC lab tubing 

(5mm-6mm internal diameter) 

•  Pour 5-7% SDS PAGE gels 

•  Eject gels and dialyse overnight 

•  Chop to 600uL volumes on parafilm 
Dry at up to 40C (dust-free area) 

•  After collecting your isotropic data add 
600uL protein solution and leave for 24hrs 

•  Insert into an NMR tube where the  
end has been filed off. (wet the kit with buffer 
and tip it upsidedown to help gel drop in. Practise on water only gels) 

•  Attach a pierced top fitted with strong cotton and lower your sample (with spinner(!)) 
SLOWLY into the magnet with ‘eject’ off. Check for lock signal. No lock can mean the 
sample tube rim is sat on the edge of the probe. Lift sample slightly and lower again. 
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Gels: hints & tips 
•  FREE (almost) once you’ve bought the kit 

•  Can be made -vely charged using acrylamide/acrylate mixtures, purple membranes and phage 

•  Problematic to diffuse larger molecules into gel – can use lower % gels 

•  Gels can reduce the rotational diffusion rate. A lower % gel and more compression can help 

•  Low % gels can be fragile 

•  Use protein solutions of at least 0.5mM to help overcome gel peaks 

•  Can be difficult to align homogeneously. Insert slowly. Give time for the gel to equilibrate its 
compression 

•  Axially compressed gels can be prepared in a shigemi tube. Make a 2.5cm long gel at 7.5% and 
3.6mm diameter. Compress the gel with the shigemi plunger by 15-25% of its original length. 
DON’T push too hard or the tube may break. Monitor the expansion of the gel carefully to 
ensure it doesn’t over expand. Compress when ~0.5mm from the tube glass and do not twist the 
plunger as you do so. Secure the plunger with scotch tape taped over the top. 
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Lanthanides 
•  Certain lanthanides (Thulium, Terbium, Ytterbium) bound directly or via tags 

have a large anisotropic magnetic susceptability that results in a preferred 
alignment in a magnetic field 

•  Useful for membrane proteins whose lipid requirements intefer with many 
media or large proteins whose broad lines are made worse by alignment media 

N-[S-(2-Pyridylthio)cysteaminyl]EDTA 
reacts with free thiols 

$125 /10mg Toronto Research Chemicals 

Kamen et al. JACS 2007, 129, 1846-1847 
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Lanthanide preps 
•  Engineer a cys into your protein if necessary. Treat with DTT and dialyse DTT out. 

•  Typically add a 10-fold excess of S-(2-pyridylthio)-cysteaminyl)EDTA at RT. 

•  Monitor the production of pyridylthione (ε343 = 8080cm-1M-1). Takes ~2hr 

•  Buffer exchange. Add metals to 10% excess and mop up with Chelex-100 beads. 

•  You may need to carry out rounds of high salt dilution/reconcentration to remove non-
specific metal ion binding 

•  Membrane proteins should be reacted with S-(2-pyridylthio)-cysteaminyl)EDTA pre-
loaded with Ln3+ to avoid detergent/ion precipitation (likewise for proteins that bind 
metal ions) 

Pintacuda et al. J Biomol NMR, 2004, 29, 351-361 

Kamen et al. JACS, 2007, 129, 1846-1847 
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Lanthanide options 
•  As well as attaching via a cysteine, lanthanides can be introduced by engineering an ion 

binding tag to your protein at the N- or C-terminus. The tag needs to have some rigidity 
relative to the protein in order to infer alignment 

 Examples:  DNDGDGKIGADE   (EF hand motif of calmodulin) 

CYVDTNNDGAYEGDEL 

•  Two close Arg/Lys residues with no negative charge 
in the vicinity can be used to tag a Ln3+ using dipicolinic acid 

Taken from 
J Biomol NMR (2011) 50:411–420 

DPA 
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Thanks to 
 Jörn Werner & Phil Williamson 
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More info 

RDCs in structure determination of biomolecules. 

NMR structures of biomolecules using field oriented 
media & RDCs 

Weak alignment offers new NMR opportunities to study 
protein structure and dynamics 

Expanding the utility of NMR restraints with 
paramagnetic compounds 

Protein NMR Techniques (Chapter 6). Second edition 

Media for orienting biological macromolecules 

Avanti Polar Lipids 

Asla Biotech 

New Era NMR brochure 

Sigma 

Prestegard at al. Chem. Rev. 2004, 104, 3519. 

Prestegard et al. Quart. Rev. Biophys., 2000, 33, 371. 

Bax, Protein Science, 2003, 12, 1-16 

Koehler & Meiler, Prog NMR Spec, 2011, doi 
 10.1016/j.pnmrs.2011.05.001 

Downing et al. Humana Press 

Franciska van Lune & Ruud Scheek 

http://www.avantilipids.com/ 

http://www.asla-biotech.com/ 

http://www.newera-spectro.com/NewEraNMRcatalog.pdf 

http://www.sigmaaldrich.com/ 
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Tips 
 Use very high purity materials for stable phases 

 Highly charged proteins with extreme pIs can benefit from neutral systems 
(PEG/alcohol or strained gels) 

 Valuable proteins can be more easily removed from phage (ultracentrifugation) 
or strained gels (dialysis) 

 Test alignment media longevity first on unlabelled protein following 2H 
splitting over time. 

 Check your 2H splitting after data collection to confirm media integrity 
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The following tables are taken from work by Franciska van Lune 
and Ruud Scheek and provide an excellent reference 
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Taken from Koehler & Meiler: Expanding the utility of NMR restraints with paramagnetic compounds 
Prog NMR Spec, 2011, doi 10.1016/j.pnmrs.2011.05.001 
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