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La sensibilité

• Definitions
• Rapport Signal / Bruit

• signal 

• Bruit S/N ∝ ω
5
2 ∝ B

5
2
o

S ∝ ω × ω

N ∝
√

ω

polarisation
détection
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Paramètres importants

• Sonde
• volume

• diamètre / longueur de l’antenne

• η : facteur de remplissage

• Q : facteur de qualité

• T : température de l’antenne / du préamplificateur

• Échantillon
• concentration / masse / mole

• force ionique

• lock
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Théorie - sensibilité de la mesure
• loi de Hoult

• Q  : facteur de qualité

• η  : facteur de remplissage

S/N ∝ QηMo

η =
Vechant

Vsonde

νo

∆ν

Q =
νo

∆ν
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Théorie - sensibilité de la mesure
• loi de Lauterbur

• taille de l’antenne

• n : nombre de tour

• d - h : diamètre, hauteur de l’antenne

• épaisseur du fil

TL Peck and RL Magin and PC Lauterbur, Design and analysis of microcoils 
for NMR microscopy. J Magn Reson B (1995) 108 (2) pp. 114-24

S/N ∝ ω2
o√

ndcoil

S/N ∝ ω7/2
o

dcoil

• voir présentation de Marie Poirier-Quinot
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TL Peck and RL Magin and PC Lauterbur, Design and analysis of microcoils 
for NMR microscopy. J Magn Reson B (1995) 108 (2) pp. 114-24
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Théorie - sensibilité de la mesure
• loi de de Swiet

• Ts : température échantillon

• Tc : température de l’antenne

• Ta : température du préampli

• Px : puissance absorbée

S/N ∝
MoB1�

Ps(Ta + Ts) + Pc(Ta + Tc)
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État du problème
• Échantillons limités

• limités en concentration

• solubilité

• études d’interaction

• limités en masse

• substances naturelles

• impuretés 

• mesure de traces
• problèmes de pollution par les solvants

• Limites de détection
• L.O.D.     limit of detection

• en pratique S/N = 3 

• L.O.Q.     limit of quantification

• en pratique S/N = 10

⇒ augmentation du volume

⇒ diminution du volume
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Différentes solutions
• tubes spéciaux

• tubes restreints

• Shigemi

• tubes capillaires

• capillaires simples

• capillaires concentriques

• sondes spéciales
• sondes cryogéniques

• refroidissement de 
l’antenne

• refroidissement du 
préamplificateur

• sondes à diamètre restreint

• microcoil

• sondes en flux

• diminution de la taille de 
l’antenne

• solénoïde / selle de 
cheval

• micro sondes

• micro slot
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Comparaison de Principe

type facteur de 
qualité

facteur de 
remplissage bruit taille antenne

tubes restreints

tubes capillaires

sondes capillaires

variable élevé élevé grande

élevé faible faible grande

élevé élevé faible petite
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Tubes restreints

• tube de 5mm
• volume : 500-600µl

• tube adaptés en susceptibilité
• volume limité à la zone B1

• volume 150-300µl

• un jeu par type de solvant

• D2O   MeOH   CDCL3   DMSO

• tube cher !

20 out of 28!
 

CortecNet – The global NMR & Stable Isotopes supplier 

Speciality NMR sample tubes!
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5 mm PYREX SOLID BOTTOM SAMPLE TUBES 
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Code Usage 

(Y[\) 

Description Price each 

(]H[54H8^HGH"! %#!4++,!^$-_&$! "#IJ2&%&,!%-O&!GII!:;.!J2-S! Z?MBC!`!

(]H[54H8^H*ZH"! %#!4++,!a:$0:;! "#IJ2&%&,!%-O&!*ZII!:;.!J2-S! Z?MBC!`!

(]H[54H8^HG! %#!4++,!^$-_&$! <-O&!#;2Q,!GII!O#%%#I! ?ZM3C!`!

(]H[54H8^H*Z! %#!4++,!a:$0:;! <-O&!#;2Q,!*ZII!O#%%#I! ?ZM3C!`!

(]H[54H8^H5! ! 52-S!#;2Q,!N0%P!K-JJ#$%!':J! DZM3+!`!
 

!

!

TEFLON LINERS 
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For a precision alternative see our Non-Glass Sample Cells. 

 

 

 

Code Sample Tube Description Price each 

(]H?4+H4! 4!II!F!3b! /#-;.!O#%%#I,!Gb!2#;S!

N0%P!K#20.!<&R2#;!J2-S!W!

1#2M!:%!4+!II!0K!c+M?4!IU!
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!

!

!

NON-GLASS SAMPLE CELLS   
 

<P0K!(#;!S2:KK!K:IJ2&!'&22!KQK%&I!0K!:!precision!:2%&$;:%01&!%#!%P&!<&R2#;!U0;&$!@P&$&!:O#1&AM!7%!'#;'&$;K!%P&!
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#R!%P&!K:I&!I:%&$0:2,!K'$&NK!0;%#!%P&!%#J!#R!%P&!'&22!J$#10.0;S!:!J#K0%01&!'2#K-$&!:;.!%P&!I&:;K!R#$!$&I#10;S!

%P&!'&22!N0%P!:!%P$&:.&.!$#.M!

The Cells are made in PTFE, or Kel-F or P/P and only the Cell is in the receiver coil area.  
!

<&K%K!N0%P!"P2#$#R#$IHd!d!<Y8!K:IJ2&K!P:1&!KP#N;!20;&!N0.%PK!'#IJ:$:O2&!%#!-K0;S!%P&!K:IJ2&!%-O&!:2#;&M!!
^-%!K#I&!:..0%0#;:2!KP0II0;S!I:Q!O&!;&'&KK:$QM!!

We can offer no guarantee on performance and safety, especially with "hazardous" samples. 

 

SPECIFICATIONS 
8:IJ2&!"&22,!4!II!1&$K0#;! ?M?!II!7MeM!F!BM*!II!fMeM!F!C+!II!2#;S,!G+!II!I:FM!K:IJ2&!P&0SP%!

8:IJ2&!"&22,!*+!II!1&$K0#;! 3M4!II!7MeM!F!GMC!II!fMeM!F!C+!II!2#;S,!G+!II!I:FM!K:IJ2&!P&0SP%!

":J,!4!II!1&$K0#;! D+!II!2#;S!N0%P!BHB+!0;%&$;:2!%P$&:.!

":J,!*+!II!1&$K0#;! D+!II!2#;S!N0%P!*EBHD+!0;%&$;:2!%P$&:.!

!
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Sondes spéciales

• sonde Bruker 1 mm
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Antennes solénoïdes

• Bruker
• sondes couplage HP-LC

• Protasis
• sondes capillaires

• volumes de 5µl et 10µl
Size Comparison:

5 mm Probe vs. CapNMRTM Microcoil

270 !L

Conventional

NMR tube

CapNMR

Microtube

5 !L Flow Cell

or

10 !L Flow Cell

Open Access HT-NMR Platform, with
MicroFlow NMR™ and Discovery Tower™
Support multiple users and run thousands of spectra per month with
High Throughput MicroFlow NMR.

Featuring:  

! Rapid Sample Login

! Smart Solvent Management

! Support for LEAP Liquid Handler 

! High Throughput Sample Loading

! Concentration option with DFGF

! e-Reporting over Network

! Secure Data Server

CTC (LEAP) PAL Liquid Handler + Discovery Open Access
Outfit your laboratory with a fast, integrated Open Access HT-NMR platform designed expressly for capillary NMR.

Give your researchers rapid access to structure and watch productivity climb!
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Solutions salines

S/N ∝ MoB1�
Rs(Ta + Ts) + Rc(Ta + Tc)

Rs ∝ ω2σr4
s

Performance of cryogenic probes as a 
function of ionic strength and sample tube 
geometry Voehler, Collier,Young, Stone,  
Germann J Magn Reson 183 (2006) 102–
109

S/N ∝ 1√
conc

This approach is now standard in MRI where changing
the sample shape is not an option.

Finally, it may be of interest to consider the optimal
electric field derived in this paper in light of Helmholtz!s
theorem. Helmholtz!s theorem states that any vector
field can be written as the sum of the curl of another vec-
tor field and the gradient of a separate scalar field
F = $ · G + $H. The term $H is sometimes called the
conservative part of the field F and has zero curl, and
the term $ · G is sometimes called the non-conservative
part of the field F and has zero divergence. Because the
electric field in this paper has a non-zero curl, and a zero
divergence, it is clear that it can be written purely as the
curl of some other vector field, and can be considered

pure non-conservative. Unfortunately this choice is
somewhat arbitrary.

While the Helmholtz decomposition can be shown to
be unique for fields defined everywhere in space, the
decomposition is not unique when the field is only de-
fined for sub-regions of space such as the NMR sample
space considered in this paper. The reason for this non-
uniqueness is that for sub-regions of space there exist
non-trivial fields with both zero divergence and zero curl
which can be included in either term of the Helmholtz
decomposition. An alternative Helmholtz decomposi-
tion of the electric field to pure non-conservative is of
course given by Eq. (6), which makes the field look like
both conservative and non-conservative terms are
present.

To truly know how whether the electric field in the
sample space contains a conservative part, knowledge
of the geometry of the coil and circuit that make the field
is required. Then the electric field is known everywhere
in space, not just in the sample region.
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Fig. 1. Plots in the y–z plane of the optimal electric field and dissipated
power in the case of a sample tube of length L = 18 in the z direction,
and width a = 4.2 in the y direction. The tube has rectangular cross
section so the fields are calculated from Eqs. (6) and (13). The left plot
shows the electric field which is tangential to the edge of the sample
volume. Away from the ends of the tube the field strength, denoted by
the size of the arrow, is approximately proportional to the y
coordinate. The right plot is a contour plot of dissipated power or
E2. The contour lines are at equally spaced levels of E2 and clearly
show the ‘‘hot’’ regions of high power dissipation at large positive and
negative y coordinate.

334 Communication / Journal of Magnetic Resonance 174 (2005) 331–334

de Swiet. Optimal electric fields for different 
sample shapes in high resolution NMR 
spectroscopy. J Magn Reson (2005) 174 (2)  331-4

S/N ∝ 1
r2
s

séparation de B et de E

−→
rot
−→
E = −∂

−→
B

∂t

Rs : résistance de l’échantillon :
• conductivité
• rayon du tube
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Solutions salines

were shown previously to enable high salt experiments on
biomolecules utilizing regular probes [32]. With a 3 mm
tube, we were able to obtain tuning/matching characteris-
tics for 0.5–4.5 M NaCl sample that are identical to sam-
ples that did not contain any salt. Even higher salt
concentrations, approaching the solubility limit, could
readily be tuned/matched for 2 mm tubes.

2.2.2. 90 degree pulse
The dependence of the p/2 pulse on very salty sucrose

samples with sample diameters of 2 and 3 mm versus a
regular 5 mm tube is shown in Fig. 1A. For samples in
5 mm tubes the p/2 pulse rose very rapidly, more than
doubling before reaching salt concentrations of 1 M;
beyond which the probe could not be tuned. This severe-
ly degrades the performance of most experiments, espe-
cially those containing spin lock and decoupling
elements. As anticipated, the increase of the pulse length
is much less dramatic for smaller tube diameters. In the
case of the 3 mm tube the pulse length increases from
8.5 ls at 0 M NaCl to 12.5 ls at 4 M NaCl, representing
an increase of only 51%. An even more modest increase
of only 18% is observed for the 2 mm sample tube under
the same conditions. Interestingly, an initial rapid
increase in pulse length is seen for 0–0.5 M NaCl while
much smaller increases are observed from 1–2 to 2–
4 M, respectively. Therefore the high salt behavior can-
not be linearly extrapolated from data at 0–1 M NaCl.
These results clearly demonstrate that it is not the salt
concentration alone that determines the pulse length
and signal-to-noise degradation. If the same data is plot-
ted (Fig. 1B) to reflect the amount of salt present in the
active volume, the curves are closer together. However,
the larger diameter tubes still exhibit a markedly poorer
performance demonstrating that the location of the salt
with respect to the receiver coil is dominating. This arises
from the dependence of Rs on the tube diameter in Eq.
(2) and provides a rationale for the experimental obser-
vation that in very low ionic strength solutions the tube
diameter has only a small effect on the signal-to-noise
ratio while under very high salt conditions the size of
the NMR tube is absolutely crucial.

2.2.3. High salt effects observed on sucrose
The 1D 1H spectra of 10 mM sucrose samples in either

0 or 4 M NaCl, respectively, are shown in Fig. 2. They are
quite similar except for a distinct difference observed in
the region between 3.6 and 3.7 ppm. This change is pre-
sumably due to the increased electrostatic screening in
4 M NaCl solutions that result in a structural change of
the disaccharide. Ultimately however, we are interested
in biomolecular applications of high salt NMR. A key
measurement is the 1H–13C heteronuclear single quantum
correlation experiment (HSQC) [33–37], which employs a
large number of p/2 and p pulses on the 1H and 13C chan-
nels, particularly for the sensitivity enhanced echo/anti-
echo version [38]. In addition, heteronuclear decoupling

is used during acquisition. These features are expected
to have a negative impact on high salt solution spectra.
The HSQC spectra of sucrose under different salt condi-
tions are shown in Fig. 3. It is evident that HSQC data
high salt solutions can be acquired. Interestingly, at 4 M
NaCl, the fructose methylene group at 3.58 ppm (F1)
exhibits an obvious AB spin pattern at 500 MHz
(Fig. 3), while F6 is an AX spin system in high salt solu-
tions. High sensitivity and high salt solution data are not
mutually exclusive. Moreover, new effects may be mani-
fested by these solution conditions.
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Fig. 1. (A) p/2 pulse length of a 10 mM sucrose test samples containing
NaCl concentrations varying between 0 and 4 M. Data was recorded at
295 K using a Bruker Avance 500 for 2 [ ], 3 [ ] and 5 mm [ ] NMR
tubes. The solid lines correspond to the empirically determined function:
P90 = P90(no salt) + 0.434d2.5(1 ! e![NaCl]), where d is the inner diameter
(ID) in mm and [NaCl] is the molar salt concentration. (ID’s were 1.6, 2.4
and 4.2 mm for 2, 3 and 5 mm NMR tubes.) The 5 mm data were not
extrapolated past 1 M because the probe head could not be properly
tuned/matched. (B) Pulse length dependence on amount of NaCl in the
active volume. The amount of salt is represented as sample tube area · salt
concentration.

104 M.W. Voehler et al. / Journal of Magnetic Resonance 183 (2006) 102–109

S/N ∝ 1
P90

PULCON
Wider and Dreier. Measuring protein 
concentrations by NMR spectroscopy.
J Am Chem Soc (2006) 128 (8) pp. 2571-6

Performance of cryogenic probes as a 
function of ionic strength and sample tube 
geometry Voehler, Collier,Young, Stone,  
Germann J Magn Reson 183 (2006) 102–
109

Sur 500 Bruker
sonde cryo-TXI
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Solutions salines

Effet de la conductivité - quantité de matière constante
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Solutions salines

Effet de la conductivité - concentration constante
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Solutions salines

Effet de la conductivité - concentration constante
         remplissage optimum
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En pratique

• règle des 40%
• changer de tube si P90 a augmenté de plus de 40%

Performance of cryogenic probes as a 
function of ionic strength and sample tube 
geometry Voehler, Collier,Young, Stone,  
Germann J Magn Reson 183 (2006) 102–
109

diamètre du tube concentration de NaCl

5 mm  < 0.2 M

4 mm 0.2 - 0.6 M

3 mm 0.6 - 2.2 M

2 mm > 2.2 M
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Bruker - système match

• modulaire
• spinner - grip - capillaire

• diamètre variable
• 1.0 1.7 2.0 2.5 3.0 4.0 5.0

• volume variable
• 12µl 45µl 70µl 120µl 160µl
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New Era

• système de capillaires concentriques
• volumes de 35µl et 50µl

• lock externe

SPECIALTY NMR SAMPLE TUBES

1133

Metabolic Profiling Sample Holders and Accessories

A simple system which offers flexibility for a variety of experimental settings.  It is a safe approach and allows 
for separation of sample preparation, especially for sensitive samples, and the NMR measurement itself.        

These capillary systems are found to be ideal for NMR studies of:                                             
•Isolated Metabolites and Mixtures •Cell Extracts        
•Biofluids •Cell Suspensions  

•All Other Mass-Limited Samples
Besides speeding up experiments significantly for well-soluble samples, concentrations as low as sub-mM in 
volumes of 30-50µl are handled easily by the systems.  Samples are placed into disposable capillaries and 
gradient-shims are done only on the samples themselves.  Other advantages include possible reduction of 
temperature gradient effects on the water signal in a 5mm probe and potentially better resolution on smaller 
diameter samples.

The sample holders have a standard 5mm OD upper section with a transition to a 3mm OD (60mm long) or 2.5mm OD
(50mm long) stem.  Both sample holders are re-usable and fit all conventional 5mm rotors.  

The NE-H5/3 Sample Holder is common for Varian.       
Suitable for Autosamplers with a 3mm Probe utilizing a 5mm Spinner Turbine. 
The NE-H5/2.5 Sample Holder is common for Bruker.      

While the 3mm stem accommodates a 2mm OD capillary, the 2.5mm stem accepts a 1.7mm OD
capillary.  Both capillaries are supported by a Teflon adapter.  The capillaries can be filled and sealed in
advance.  They may also be prepared by a robot in a high-throughput fashion on-site.  The residual
space in the stems can be filled with a lock or reference material (as opposed to adding these materials
directly into the samples), allowing access to easy multinuclear measurements on the same sample
(e.g. 1H, 19F and especially 2H).

NMR CAPILLARY SYSTEMS for METABOLIC PROFILING
(includes a sample holder, capillary adapter, positioning/extraction rod and 5 capillaries)

CAT. NO. STEM OD STEM LENGTH CAPILLARY OD CAPILLARY LENGTH
NE-380-A 3 mm 60 mm 2.0 mm 75 mm      
NE-380-B 2.5 mm 50 mm 1.7 mm 75 mm          

Price / each    $74.00

SEPARATE / ADDITIONAL / REPLACEMENT COMPONENTS

For NE-380-A                                       For NE-380-B

CAT. NO. DESCRIPTION CAT. NO. DESCRIPTION
PRICE / EACH

(1-4) (5-9) (10+)

NE-H5/3 Sample Holder NE-H5/2.5 Sample Holder $26.70 $25.35 $22.80
NE-262-2 Capillary, 2.0mm OD NE-262-1.7 Capillary, 1.7mm OD 3.80 3.05 2.90
NE-325-5/2 Capillary Adapter NE-325-5/1.7 Capillary Adapter 19.00 17.00 16.20 

For NE-380-A and NE-380-B

CAT. NO. DESCRIPTION
PRICE / EACH

(1-4) (5-9) (10+) 
NE-341-5 Positioning/Extraction Rod $12.70 $12.20 $11.60      

Positioning/
Extraction

Rod
(Kel-F)

NE-341-5

Sample Holder
NE-H5/3
NE-H5/2.5

Capillary Adapter
(PTFE)

NE-325-5/2
NE-325-5/1.7

Capillary
Tube

NE-262-2
NE-262-1.7

SAMPLE HOLDER STEM VOLUME CAPILLARY OD CAPILLARY ID CAPILLARY VOLUME ANNULAR VOLUME
NE-H5/3 135 µl 2.0 mm 1.2 mm 35 µl @ 30mm Hgt 40 µl
NE-H5/2.5 95 µl 1.7 mm 1.4 mm 50 µl @ 30mm Hgt 25 µl

Ref: A Simple and Versatile NMR Tube Construct for Sensitive and Multinuclear Analysis
Istvan Pelczer, Dept. of Chemistry, Princeton University, Princeton NJ 08544
ipelczer@princeton.edu
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Ideal for NMR studies of :(
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The sample preparation :(
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The experiment :(
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sondes spéciales

• Bruker cryo-fit
• adaptable sur les sondes cryo

• cryo sonde 3mm

mardi 11 mai 2010
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quelques examples
• sucrose  10 mM - H2O  dans capillaire 120 µl : 1.2 µmoles   400 µg

• 4 scans - 400 MHz sonde  HP-LC Bruker

source : personelle
mardi 11 mai 2010
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quelques examples

• sucrose  100 µM H2O  dans capillaire conc. 50 µl : 5 nmoles   1,7 µg

• 16 scans - 400 MHz  

source : personelle
mardi 11 mai 2010
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quelques examples

• sucrose  100 µM -H2O  dans capillaire match 70 µl : 7 nmoles   2.4 µg

• 16 scans - 400 MHz  

source : personelle
mardi 11 mai 2010
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quelques examples
• sucrose  10 mM - D2O dans capillaire 5 µl : 50 nmoles   17.2 µg

• 1 scan - 600 MHz
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quelques examples
• tryptophane    1 µg   5 nmoles

• 1 scans - 600 MHz cryosonde 3mm

source : Bruker
mardi 11 mai 2010
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quelques examples
• sucrose  2 mM  D2O  dans capillaire 30 µl : 60 nmoles   20 µg

• 1 scans - 600 MHz cryosonde

source : Bruker
mardi 11 mai 2010
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quelques examples
• sucrose  10 mM  - D2O dans capillaire 5 µl : 50 nmoles   17.2 µg

• HMBC - 14 heures - 600 MHz

source : Protasis
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quelques examples
• protéine LTP  200µM - H2O dans capillaire 50µl : 10 nmoles   70µg

• spectre HSQC - 600MHz cryosonde - 20 minutes
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micro sonde 1mm Bruker
• protéine 8kD 1.4 mM  - 5 µl :    7.5 nmoles   60 µg

• HCCH - 27 heures - 800 MHz

source : Bruker
mardi 11 mai 2010
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Antennes solénoïdes
standards of clinical MRI, it is vastly inferior to that of
many optical and fluorescent techniques. In single-cell
work, the power of MR lies in the ability to acquire detailed
spectroscopic information in vivo. One example, from a
Xenopus laevis ovum [8], is shown in Fig. 3.

Future developments

Correct coupling of the coil size and sample volume, and
use of a coil geometry such as solenoidal (or variants
thereof) constructed using optimized winding character-

Fig. 1 NMR data from 4 mmol
L−1 PF1061 protein in 1.2 μL
active volume of a 1-mm rect-
angular wire coil. (a) 1D NMR
spectrum collected with eight
scans and Watergate water sup-
pression. The 2D 15N-HSQC
spectrum (b) is compared with
the projection of the 13C di-
mension of a 3D HNCO spec-
trum (c). Slices of the HNCO
spectrum at 176.3 ppm (d) and
175.8 ppm (e) are shown below.
Reproduced with permission
from Ref. [6]
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istics, results in the highest possible signal-to-noise ratio
(S/N). Apart from use of hyperpolarized molecules in
specialized applications [15], the only way to increase S/N
significantly is by reducing the physical operating temper-
ature of the coil, as exemplified by the commercial
development of cryoprobes and “cooled probes” over the
past decade. Such cryoprobes result in increases in S/N of
between four for non-lossy samples and two for lossy
samples [16]. The major challenges in applying this to
microcoil probes are clearly associated with establishing a
very high thermal gradient between the sample and the RF
coil, which are in very close proximity. The potential gains
in S/N are large, however, given the intrinsically high
resistance of small coils operating at room temperature.

Although MR experiments are performed almost exclu-
sively using magnetic induction as the method of detection,
there are, potentially, several other highly sensitive tech-
niques which can be used for signal detection. The most
well-developed of these is termed “magnetic resonance
force microscopy” (MRFM), first described in 1992 [17,
18]. A tiny (micron-scale) permanent magnet is attached to
a micro or nano-fabricated cantilever which is placed very
near the surface of the sample. The sample and cantilever
are placed within a uniform, static magnetic field, typically
several tesla. An excitation coil produces an alternating B1

field. Superposition of the homogeneous and inhomoge-
neous static magnetic fields results in a resonance condition
for all spins lying within a very thin, typically ellipsoidal,
surface, and these spins then nutate at a frequency chosen
to match the resonant frequency of the cantilever (note that
several alternative schemes for modulating the nuclear
magnetization can equally well be used.) The modulating
nuclear spin magnetization exerts a force on the cantilever,

causing it to oscillate; the oscillation of the cantilever is
then detected by optical interferometry. This technique has
been used extensively in electron paramagnetic resonance
and has achieved single-electron detection [19]. The
sensitivities of inductive detection and MRFM are com-
pared in a review article by Ciobanu et al. [10].

Another proposed method is use of superconducting
quantum interference devices (SQUIDs) [20]. These oper-
ate at cryogenic temperatures and can be used for extremely
sensitive detection of very small dc magnetic fields. The

Fig. 3 In-vivo localized MR spectra from intracellular compartments
of an X. laevis oocyte. Isotropic voxels of 180 μm3 were selected in
the nucleus, animal cytoplasm, and vegetal cytoplasm. Reproduced
with permission from Ref. [8]

Fig. 2 Schematic diagram of a typical arrangement used for hyphenating chemical microseparations (e.g. capillary HPLC, CE, or CEC) with
microcoil NMR detection
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We recently described a new approach for characterizing natural

product extracts based on direct NMR spectroscopic analyses of

largely unpurified materials.1 We now report progress toward

lowering the threshold of material required for structural analysis

of small molecule mixtures through implementation of recently

developed capillary NMR probe technology2 and demonstrate its

efficiency for the identification of a large number of novel steroids

from a severely mass-limited biological sample, a small collection

of specimens of the firefly Lucidota atra.

Many natural products with profound biological activity are

produced in only minuscule amounts, reflecting their natural

potency. Simply because of their scarcity, many organisms with

potentially interesting secondary metabolites are effectively placed

off limits for natural products exploration, as insufficient NMR

spectroscopic sensitivity and spectral quality severely constrain the

structural analysis of mass-limited samples. Enhancing the mass-

sensitivity of NMR spectroscopy while maintaining high spectral

resolution would thus expand the accessible fraction of Nature’s

structure space significantly, thereby helping to unlock new sources

of chemical diversity.

Arthropods constitute one particularly rich source of biologically

active natural products, which remains largely unexplored, because

collecting large numbers of specimens is often not feasible. Certain

fireflies, for example, have been shown to be defended from

predation by the presence of steroidal pyrones (lucibufagins) in their

blood.3 These firefly species are nocturnal, using the familiar

bioluminescent signals in courtship. There are, however, less

common firefly species that are active during the daylight hours

and do not use light signals for mating. Such diurnal species, for

example, Lucidota atra, may face a different array of potential

predators, an ecological difference that might be reflected in their

defensive chemistry.

Native to the entire eastern half of the USA, L. atra is relatively

rare, and large numbers of individuals cannot be collected.

Preliminary 1H NMR spectroscopic analysis carried out on a crude

sample of hemolymph collected from five L. atra specimens quickly

revealed the presence of steroidal pyrones, as evidenced by proton

resonances corresponding to the pyrone spin-system as well as by

those characteristic of the angular methyl groups of a steroidal

skeleton. From these initial NMR spectroscopic analyses, it appeared

that the fireflies contained a large number, possibly 10 or more, of

novel steroids. Although crude mixtures of complex composition

can often be characterized in considerable detail without any

fractionation or purification, extreme crowding and overlap of the

signals of the multiple similar steroids did not allow complete

characterization in this case, necessitating partial fractionation via

HPLC. From the combined whole-body extracts of all 50 available

specimens, 11 HPLC fractions were obtained, each containing one

to three steroidal pyrones and related derivatives. The amounts (40-
150 nmol) present in most of these fractions fell well below what

is needed for complete structural analysis by NMR using an inverse

detection probe with low-volume tubes (Shigemi) at commonly

available field strengths. Cryo probes can provide significant

sensitivity gains; however, the comparatively poor line shapes

achieved with cryo probes complicate acquisition of the high-

resolution dqf-COSY spectra needed for the analysis of mixtures

and, furthermore, result in sensitivity losses for spectra, such as

HMBC, that feature a long delay as part of their pulse sequences.

This led us to investigate the applicability of recently developed

capillary NMR probes, which had been used previously for high-

throughput screening of natural products libraries.4The CapNMR

probe2 features a very small 5 µL flow cell with an active volume
of only about 3 µL (Figure 1). The flow cell is connected to two
2 m long fused-silica capillaries serving as inlet and outlet. For

loading of the flow cell, the sample, dissolved in 5 µL of deuterated
solvent, is injected into the capillary via syringe, followed by

injection of another 9 µL of deuterated solvent, which serves to
push the sample through the entire path of the inlet capillary into

the flow cell.

As part of our initial evaluation of the CapNMR system, we

determined the probe to offer a 4- to 5-fold higher signal-to-noise
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loading of the flow cell, the sample, dissolved in 5 µL of deuterated
solvent, is injected into the capillary via syringe, followed by

injection of another 9 µL of deuterated solvent, which serves to
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the flow cell.
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(S/N) ratio for HMBC and HMQC spectra of a 17.2 µg sucrose
sample, compared to using a standard 5 mm inverse-detection probe

with Shigemi tube.5 It should be noted that while mass sensitivity

is significantly higher for the CapNMR probe, concentration

sensitivity is actually only a fraction of that of 5 mm probes; by

reducing sample volume from roughly 200 µL (for a Shigemi tube)
to 5 µL (in the CapNMR probe), one increases concentration by a
factor of about 40, while sensitivity increases only by a factor of

4-5. Nonetheless, for natural product analysis, which is almost
inevitably mass-limited, the CapNMR probe seemed to be extremely

promising.

The 11 HPLC fractions obtained from L. atra represented the

first natural product samples of unknown composition for which

we employed the CapNMR probe. To harness the better mass

sensitivity of the CapNMR probe effectively, it was necessary to

dissolve each sample in a volume as close to 5 µL as possible,
taking special care to minimize losses during concentration and

injection.6

For each L. atra HPLC fraction, a comprehensive set of 2-D

spectra (dqf-COSY, NOESY, nongradient HMBC, and HMQC) was

collected using the capillary probe. The resulting spectra allowed

for complete assignment of all of the major components present in

each of the fractions, leading to the identification of 13 new steroids

(1-13). For most samples, all four spectra were collected within a
16-24 h period. Of particular importance for the purpose of
characterizing mixtures of several structurally similar compounds

was the excellent line shape and the very low level of artifacts in

the spectra, which compared favorably with the much higher artifact

levels commonly experienced when using cryo probe systems. For

example, structures 1, 8, and 13 coeluted during purification and

were analyzed as a three-component mixture without further

purification. The low level of artifacts is likely a consequence of

the small sample volume and the much higher concentration

compared to 5 mm sample tubes, which keeps solvent peaks

relatively small. Directly comparing CapNMR spectra of the L. atra

fraction containing 9 with spectra obtained for the same sample

using a 5 mm probe with a Shigemi tube, we determined a roughly

3-fold S/N gain (Figure 2). To complete the structural assignments,

all samples were also analyzed by MS, which served to establish

molecular weights and confirm the degree of heteronuclear substitu-

tion inferred from the NMR spectroscopic analyses.

All but one of the 13 compounds characterized represent steroidal

pyrones analogous to those reported from other species of firefly,

but with greater variation in the degree of oxidation of the steroid

skeleton. Interestingly, 10 of these compounds possess a trans-

fused A-B ring system, which has not been previously observed
for steroidal pyrones isolated from insect sources. Of particular

interest is structure 1, which instead of a pyrone substituent, contains

a pentenoic acid amide moiety corresponding to a ring-opened and

reduced pyrone. Whether this structure represents a biosynthetic

precursor or downstream metabolite of the steroidal pyrones is not

known.

Considering that increasing magnetic field strength from 600 to

900 MHz results in an improvement of S/N of less than a factor of

2, the 3-fold S/N gain provided by the comparatively simple and

inexpensive CapNMR system seems impressive. For example, using

the CapNMR probe, HMBC spectra of amounts of the order of 40

nmol were obtained via routine overnight experiments on a 600

MHz spectrometer. As we have shown for L. atra, this sensitivity

gain can facilitate the discovery of new, interesting chemistry, as

most of the 13 steroids identified could not have been characterized

in a reasonable amount of time without the CapNMR probe. It

should be noted that our analysis did not involve exhaustive

purification of the crude sample. As discussed previously, purifica-

tion of severely mass-limited natural product extracts should aim

at reducing the sample’s complexity only up to a point where

structure determination using NMR spectroscopy becomes possible.

We expect that synergism resulting from the combination of this

approach with use of the CapNMR probe will greatly extend the

range of accessible natural products research.
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Figure 1. Sample injection and CapNMR probe.

Figure 2. Sections of HMBC spectra for 9 showing HMBC correlations,
indicating the location of the two acetyl groups (600 MHz). (A) Corre-
sponding part of the 1H NMR spectrum; (B) HMBC obtained using a 5
mm HCN inverse-detection probe with Shigemi tube, cross-peaks are not
discernible; (C) HMBC obtained using the CapNMR probe, clearly showing
the expected cross-peaks. HMBC spectra were acquired under identical
conditions (see Supporting Information for details).
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cas extrèmes

• Sakellariou et al. High-resolution, high-sensitivity NMR of nanolitre anisotropic 
samples by coil spinning. Nature (2007) vol. 447 (7145) pp. 694-7

using very high magnetic fields to improve sensitivity is compatible
with a reduction in sample size, but it comes at the expense of larger
susceptibility effects because broadening increases with magnetic
field; MACS eliminates simultaneously effects coming both from
the intrinsic sample and coil susceptibilities.

In cases where the samplemust be confined, such as when studying
radioactive or biologically harmful materials, the filling factor is
inherently low and cannot be enhanced simply by using static
micro-coils13. For example, in the first—and to the best of our know-
ledge, only—MAS NMR study on radioactive samples26, plutonium-
containing ceramics were placed in triple barrier rotors to confine the
emitted radiation and limit the risks in the case of rotor failure. The
sample was positioned inside a ceramic container, which fitted inside
a soft PTFE cylinder, with the ensemble then placed inside the rotor.
This reduces the filling factor and hence the sensitivity of detection by
a factor of roughly 4. To show that the MACS technique can retrieve
this lost sensitivity, we used a rotating coil of 2.3mmdiameter (it was
not really a micro-coil), fitted inside the innermost ceramic barrier,
surrounded by the PTFE barrier and the 7mm rotor. As a (dummy)
sample, a cylinder made of Pyrex glass was used. Spectra with com-
parable signal-to-noise ratios were recorded in considerably shorter
acquisition times and the RF field amplitude was largely enhanced
(see Fig. 4). MACS could thus facilitate future studies of radioactive
materials, for it requires less experimental time or much smaller

quantities of samples and thus minimizes radiation activity, thereby
rendering such studies more accessible.

Although MACS is still at an early stage of development, our
results show it to be a promising new way for obtaining highly sens-
itive spectra from nano- to pico-litre volume samples27, as miniatur-
ization is advantageous for stable spinning and the amplification of
RF field and sensitivity. Centrifugation effects commonly present in
HRMAS of liquids and cell suspensions28 are expected to be minimal
in theMACS implementation because of the small capillary diameter.
The high sensitivity offered by our method could potentially reduce
the need for large biopsy samples, and HRMAS of a few cells should
become possible. Furthermore, metabolomics studies could benefit
from this new possibility of studying small frozen samples (temper-
ature close to 0 uC), because freezing minimizes sample degradation,
and the sample preparation does not require extraction and homo-
genization24. State-of-the art technologies in cryogenic MAS probe
design could, in principle, be combined with MACS, as they offer the
possibility to over-couple even smaller micro-coils and therefore
further enhance the sensitivity of the technique. High amplitude
RF fields of the order of MHz could change the landscape of modern
solid-state NMR in areas such as dipolar decoupling, excitation in
paramagnetic systems, and overtone spectroscopy, while using low
RF power amplifiers11. Applications of MACS to high-pressure
NMR and micro-imaging promise a significant advance over state-
of-the-art technology, and provide a framework for new medical,
industrial and chemical analysis. Further developments in miniatur-
ization technology (coil and capacitor lithography29,30), together with
variations in resonator geometry (RF shimming) and resonance
mode (self-resonance), should eliminate any effects related to eddy
currents, render the implementation more practical especially for
smaller and faster spinning rotors, and further enhance the perform-
ance of MACS.

Table 1 | Sensitivity comparisons between conventional CPMAS probe sizes and MACS

7mm system 4mm system 2.5mm system MACS (750mm coil)

SNR per scan per sample mass (mg21) 2.44 3.22 5.86 45.8
B1/!P (mTW21/2) 0.134 0.166 0.306 2.03
Relative MACS SNR enhancement 18.7 14.2 7.8 1.0

Data were acquired on small quantities of powdered L-alanine (see Supplementary Information). As expected, the smallest coil detector offers better signal-noise ratio (SNR) per sample mass and
comeswith a relative gain in RF amplitude. This confirms the reciprocity principle, as expressed in the second line of the table (B1/!P, where B1 is the RFmagnetic field for a given transmitter power P,
represents the probe efficiency, and is proportional to the SNR of a probe7). The last line shows the SNR enhancement the MACS approach offers in the case of ,200-nl-volume samples.
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Figure 3 | Proton NMR spectra of bovine muscle tissue. a, The high-
resolution spectrum from ,365mg of bovine muscle tissue using a full
7mm rotor spinning at 3,000Hz was acquired in 33 s (8 scans). Pre-
saturation of the water resonance (4.7 p.p.m.) was achieved using a 2 s
irradiation before the p/2 hard pulse. b, High-resolution spectrum from
,0.3mg of bovine muscle tissue using the MACS insert under the same
experimental conditions. The susceptibility broadening is distributed in
spinning sidebands outside the range of the proton chemical shifts and the
line width is of the order of 0.05 p.p.m. for all resonances (no deuterium lock
was used). This width is mainly attributed to temperature gradients
(temperature difference less than 3–4 uC). Partial assignments can be made
on the basis of the literature25 (see Supplementary Information). In the
absence of sample spinning, the susceptibility broadening hides most of the
isotropic chemical shift information, as seen from the spectrum (inset) of the
static sample used in a.

29Si chemical shift (p.p.m.)
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−150−100−50−150−100−50

Figure 4 | 29Si MAS NMR spectra of Pyrex. Sample spinning at the magic
angle eliminates all chemical shift anisotropy, and reveals the distribution of
the isotropic chemical shifts for distorted tetrahedral Q(4) sites. a, Spectrum
acquired from a Pyrex glass sample confined inside a triple barrier rotor,
simulating the conditions used in the acquisition of high-resolution MAS
spectra from radioactive samples. The duration of the experiment was 1 day
21 hours, and the measured SNR was ,33. b, Spectrum obtained using the
MACS technique, having an SNR of,30 after 2.8 hours of acquisition under
the same experimental conditions as in a.
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of intracellular pathogens by autophagy — the 
process of cellular self-digestion. This is the 
second gene to be implicated in Crohn’s dis-
ease through involvement in autophagy; the 
first was identified earlier this year11,12. More-
over, an increasing body of evidence, including 
the latest replication study6, points to defects in 
the early immune response and the handling of 
intracellular gut bacteria in the pathogenesis of 
Crohn’s disease. 

The overall increase in risk (1.2–1.5 times) 
conferred by the genetic factors identified in 
the WTCCC study1 is in agreement with those 
reported by others. However, these factors are 
unlikely to explain completely the clustering of 
any of these diseases in families, and there are 
other genes (possibly many of very small effect) 
— or rare variants of genes — that are still to be 
identified for these and other diseases. 

One unexpected result of the WTCCC study 
was the identification of 13 regions with pro-
nounced geographical variation within Britain. 
Among these regions is a large cluster of genes 
that encodes the major histocompatibility 
complex, which is well known for its function 
in the immune response and autoimmune dis-
ease13, and a gene that is involved in lactase per-
sistence, or the ability to digest milk14,15. Some 
of the other regions are thought to function 
in preventing diseases such as pellagra, tuber-
culosis and leprosy. Although the infectious 
agents responsible for tuberculosis and leprosy 
are now rare in Britain, they have left behind 
genetic footprints in the existing population 
that probably led to some degree of protection 
in the past. Several of these are also candidate 
genes for autoimmune disease5. 

Despite the magnitude and wealth of infor-
mation that this study1 provides, other ques-
tions about the genetic basis of common 
disease remain. The answers will become 
increasingly important as we enter an era of 
personalized medicine, in which therapy is 
tailored to an individual’s genetic constitution. 
It will become crucial to discover which genes 
predispose individuals to these diseases; how 
genes interact with each other to increase the 
risk of a particular disease; and what propor-
tion of disease is due to rare variants that would 
be hard to detect with current approaches. 

We will also want to know whether different 
patients can be stratified into subpopulations 
on the basis of genetic risk factors, and what 
role the environment has in triggering disease. 
The Genes, Environment and Health Initiative 
(GEI) of the US National Institutes of Health 
already aims to develop tools to assess environ-
mental contribution and to answer some of the 
other questions. Ultimately, comprehensive 
answers that would allow the translation of 
genetic susceptibility into scientifically sound 
medical practice will require much larger 
patient populations, well-annotated clinical 
databases and sophisticated environmental 
assessment. One wonders what Mr Woodhouse 
would have to say to that. !
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SPECTROSCOPY

The magic of solenoids
Arthur S. Edison and Joanna R. Long

A technique known as magic-angle spinning has helped make nuclear 
magnetic resonance spectroscopy as sensitive for solids as it is for 
solutions. Inductive thinking leads to even better signal detection. 

The great strength of nuclear magnetic reso-
nance (NMR) spectroscopy is that it can deter-
mine, non-invasively and at atomic resolution, 
the chemistry, structure, dynamics and over-
all architecture of samples in solid, liquid or 
even gaseous forms. The liquid version of the 
technique, solution NMR, is used routinely to 
identify small molecules, study protein struc-
tures and dynamics, and probe inter molecular 
interactions. Solid-state NMR teases out the 
structure and properties of materials, surfaces 
and biological solids such as human tissue. But 
compared with many other analytical tech-
niques, NMR has extremely poor sensitivity. 
A great deal of research has sought to improve 
this situation: on page 694 of this issue1, Sakel-
lariou et al. describe a potential leap forward 
for solid-state NMR.

When atomic nuclei with non-zero spin 

are placed in an external magnetic field, they 
become polarized, precessing rather as a gyro-
scope does in Earth’s gravitational field. When 
electromagnetic radiation of a frequency 
(energy) that corresponds exactly to that of 
the energy gap between two states of differ-
ent polarization is applied to the sample, the 
nuclei resonate, jumping between those states. 
The accompanying gyroscopic precession of 
the spins induces a current in a conducting coil 
placed around the sample. This basic principle 
is both NMR’s blessing and its bane as a spectro-
scopic technique: the small energies make the 
approach non-destructive, but they also make it 
difficult to distinguish the characteristic polari-
zation (or signal) from thermal noise.

The signal-to-noise ratio in NMR measure-
ments can be improved by either one of two 
general routes. The first of these is enhancing 

NMR coil

Sample

54.7º Rotation

Inner coil

Magnetic fielda b

Induction

Figure 1 | Inductive logic. a, In the traditional ‘magic-angle spinning’ approach to solid-state NMR, a 
spectrum of better resolution is achieved by rapidly rotating the sample, at an angle of 54.7° relative to 
the main magnetic field, within a static coil assembly. b, Sakellariou and colleagues’ alternative approach1 
uses the inductive coupling of a smaller coil rotating with the sample to the larger static coil to produce a 
similar effect. The result is a higher sensitivity and the capability to investigate smaller samples.
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section of a copper planar waveguide on a dielectric surface. As
illustrated, isoshells of the strongest component of the magnetic
f lux density are concentrated around the slot. Localized to the
slot is a highly homogeneous, near-field magnetic f lux density
that to first order produces no extra electric field component in
the vicinity of the sample. These field lines are more homoge-
neous than those produced by a planar spiral inductor or a simple
wire, and we note that the homogeneity of this structure
improves at higher frequencies due to current bunching on the
sides of the microstrip. By placing a silica capillary tube or drop
of sample just above the slot, a strong magnetic f lux density will
be seen by the nuclear spins of this sample, causing nutation, and
the magnetization of the nuclear spins will be converted to a
voltage induced in the microslot detector. From the geometrical
constraints of the design, an advantage for ionic and/or biological
sample detection is that dielectric losses for a microslot probe
should be lower than a solenoid. The electric field is confined
mostly in the dielectric substrate of the probe, far away from the
sample, rather than between windings and in intimate contact
with the sample capillary of a solenoid.

Fabrication of the Waveguide Microslot Probe. After theoretical
calculation and numerical simulations, we designed and fabri-
cated the waveguide microslot probe itself. The actual waveguide
microslot probe is shown in Fig. 2A. A macroscopic stripline is
impedance-matched with an adiabatic taper to the microfabri-
cated slot (Fig. 2B) whose size is on the order of the sample itself
(in this case, 200 ! 100 !m). The geometry in Fig. 1C allowed
for rapid design iterations, but it does not have as large a
magnetic f lux density as the geometry in Fig. 1A.

The assembled microslot probe is shown in Fig. 2 A. The
lumped model circuit for the system with matching capacitors is
shown in Fig. 2 A, where the microstrip line and microslot are
lumped as a single inductance. The measured circuit quality
factor (Q) for this resonant system is 256. This probe circuit
design is a single resonance matched network and therefore the
microslot network topology is equivalent to a microcoil or
conventional probe. Hence, a single microslot inductor can be
made multiply resonant in a circuit topology or with multiple
single-resonant microslots in proximity with the sample. Due to
the small size of the microslot detector, small-shielded gradient
coils can be designed on the circuit substrate or around it in air
to achieve potentially higher field gradient strengths than can be
obtained conventionally.

Sensitivity to Water. To test the microslot probe and characterize
its properties, we started with water, which has a single resonance
and high SNR. We applied 32 nl of 100% deionized water in a
102-!m fused silica capillary tube. The water sample was sus-

pended 60 !m above the surface of the probe. A single "/2
rotation pulse (power 0.9 W, duration 6.0 !s) yielded a linewidth
of 1.1 Hz and a sensitivity of 1,379/!mol/"Hz, shown in Fig. 3A
Inset. The base linewidth at 0.55% is not optimized (54 Hz),
because we did not apply a susceptibility matching metal bilayer
(Fig. 3).

Sensitivity to Sucrose. The next experiment was designed to
compare the sensitivity of this probe to the published literature
on small sample detection. The convention used to calculate
sensitivity independent of the particular magnetic field used in
experiment is to measure the SNR of the anomeric proton of
sucrose (C12H22O11) and scale this value to 600 MHz (26) by a
factor #0

7/4, inductive readout sensitivity scaling (31). Twenty-five
nanoliters of sample was prepared at 0.6 M concentration in
deionized water (Fig. 4). The sample tube geometry and place-
ment used was the same as in the water experiment above. The
measured sensitivity for the microslot probe was 984/!mol/"Hz,

Fig. 1. Different microslot geometries and magnetic flux density patterns around symmetric and asymmetric versions. (A) Flux from center. (B) Flux from one
side. (C) Flux from both sides. The magnetic flux density cannot be solved analytically; therefore, a numerical model shows the transverse component (in the long
direction of the copper microstrip line) of flux density in each of the cases, showing flux concentration about the microslot in a section on a microstrip line. The
unit is tesla.

Fig. 2. Designed and fabricated microslot waveguide probe. (A) Probe with
housing removed. The probe circuit is manufactured on a planar substrate
(Rogers 5880), with the detector area denoted by the box outline. (Inset)
Lumped circuit model of A. (B) Microslot, fabricated by using a 248-nm excimer
laser, just after laser exposure. (Inset) Probe after mechanical polishing.

Maguire et al. PNAS ! May 29, 2007 ! vol. 104 ! no. 22 ! 9199
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Wang et al. An eight-coil high-frequency probehead design for high-throughput nuclear magnetic 
resonance spectroscopy. J Magn Reson (2004) 170 (2) pp. 206-12

probehead is designed to operate at 600MHz, improv-
ing sensitivity over previous probes at 300 and 250MHz.

2. Materials and experimental methodology

2.1. Coil design

Shown in Fig. 1 (top) is a photograph of the eight-coil
probehead, constructed for operation at 600MHz. Each
solenoidal coil was fabricated using 10 turns of 50-lm-
diameter copper wire (California Fine Wire, Grover
Beach, CA) with a 6-lm thick polyurethane coating,
wrapped around a 350-lm-outer diameter, 250-lm-in-
ner diameter polyimide-coated fused-silica capillary
(Polymicro Technologies, Phoenix, AZ). The length of
each coil is 0.7mm, which results in an observation vol-
ume of !35nL. Teflon flow tubes were attached to both
ends of the capillary for sample loading. The coils
shown in Fig. 1 (top) were mounted on printed circuit
boards, and impedance matching capacitors were added
in a balanced configuration. Fig. 1 (bottom) also shows
the circuit diagram for each matching network. Two
fixed non-magnetic capacitors (700A series, American
Technical Ceramics, Huntingdon Station, NY) and
two variable non-magnetic capacitors (Gigatrim, 0.6–

4.5pF, Johanson, Boonton, NJ) were used for the net-
work. The ‘‘tuning capacitors’’ were a 4.3pF fixed and
a 0.4–4.5pF variable capacitor and the ‘‘matching ca-
pacitors’’ were a 0.8pF fixed and a 0.4–4.5pF variable
capacitor. The coils were mounted one above the other
with a vertical spacing of approximately 3mm and alter-
nate coils were rotated 90! with respect to each other to
minimize the coupling, as in a previous design [2]. Using
a smaller vertical separation than 3mm between the coils
was found to give substantial distortions of the local
static magnetic field. The coils were surrounded by an
18-mm-inner diameter container filled with FC-43, a
non-conducting perfluorinated fluid that has a magnetic
susceptibility very similar to that of copper, in order to
minimize susceptibility–mismatch distortions [9]. The
outer-diameter of the entire assembly was !42mm.

2.2. Hardware modification

The hardware additions to the standard spectrome-
ter, shown in Fig. 2 (top), consist of a four-way power
splitter (Mini-circuits, 15542 ZB4CS-440-12W) which
is placed between the transmitter and the coils, and four
stand-alone radio frequency switches used to control the
particular coil connected to the receiver. The switches
used are single-pole-two-throw (SP2T) coaxial devices

Fig. 1. (Top) Photograph of the eight-coil probehead showing the configuration of the microcoils and matching networks, and side view of the
probehead. (Bottom) Schematic of the coil arrangement from top-to-bottom, and the circuit diagram for each matching network. See text for a
detailed description.
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Figure 3. 1D 13Cf1Hg spectra with NOE enhancement of a
300 mM camphor solution in deuterated benzene recorded with
128 scans, at a temperature of 298 K and at 600 MHz using
different pulse sequences. To allow a true comparison of the
different pulse sequences a waiting period of 500 s was used
between each experiment. (a) Traditional one-pulse carbon
acquisition using a 90° pulse width and WALTZ16 decoupling.
Relaxation delay 5 s, experiment time 10 min. (b) Original DEFT
sequence with WALTZ16 decoupling. Relaxation delay 5 s,
experiment time 10 min. (c) UDEFT sequence acquired with the
pulse sequence shown in Fig. 1(b). Relaxation delay 5 s,
experiment time 10 min. (d) Traditional one-pulse carbon
acquisition using a 90° pulse width with WALTZ16 decoupling
acquired under conditions of complete carbon relaxation.
Relaxation delay 400 s, experiment time 14 h.

equilibrium values thereby preventing the build-up of any
NOE effects on the carbon magnetization. The application
of the UDEFT sequence with adiabatic decoupling allows
therefore retaining a high degree of quantitativeness when
working with short RDs. The illustration of this principle
is shown in Fig. 4. Spectra on camphor were acquired with
the UDEFT sequence under conditions of matched adiabatic
decoupling using an even number of 180° adiabatic pulses
(left column) and of unmatched adiabatic decoupling using
an odd number of 180° adiabatic pulses (right column).
To fit exactly an odd or an even number of adiabatic pulses
during the UDEFT module, a short delay was inserted before
and after the 180 adiabatic refocusing pulse. By recording
different spectra with an increasing number of scans, it
is possible to monitor the NOE build-up in both cases.
Whereas the spectra recorded under matched decoupling

Figure 4. 1D 13Cf1Hg spectra of a 300 mM camphor solution in
deuterated benzene recorded at a temperature of 298 K and at
600 MHz using the UDEFT sequence shown in Fig. 1(c). The
spectra on the left were acquired with an even (248) number of
180° adiabatic decoupling pulses, whereas the spectra on the
right were acquired with an odd (249) number of 180° adiabatic
pulses. The number of scans was incremented from bottom to
top. For all experiments the RD was set to 5 s. All spectra were
plotted using the same noise level. To allow a true comparison
of the different pulse sequences, a waiting period of 500 s was
used between each experiment.

show an increase in intensity that goes with the square root
of the number of scans, the spectra acquired with unmatched
decoupling show a faster increase in signal to noise, which
is due to the progressive build-up of NOEs. The effect is
particularly visible when comparing protonated carbons and
nonprotonated carbons. These results show clearly that the
UDEFT sequence used with matched adiabatic decoupling
allows working under conditions that suppress NOE effects,
even with short RDs. In the case of the data shown in
Fig. 4, the spectra acquired with UDEFT and the matched
decoupling scheme in 32 scans exhibit a range of integrals
that are between 0.87 and 1, thus proving the high degree
of quantitativeness that can be achieved with UDEFT on a
difficult sample like camphor.

CONCLUSIONS

The UDEFT experiment described in this paper greatly
improves the original DEFT sequence by introducing the
three following modifications: (1) the use of adiabatic plane
rotation refocusing pulses to accurately refocus the carbon

Copyright  2006 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2006; 44: 943–947
DOI: 10.1002/mrc

New DEFT sequences 945

experiments, the carbon acquisition time was set to 180 ms
and 8 K complex points were recorded. Linear prediction was
used to increase the number of points to 64 K complex points.
An exponential multiplication using a 5 Hz line broadening
was applied before Fourier transformation.

RESULTS AND DISCUSSION

The UDEFT pulse sequence drawn in Fig. 1(b) is specifically
designed to return exactly the carbon and, when necessary,
the proton magnetization back to the equilibrium position
after each transient. The sequence is a spin-echo where
the FID is recorded immediately after the 90° carbon pulse
during the first ! delay. To counteract the effects of B1

inhomogeneities and offset effects, a composite adiabatic
refocusing pulse14 that performs an accurate 180° plane
rotation is employed. This adiabatic pulse is constructed with
three-smoothed Chirp15 adiabatic pulses whose respective
lengths are in the 1 : 2 : 1 ratio (500 µs–1 ms–500 µs). It
provides an accurate refocusing of the carbon magnetization
with minimal phase distortions. To improve the tolerance
of the sequence to pulse miscalibrations, offset effects or
B1 inhomogeneities that might affect the two 90° pulses,
the UDEFT sequence uses the concept of composite pulses
developed by Levitt.17 The UDEFT sequence mimics the
behavior of the composite pulse 90°

x ! 180°
y ! 90°

x to invert
accurately the magnetization even if the 90° pulses are
slightly miscalibrated. The return to the Z axis is achieved
by an adiabatic smoothed Chirp pulse.15 This pulse sequence
insures that, after each transient, the carbon magnetization
is returned back to the Z axis and that very little saturation
effect occurs. The pulse sequence and relaxation act in a
concerted manner to restore the carbon magnetization along
the Z axis thereby insuring that saturation or defocusing
effect are minimized. To minimize T2 relaxation effects,
the acquisition time should be kept to a relatively short
value. In all our experiments, we have used an acquisition
time of 180 ms corresponding to an acquisition of 8 K
complex points. To increase the spectral resolution, linear
prediction up to 64 K complex points was performed prior
to FT. The UDEFT sequence was compared to the DEFT
and the classical one-pulse sequence using a sample of
300 mM camphor in benzene (Fig. 2). This sample contains
two quaternary carbons at 57.3 ppm and 46.6 ppm with
relaxation times of 90.3 s and 78.2 s, respectively (Table 1).
This sample represents therefore a critical test for the UDEFT
sequence since a classical acquisition would require a RD
of about 450 s. The spectra acquired with the three pulse
sequences were obtained under conditions of continuous 1H
decoupling using a WALTZ1616 decoupling sequence and
a RD of 5 s. The results presented in Fig. 3 show that, as
expected, the one-pulse experiment leads to a progressive
saturation of the two slow relaxing carbons at 57.3 ppm and
46.6 ppm. The DEFT sequence, using carefully calibrated
90° pulses, allows alleviating somewhat the problem while
the UDEFT sequence improves the situation significantly.
It is important to note that the UDEFT sequence increases
the signal to noise of the whole spectrum. The protonated
carbons that resonate between 5 and 45 ppm and whose
relaxation times lie between 6.7 and 10.5 s show also a net
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Figure 2. Chemical structure and numbering of camphor
((1R)-1,7,7-trimethylbicyclo(2.2.1)heptan-2-one).

Table 1. 13C chemical shift assignments and T1 values at
298 K and 600 MHz of 300 mM camphor in C6D6. The chemical
shifts are referenced to TMS

υ 13C (ppm) T1 13C (s)

C1 57.3 90.3
C2 216.4 40.1
C3/C4 42.2 10.5
C5 27.2 7.3
C6 29.9 7.5
C7 46.6 78.2
C8 19.6 6.7
C9 19.0 7.9
C10 9.6 7.3

increase in intensity (Fig. 3(c)). For comparison purposes,
a spectrum using the one-pulse experiment was acquired
under conditions of complete relaxation in 14 h using a
RD of 400 s (Fig. 3(d)). The UDEFT spectrum of Fig. 3(c) is
very similar to this reference spectrum and was acquired
in only 10 min. Spectra acquired with different RDs and on
different organic molecules indicate that UDEFT experiments
performed with an acquisition time of 180 ms provide
optimum results when using a RD in the 3–4 s range.

A variant of the UDEFT sequence sketched in Fig. 1(c)
can be used to acquire 1D 13Cf1Hg spectra devoid of NOE
effects. For that purpose, the WALTZ16 decoupling scheme
is replaced with an adiabatic decoupling using a suite
of 180° decoupling pulses phase cycled with the P5M4
supercycle.12,13 If the number of adiabatic pulses applied
during the time the carbon magnetization is in the transverse
plane is a multiple of two, the 1H magnetization is returned
exactly along the Z axis at the beginning of the RD. Under
these conditions, the 1H and the 13C magnetization are, at the
beginning of the RD, in a state which is very close to their

Copyright  2006 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2006; 44: 943–947
DOI: 10.1002/mrc

T1 = 90 sec

one-pulse 10 min

DEFT 10 min

UDEFT 10 min
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Figure 1. (a) Standard DEFT sequence as proposed by Becker
et al.3 (b) and (c) UDEFT pulse sequence using adiabatic pulses
and mixed composite pulses to return the magnetization with a
high precision along the Z axis of the rotating frame at the
beginning of the RD: The first ! delay corresponds to the
acquisition time of the carbon FID. The 180° refocusing pulse is
a 2 ms 80 kHz composite smoothed Chirp while the adiabatic
180° inversion pulse is a 500 µs 60 kHz smoothed Chirp. A
one-step phase cycle is used for the sequence. (b) Sequence
to record 1D 13Cf1Hg spectra with NOE enhancement.
Continuous WALTZ16 decoupling is applied throughout the
sequence. (c) Sequence to record 1D 13Cf1Hg spectra without
NOE enhancement. Adiabatic decoupling using a 1.5 ms 180°

adiabatic pulse with a P5M4 phase cycle12,13 is applied during
the UDEFT module. To prevent any NOE build-up during the
RD, the number of 180° adiabatic pulses has to be set to a
multiple of two to return exactly the 1H magnetization along the
Z axis at the end of the UDEFT module.

the Z axis of the rotating frame after each transient using a
90°

x ! !(FID)!180°
y ! !!90°!x sequence (Fig. 1(a)). The signal

is observed during the first ! interval and the magnetiza-
tion is restored along the Z axis by the last 90°!x carbon
pulse. This experiment was designed for the study of iso-
lated nuclei with long T1 and T2 relaxation times devoid
of homonuclear J-couplings and should therefore be well
suited for the acquisition of 1D 13Cf1Hg spectra of small unla-
belled molecules. Since its introduction, DEFT has found
wide application in microscopy and imaging experiments4,5

in which it is used to accelerate the acquisition of images by
recycling the water magnetization back toward equilibrium

after data acquisition. It is employed also as a water suppres-
sion sequence for paramagnetic protein samples.6 However,
despite the interest this ingenious experiment motivated
after its introduction, it subsequently remained rarely used
for general spectroscopic applications like the acquisition of
1D 13Cf1Hg spectra, the original application initially envis-
aged by Becker et al.3 The application of the DEFT sequence
in spectroscopy is essentially limited to the acquisition of 29Si
spectra.7 Several papers published shortly after the introduc-
tion of the DEFT sequence reported that the gain in signal to
noise was not as high as expected. The explanation provided
was that the compounds studied had either a short T2 or that
different experimental artifacts prevented an exact return of
the carbon magnetization after each transient along the Z
axis of the rotating frame.8 – 11 The DEFT sequence is clearly
extremely sensitive to any experimental imperfections. In
particular the effects of B1 inhomogeneity, pulse miscalibra-
tion and frequency offsets are disastrous since cumulative
errors will lead to a progressive defocusing of the magnetiza-
tion and a subsequent loss of signal to noise. Other physical
processes can interfere with the refocusing process of the
carbon magnetization. For example, in the presence of con-
vection or diffusion, spins can travel during the long ! delays
to a region with a slightly different B0 field and prevent an
accurate refocusing of B0 inhomogeneities by the spin-echo
sequence. Therefore, the last 90°!x pulse will not return the
magnetization exactly along the Cz axis. Imperfect 1H decou-
pling will also have deleterious effects. These observations
were all made back in 1969 at a time when NMR and the NMR
instrumentation were still at an early stage of development.
The situation has since then evolved dramatically and the dif-
ferent experimental problems described previously are less
severe. In terms of NMR instrumentation, the homogeneity
of both the radio frequency field and the main magnetic field
have significantly improved. From the methodological point
of view, new NMR tools are now available to correct for the
effects of B1 homogeneity and frequency offsets.

In this paper, we propose three major modifications
of the original DEFT sequence that lead to an improved
sequence called uniform driven equilibrium Fourier trans-
form (UDEFT) which allows recording of the carbon spectra
of slow relaxing nuclei using a short RD, thereby decreasing
significantly the experiment time.

EXPERIMENTAL

NMR measurements
NMR experiments were performed on a Bruker Avance
600 NMR spectrometer operating at 600.13 MHz equipped
with a 5 mm 1H/13C/15N TCI Cryoprobe. The carbon and the
proton 90° pulse were equal to 13.3 µs and 7.2 µs, respectively.
The carbon sweep-width was set to 300 ppm. The refocusing
pulse was a 2 ms composite smoothed Chirp14 and the
inversion pulse was a 500 µs smoothed Chirp.15 The 1H
decoupling pulse of the WALTZ1616 sequence was set to
a 100 µs, whereas the 1H adiabatic decoupling pulse was a
1.5 ms 20 kHz smoothed Chirp phase cycled according to the
P5M4 supercycle.12,13 All adiabatic pulses were generated
with the ShapeTool module of the spectrometer. For all

Copyright  2006 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2006; 44: 943–947
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Figure 1. (a) Standard DEFT sequence as proposed by Becker
et al.3 (b) and (c) UDEFT pulse sequence using adiabatic pulses
and mixed composite pulses to return the magnetization with a
high precision along the Z axis of the rotating frame at the
beginning of the RD: The first ! delay corresponds to the
acquisition time of the carbon FID. The 180° refocusing pulse is
a 2 ms 80 kHz composite smoothed Chirp while the adiabatic
180° inversion pulse is a 500 µs 60 kHz smoothed Chirp. A
one-step phase cycle is used for the sequence. (b) Sequence
to record 1D 13Cf1Hg spectra with NOE enhancement.
Continuous WALTZ16 decoupling is applied throughout the
sequence. (c) Sequence to record 1D 13Cf1Hg spectra without
NOE enhancement. Adiabatic decoupling using a 1.5 ms 180°

adiabatic pulse with a P5M4 phase cycle12,13 is applied during
the UDEFT module. To prevent any NOE build-up during the
RD, the number of 180° adiabatic pulses has to be set to a
multiple of two to return exactly the 1H magnetization along the
Z axis at the end of the UDEFT module.

the Z axis of the rotating frame after each transient using a
90°

x ! !(FID)!180°
y ! !!90°!x sequence (Fig. 1(a)). The signal

is observed during the first ! interval and the magnetiza-
tion is restored along the Z axis by the last 90°!x carbon
pulse. This experiment was designed for the study of iso-
lated nuclei with long T1 and T2 relaxation times devoid
of homonuclear J-couplings and should therefore be well
suited for the acquisition of 1D 13Cf1Hg spectra of small unla-
belled molecules. Since its introduction, DEFT has found
wide application in microscopy and imaging experiments4,5

in which it is used to accelerate the acquisition of images by
recycling the water magnetization back toward equilibrium

after data acquisition. It is employed also as a water suppres-
sion sequence for paramagnetic protein samples.6 However,
despite the interest this ingenious experiment motivated
after its introduction, it subsequently remained rarely used
for general spectroscopic applications like the acquisition of
1D 13Cf1Hg spectra, the original application initially envis-
aged by Becker et al.3 The application of the DEFT sequence
in spectroscopy is essentially limited to the acquisition of 29Si
spectra.7 Several papers published shortly after the introduc-
tion of the DEFT sequence reported that the gain in signal to
noise was not as high as expected. The explanation provided
was that the compounds studied had either a short T2 or that
different experimental artifacts prevented an exact return of
the carbon magnetization after each transient along the Z
axis of the rotating frame.8 – 11 The DEFT sequence is clearly
extremely sensitive to any experimental imperfections. In
particular the effects of B1 inhomogeneity, pulse miscalibra-
tion and frequency offsets are disastrous since cumulative
errors will lead to a progressive defocusing of the magnetiza-
tion and a subsequent loss of signal to noise. Other physical
processes can interfere with the refocusing process of the
carbon magnetization. For example, in the presence of con-
vection or diffusion, spins can travel during the long ! delays
to a region with a slightly different B0 field and prevent an
accurate refocusing of B0 inhomogeneities by the spin-echo
sequence. Therefore, the last 90°!x pulse will not return the
magnetization exactly along the Cz axis. Imperfect 1H decou-
pling will also have deleterious effects. These observations
were all made back in 1969 at a time when NMR and the NMR
instrumentation were still at an early stage of development.
The situation has since then evolved dramatically and the dif-
ferent experimental problems described previously are less
severe. In terms of NMR instrumentation, the homogeneity
of both the radio frequency field and the main magnetic field
have significantly improved. From the methodological point
of view, new NMR tools are now available to correct for the
effects of B1 homogeneity and frequency offsets.

In this paper, we propose three major modifications
of the original DEFT sequence that lead to an improved
sequence called uniform driven equilibrium Fourier trans-
form (UDEFT) which allows recording of the carbon spectra
of slow relaxing nuclei using a short RD, thereby decreasing
significantly the experiment time.

EXPERIMENTAL

NMR measurements
NMR experiments were performed on a Bruker Avance
600 NMR spectrometer operating at 600.13 MHz equipped
with a 5 mm 1H/13C/15N TCI Cryoprobe. The carbon and the
proton 90° pulse were equal to 13.3 µs and 7.2 µs, respectively.
The carbon sweep-width was set to 300 ppm. The refocusing
pulse was a 2 ms composite smoothed Chirp14 and the
inversion pulse was a 500 µs smoothed Chirp.15 The 1H
decoupling pulse of the WALTZ1616 sequence was set to
a 100 µs, whereas the 1H adiabatic decoupling pulse was a
1.5 ms 20 kHz smoothed Chirp phase cycled according to the
P5M4 supercycle.12,13 All adiabatic pulses were generated
with the ShapeTool module of the spectrometer. For all
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One-dimensional NMR has proven in the past to be a powerful
method for real-time experimental investigations of slow dynamic
processes in chemistry and biochemistry such as reaction kinetics,
conformational interconversion, and protein folding.1 However,
because of its intrinsically low spectral resolution, 1D NMR yields
only very limited atomic resolution when applied to macromol-
ecules. On the other hand, recording a series of 2D spectra, which
provides the high spectral resolution, is time-demanding because
each spectrum requires at least several minutes of data acquisition.
Line shape analysis of cross-peaks in the indirect dimension
provides information on the dynamic events occurring during 2D
data acquisition,1c but the quality of the spectra is reduced by line
broadening and line distortions, thus limiting the reliability of such
an analysis. Therefore, there is a strong interest in developing fast
2D NMR techniques, where the dynamic information is encoded
in the peak intensities and positions, to follow dynamic processes
in proteins on a per-residue basis with a time resolution of a few
seconds. Recently, Frydman and co-workers2 introduced “single-
scan” NMR spectroscopy, which in an ingenious way allows
acquiring any multidimensional data set within a single scan.
Unfortunately, the applicability of single-scan NMR to protein
samples is currently limited by its inherently low sensitivity and
demanding spectrometer hardware requirements. Here we present
an attractive alternative for the recording of 2D 1H-15N (or 1H-
13C) correlation spectra of proteins within only a few seconds of
data acquisition. The new band-Selective Optimized Flip-Angle
Short-Transient heteronuclear multiple quantum coherence (SO-
FAST-HMQC) experiment relies on standard data sampling in the
indirect dimension and is easily implemented on any commercial
NMR spectrometer. The experiment yields significantly increased
sensitivity for short acquisition times when compared to other
existing techniques.2-4 This has allowed us to obtain well-resolved
1H-15N correlation spectra with a high signal-to-noise (S/N) ratio
for several proteins in the 1 to 2 mM concentration range. As a
first application of interest we have applied the new experiment to
the study of fast amide hydrogen-deuterium (H/D) exchange in
the small protein fragment MerAa (67 residues) of the mercuric
reductase MerA from Ralstonia metallidurans.5
The new SOFAST-HMQC experiment is shown in Figure 1. The

pulse sequence has been optimized for very short interscan delays
(trec), as required for fast data acquisition. HMQC-type coherence
transfer has the advantage of using less radio frequency (rf) pulses
compared to HSQC-based sequences, which reduces signal loss due
to B1-field inhomogeneities and pulse imperfections, and limits the
rf power deposited in the NMR probe. In addition, HMQC offers
the possibility of Ernst-angle excitation.6 The S/N per unit
experimental time for arbitrary flip-angle excitation is given by
M0{[1 - exp(-Trec/T1)] sin !}/{[1 - exp(-Trec/T1) cos !]!-
(nTscan)}, where M0 is the thermal equilibrium magnetization, ! )
R - 180° is the effective flip angle, T1 is the proton spin-lattice
relaxation time, Trec is the effective recycle delay (trec + t2max + ∆

+ t1/2), and Tscan is the time required for a single transient. As has
been demonstrated previously,3 the use of optimized flip angles in
HMQC experiments allows an increase in the repetition rate of the
experiment without losing much S/N per unit time. The sensitivity
of the experiment is further increased by enhanced 1H spin-lattice
relaxation. It has been shown7 that the selective manipulation of a
subset of proton spins in a protein, while leaving all other protons
unperturbed, yields significantly shortened relaxation times T1. This
effect is exploited in the sequence of Figure 1 by the use of band-
selective 1H pulses. Here we use a polychromatic PC9 pulse shape
for adjustable flip-angle band-selective excitation.8a The PC9 pulse
yields quite uniform excitation over the desired bandwidth for flip
angles in the range 0° < R < 130°. For larger flip angles, the
excitation profile becomes more distorted. The phase dispersion is
linear and can be easily corrected to pure phase by properly
adjusting the delay δ to account for spin evolution during the PC9
pulse.
Figure 2 shows a SOFAST-HMQC 1H-15N correlation spectrum

recorded at 800 MHz 1H frequency on a 2 mM sample of 13C,15N-
labeled ubiquitin in an overall experimental time of 5 s. The high
S/N obtained in this spectrum can be appreciated from the 1D trace
extracted along the 15N dimension as indicated in the figure. To
compare the performance of SOFAST-HMQC with other existing
1H-15N correlation experiments, we have recorded 1D spectra for
a series of recycle delays. These spectra provide a measure of the
relative average S/N ratio obtained by the different experiments
for a given overall experimental time. As shown in Figure S1 of
the Supporting Information, for the fast repetition rates we are
interested in (Tscan ≈ 100 ms), SOFAST-HMQC yields a sensitivity
increase of about 300% with respect to standard techniques
(sensitivity-enhanced HSQC, fast-HMQC,3 or FHSQC4). If one
takes into account recent experimental results reported by Pelupessy9
indicating a decrease in S/N by about a factor of 7 for single-scan
HSQC with respect to standard HSQC, one may also conclude that
SOFAST-HMQC presents a significant sensitivity advantage with

Figure 1. SOFAST-HMQC experiment to record 1H-X (X ) 15N or 13C)
correlation spectra of proteins. Filled and open pulse symbols indicate 90°
and 180° rf pulses, except for the first 1H excitation pulse applied with flip
angle R. The variable flip-angle pulse has a polychromatic PC9 shape,8a
and band-selective 1H refocusing is realized using an r-SNOB profile.8b
The transfer delay ∆ is set to 1/(2JHX), the delay δ accounts for spin
evolution during the PC9 pulse, and trec is the recycle delay between scans.
Adiabatic WURST-2 decoupling8c is applied on X during detection.
Quadrature detection in t1 is obtained by phase incrementation of #
according to TPPI-STATES.
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respect to current single-scan methods. SOFAST-HMQC spectra
obtained for other proteins varying in size and concentration are
shown in Figure S2 of the Supporting Information. This is, to the
best of our knowledge, the first time that high-quality 2D correlation
spectra of proteins have been recorded in a few seconds of
experimental time, which opens the way for 2D-based real-time
NMR studies of protein kinetics on a seconds time scale.
The measurement of site-specific amide H/D exchange rates

provides insight into both structural and dynamic properties of
proteins. Applications of H/D exchange measurements comprise
the identification of H-bond networks in proteins, the characteriza-
tion of the stability of structural elements in native states, folding
intermediates, or partially denatured states of proteins, and the
identification of ligand-binding sites.10 Recently, H/D exchange has
also been proposed as an additional dimension for mass spectrometry-
assisted NMR resonance assignment.11 H/D exchange rates in
proteins cover a wide range of time scales, from milliseconds to
hours or days. Very fast H/D exchange with characteristic time
constants τex up to a few seconds can be monitored by NMR
methods based on selective perturbation of the water resonance.
Slow H/D exchange is commonly measured by dissolving the
protein in D2O and following the peak intensity in the NMR
spectrum over time. Such studies typically rely on 1H-15N
correlation experiments, and the time resolution is therefore
determined by the acquisition time of a single 2D data set, typically
a few minutes. The new SOFAST-HMQC experiment, which allows
2D data acquisition in only a few seconds, thus offers a way to
close the missing time gap.
Figure 3 shows the results of H/D exchange measurements

performed on MerAa. For this 67-residue protein fragment, H/D
exchange at pH 7.5 is completed for all amides only a few minutes
after dilution of the protein in D2O. For the NMR experiments, the
protein was concentrated in 100 µL of H2O solution, and H/D
exchange was initiated by adding 400 µL of D2O, yielding a final
protein concentration of 2.1 mM. The mixing was achieved outside
the NMR spectrometer, resulting in a dead time of about 40 s
between mixing and the actual start of the NMR experiments. Figure
3 illustrates the performance of the SOFAST-HMQC experiment
to measure fast exchange rates on a per-residue basis down to a
characteristic time constant of about τex ) 15 s. Even faster
exchange may be quantified by reducing the dead time using a rapid
mixing device.1a The measured H/D exchange data indicate

differential solvent protection for amides along the protein back-
bone. Interestingly, solvent protection in R-helices is found to be
higher than that in "-sheets. The intensities of cross-peaks belonging
to amides in loop regions have decreased to their plateau value
(20% of the initial peak intensity) during the dead time.
In summary, we have shown that 2D 1H-15N correlation spectra

of 15N-labeled proteins can be recorded in only a few seconds of
data acquisition using a very simple new pulse sequence (SOFAST-
HMQC) that provides the required high sensitivity. This experiment
allows real-time site-resolved NMR studies of kinetic processes in
proteins on a time scale of seconds. Here, we have demonstrated
its applicability to the measurement of fast H/D exchange rates.
Other applications include the real-time study of protein folding
kinetics and the observation of short-lived folding intermediates.
The experiment may also become valuable for high-throughput
characterization of protein samples and screening of ligand binding
to target proteins by NMR.

Supporting Information Available: 1H-15N SOFAST-HMQC
spectra of several proteins, acquisition and processing details, and a
sensitivity comparison of different pulse schemes. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 2. 1H-15N correlation spectrum (central part) of ubiquitin (2 mM,
pH 4.7) recorded at 800 MHz in only 5 s using the sequence of Figure 1.
The acquisition parameters were set to: R ) 120°, ∆ ) 5.4 ms, δ ) 1.2
ms, t2max ) 40 ms, and trec ) 1 ms. Forty complex points (n ) 80 + 4
dummy scans) were recorded for t1max ) 22 ms. The band-selective 1H
pulses were centered at 8.0 ppm covering a bandwidth of 4.0 ppm. SOFAST-
HMQC yields good water suppression in a single transient. The peak pattern
surrounded by a box arises from Arg side chain resonances.

Figure 3. H/D exchange kinetics measured in the small protein MerAa
(pH 7.5). On the right, the cross-peak intensities measured in a series of
SOFAST-HMQC spectra are plotted as a function of exchange time for
V25 (9), L53 (b), and A43 (2). A fit to the function I(t) ) a0 exp(-t/τex)
+ a1 yields exchange time constants τex ) 69 s for V25 and τex ) 53 s for
L53. No reliable fit is possible for A43, but the upper limit can be estimated
to τex < 15 s. On the left, the measured exchange rates, divided in three
classes (i) τex < 15 s (yellow small spheres), (ii) 15 s < τex < 40 s (red
medium-size spheres), and (iii) τex > 40 s (blue large spheres), are
represented on the ribbon structure of MerAa.5
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the protein. The SOFAST-HMQC data for three
different flip angles (90!, 120!, and 150!) are
compared to results from a sensitivity-enhanced
(se) water-flipback (wfb) HSQC pulse sequence as
implemented in the Varian Bio-pack, and from a
longitudinal relaxation optimized HSQC
(LHSQC) experiment (Pervushin et al., 2002). The
peak intensities in the se-wfb-HSQC spectra were
up-scaled by a factor of "2 to account for the
sensitivity-enhanced quadrature detection provid-
ing a "2-signal enhancement in the 2D version of
the experiment with respect to standard quadra-

ture detection as implemented in SOFAST-
HMQC and LHSQC. Theoretically we expect that
the different quadrature detection schemes trans-
late into a sensitivity advantage of " 2 for se-wfb-
HSQC with respect to SOFAST-HMQC and
LHSQC at long recycle delays. In practice, we find
that this sensitivity difference is partly or com-
pletely compensated by the larger number of pul-
ses applied in se-wfb-HSQC leading to increased
signal losses due to pulse imperfections and B1-
field inhomogeneities. As expected, this effect is
more pronounced for the data acquired using a

Figure 2. Signal-to-noise ratios per unit time (intensity) plotted as a function of the scan time (Tscan) obtained with different 1H–15N
correlation experiments for (a) ubiquitin (8.6 kDa, 2 mM, 25 !C, pH 6.2) at 600 MHz, (b) ubiquitin at 800 MHz, (c) SiR-FP18
(18 kDa, 1.8 mM, 25 !C, pH 7.0) at 600 MHz, and (d) SiR-FP18 at 800 MHz. The 800 MHz spectrometer was equipped with a
cryogenic probe, whereas the experiments at 600 MHz 1H frequency were performed on a standard (non cryogenic) probe. The
intensities were extracted from 1D spectra recorded using the SOFAST-HMQC sequence of Figure 1a (t1=0) with flip angles of
a ¼ 90" (squares), 120! (triangles) and 150! (open circles), LHSQC (open triangles), and se-wfb HSQC (filled circles). Band-selective 1H
pulses in the SOFAST-HMQC and LHSQC experiments were centered at 8.0 ppm covering a bandwidth of 4.0 ppm. Variable flip
angle excitation and refocusing in SOFAST-HMQC were realized using a PC9 pulse of 3.0 ms and a REBURP pulse of 2.03 ms,
respectively. The se-wfb-HSQC experiments were recorded using the pulse sequence implemented in the Varian Bio-pack. The LHSQC
sequence was set up as described by Pervushin et al. (2002), except for the final INEPT delays s2 and s3 that were reduced to 1.0 ms to
account for spin evolution during the REBURP pulse. The inserts show an expansion of the data for short scan times. Each spectrum
was acquired in the same experimental time, and the spectra were scaled to the same noise level. The se-wfb-HSQC spectra were scaled
up by a factor "2 to account for the gain in S/N ratio obtained by the sensitivity-enhanced quadrature detection in the 2D version of
the experiment. Intensities were obtained by integration of the 1D 1H spectra over the spectral range 7.0–9.5 ppm. The solid lines are
smoothened interpolations of the experimental data points.
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SOFAST

space13, DUB-mediated cleavage suggested that pyrenebutyrate/
CPPTat-treatment delivered Ub-3A into the cytosol.

The concentration of transduced 15N-labelled protein in the NMR
sample was of the order of 20–30mM, as estimated from the NMR
signal intensities of the in-cell spectrum and the spectrum of Ub-3A
recovered in the lysate (Supplementary Fig. 2b, c). The estimated
concentration of endogenous ubiquitin is 13mM, assuming that
13 107 cells are contained in 200ml of the NMR sample and that each
cell contains 1.53 108 ubiquitin molecules14. Leakage of 15N-labelled
proteins from the cells during NMR measurement was negligible, as
assessed by the 1D spectrumof extracellular fluid taken from theNMR
sample (Supplementary Fig. 2a). Cell viability and the integrity of the
plasma membranes were assessed by staining with 0.2% (w/v) trypan
blue after the completion of each NMR experiment15. In each case of
in-cell NMR experiments shown in this paper, we found that more
than 90% of cells were resistant to trypan blue uptake. This high level
of cell viability andmembrane integrity is consistent with the reported
low toxicity of pyrenebutyrate/CPPTat treatment8.

Having established that Ub-3A–CPPTat undergoes intracellular
cleavage, we questioned whether detachment of Ub-3A from CPPTat
is crucial for observing in-cell NMR spectra. We substituted the
sequence G75–G76 of Ub-3A–CPPTat with two alanines to prevent
intracellular cleavage by DUBs. Indeed, Ub-3A-G75A/G76A–CPPTat
was resistant to cleavage in cells (Supplementary Fig. 1c). The 1H–15N
correlation spectrum of cells incubated with this uncleavable protein
showed a pattern typical of an aggregated protein, with several over-
lapping signals (Fig. 1c), indicating that liberation of ubiquitin from
CPP is essential for observing well-resolved in-cell NMR spectra.

CPPs are known to show binding to acidicmembrane and cytosolic
components11. Thus, it seemed likely that the uncleaved Ub-3A-
G75A/G76A–CPPTat aggregated with the inner plasma membrane
or other intracellular components after delivery into the cytosol. To
confirm this, we labelled the cleavableUb-3A–CPPTat and uncleavable
Ub-3A-G75A/G76A–CPPTat with the fluorescent probe Alexa-488,
and observed their intracellular distribution by confocal laser-
scanning microscopy. HeLa cells treated with Alexa-488-labelled
Ub-3A–CPPTat showed a smooth and continuous distribution of
the transduced protein throughout the cytosol and nucleus (Fig. 1d).
This diffusion of internalized protein was observed in almost all cells.
In contrast, treatment with the uncleavable Alexa-labelled Ub-3A-
G75A/G76A–CPPTat resulted in an unsmooth and heterogeneous
pattern of fluorescence in the cells, with intense staining of cytoplas-
mic components and nucleoli. Taken together, these results
demonstrate that detachment fromCPP seems to be required for both
uniform distribution of the CPP-delivered proteins in the cytosol
and the detection of high-resolution in-cell NMR spectra. Using

Ub-3A–CPPTat, we also obtained a spectrum of Ub-3A in monkey
COS-7 cells, demonstrating the universality of this method
(Supplementary Fig. 3).

Tomeasure the in-cell NMR spectra of specific proteins, we used the
method of linking CPPs to cargo proteins by means of disulphide
bonds16. In the cytosol, CPP-conjugated proteins are subject to cleavage
at disulphide bondsby autonomous reduction. The 1H–15N correlation
spectrum of HeLa cells treated with the B1 domain of streptococcal
protein G (GB1) conjugated to CPPTat showed well-resolved signals,
which could almost be superimposed on the corresponding signals in
the reference in vitro spectrum (Fig. 2a, b). The same procedure also
delivered Ub-3A into cells and gave a high-quality in-cell NMR spec-
trum (Fig. 2c). These results demonstrate that this method can be
applied to various proteins.

The in-cell NMR experiments potentially provide a wealth of
information on the conformation, dynamics and functions of proteins
in the intracellular environment. The in-cell NMR spectrum of wild-
type ubiquitin showed severe line-broadening effects: the intensities of
most of the main-chain amide signals in the in-cell NMR spectrum
(Supplementary Fig. 4) were markedly smaller than those in the spec-
trum of Ub-3A (Fig. 1a). In contrast, an intense signal was observed at a
position corresponding to the C-terminal Gly 76 of mature ubiquitin in
the in-cell spectrumofwild-type ubiquitin, as seen inUb-3A, suggesting
that the CPP was cleaved from Ub–CPPTat and that the transduced
ubiquitin exists, at least partly, in a C-terminally unconjugated form
in the cells. Because the mutation sites of Ub-3A (L8A, I44A and
V70A) are located at the common binding interface of ubiquitin with
ubiquitin-interactingproteins17, theobservation thatmutation leads to a
large recovery of signal intensity suggests that the line broadening
observed forwild-type ubiquitin is due to its interactions with endogen-
ous proteins. The same effect of mutation on ubiquitin was previously
observed in in-cell NMR experiments using Xenopus oocytes5.

In-cell NMR spectroscopy can also be applied to studying protein
interactionswith small compounds, such as screeningdrugs targeted to
specific proteins. Wemeasured the in-cell NMR spectrum of FKBP12,
one of the targets of the immunosuppressants FK506 and rapamycin18

which are often used in organ transplantation. To introduce 15N-
labelled FKBP12 into HeLa cells, we used another method13 to link
the protein to a cleavable CPP, by constructing a CPPTat–Ub–FKBP12
fusion protein (Fig. 3a). The fusion proteinwas predicted to be cleaved
at the C terminus of ubiquitin by endogenous DUBs13, thereby releas-
ing FKBP12 into the cytosolic space. The 1H–15N correlation experi-
ment of HeLa cells treated with 15N-labelled CPPTat–Ub–FKBP12
provided an analysable high-resolution spectrum (Fig. 3a), which
could be well superimposed on the reference in vitro spectrum
(Fig. 3b), showing that the FKBP12 moiety of the fusion protein
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Figure 2 | In-cell spectra of proteins delivered by disulphide-linked CPPTat.
a, In-cell 1H–15N correlation spectrum of GB1. The construct used for
intracellular transduction is schematically shown above the spectrum.
CPPTat is conjugated at a cysteine introduced at the C-terminal end of GB1
via a disulphide bond. The red triangle indicates the reductive cleavage site.

b, In vitro reference spectrumof 15N-labelled GB1. c, In-cell spectrum of Ub-
3A transduced with CPPTat linked through a disulphide bond. The construct
used is schematically shown above the spectrum. CPPTat is conjugated at a
cysteine mutated at the C-terminal Gly 76 residue of Ub-3A via a disulphide
bond.
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Se = Ŝ + �e

< �e >= 0
suit une loi gaussienne�e

�e présente une densité spectrale “plate”

�e statistique  invariante avec le temps

mardi 11 mai 2010



• M-A Delsuc - GERM - mai 2010 •

Autres sources de bruit

• Bruit Thermique

• Bruit de scintillation

• Bruit de spin

• Bruit de champs

• Bruit d’échantillonnage

• Bruit de calcul

• amplification par le bruit

Se = Ŝ + �e
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Bruit de scintillation - t1-noise
• correction a posteriori

• pics intenses dans HSQC
• méthode de SVD-Cadzow (voir présentation de Pascal Man)

Brissac Malliavin Delsuc Use of the Cadzow procedure in 2D NMR 
for the reduction of t1-noise. J Biomol NMR (1995) 6 361-363
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• lock D2O
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Spectral Realignment of PFG NMR 
Diffusion Data

The DOSY experiment, by separating on two spectral axes the chemical shift information and the translational diffusion information, is a 
powerful analytical tool for solution analysis.
The accuracy of the diffusion coefficient values, as well as the quality of the separation of overlapping signals in the diffusion dimension 
are strongly dependent of the acquisition conditions and of the overall system stability. In fact, perturbations which are sometimes 
invisible in the direct dimension can lead to poor quality DOSY spectra.

A new method, called SOPHORA [1] («SOPHisticated Optimization by spectral ReAlignment») is used to correct for spectrometer 
imperfections or mis-adjustments. This method works as follows : first, a peak picking is done on a small spectral region (containing one 
signal) of each 1D row. The chemical shift of this signal in the first row is used later on as the reference. Then, for each raw, the shift 
from the reference is estimated. Finally, this shift is corrected by shifting the whole spectrum, using the method described in [2] for 
shearing. 
SOPHORA is available as a macro running under the NMRnotebookTM software [3].
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shearing. 
SOPHORA is available as a macro running under the NMRnotebookTM software [3].

Sugar Mixture

PEG 

Using SOPHORA

No correction

Temperature regulation issues

No correction

Using SOPHORA

Heating due to strong gradient pulses

Accurate diffusion coefficient value

Avoid artifacts

1. O. Assémat, M.A. Coutouly, R. Hajjar, and M.A. Delsuc, submitted.
2. D. Tramesel, V. Catherinot, M.A. Delsuc, J. Magn. Reson. 188 (2007) 56
3. NMRTEC, http://www.nmrtec.com/software/nmrnotebook.html
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Autres sources de bruit
• Bruit Thermique

• Bruit de scintillation

Bruit additif erreur systématique Bruit de scintillation

S ∝ ns

N ∝
√

ns

S/N ∝
√

ns

S ∝ ns

N ∝ ns

S/N ∝ cste

S ∝ 1
N ∝ ns

S/N ∝ 1
ns

Evolution du rapport signal sur bruit

Dans certaines conditions, accumuler le signal peut 
dégrader la qualité et le rapport signal à bruit du spectre !
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Autres sources de bruit
• Bruit Thermique

• Bruit de scintillation

• Bruit de spin

• Bruit de champs

• Bruit d’échantillonnage

• Bruit de calcul

• amplification par le bruit
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bruit d’échantillonage

FFT

erreur produit par l’échantillonage
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bruit de calcul

simple précision : ~7 chiffres significatifs
double précision : ~14 chiffres significatifs
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Autres sources de bruit
• Bruit Thermique

• Bruit de scintillation

• Bruit de spin

• Bruit de champs

• Bruit d’échantillonnage

• Bruit de calcul

• amplification par le bruit
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amplification par le bruit

~ résonance stochastique

1000 échantillons

Xo = 100.0 +/- 0.5 Xo = 100.0 +/- 0.03

Simulation d’un signal continu échantilloné, avec un niveau de bruit variable

X = Xo + 0.1% de bruit X = Xo + 1% de bruit
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