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Ultrahigh-field liquids and solids Micro imaging - mouse models

Rheology by NMR

High-Pressure NMR

Low-field table-top NMRUltrafast MAS

111kHz MAS 0.7mm Probe

To meet the challenges of magic angle spinning at very high
rates (>100kHz), Bruker has developed the 0.7 mm MAS system 
which enables spinning rates up to 111 kHz. A prototype probe 
for the 1 GHz was tested with successful results.

The requirements of magic angle spinning at very high spinning 
rates (> 100 kHz) lead to miniaturization of air bearing systems 
and turbines. The basic principles of gas turbines and bearing 
systems need to be adapted to the sub-mm range of dimensions, 
requiring novel manufacturing techniques for rotors, turbine caps, 
drive systems, and air bearings with an outstanding precision. For 
the user of such systems, new challenges of sample preparation 
and rotor handling arise. Automatic and semi-automatic regulation
of air flow for sub-mm MAS systems must be addressed.

Magic Angle Spinning Above 100kHz

Fig. 3 Regulation profile of an BL07 CPMAS and MAS 3 regulation unit. The standard 
regulation deviation over 17h was less than 4Hz.

Fig. 2 500WB 0.7mm CPMAS probe (left). On the right you can see flow simulations revealing 
supersonic speed regions in the drive flow at highest spinning speeds.

Summary
�� Fastest available MAS frequency
�� Stable regulation 
�� Unique possibilities in both biological solid state NMR and 

material science solid state NMR
�� Available for standard- and wide bore
�� Tools provided for easy filling and handling of the small 

diameter rotor and caps
�� High sensitivity despite small sample volume by 

high mass sensitivity and high RF fields strength

Fig. 1 Left: Available BRUKER MAS rotor diameter ranging from 7mm down to 0.7mm, 
providing MAS frequencies as high as 111kHz. 
Right: Set of tools provided to easily pack a 0.7mm rotor with a sample. 

The new 111kHz CPMAS probe (see figure 2) extends the BRUKER 
product range to MAS frequencies as high as 111kHz. With a 
sample volume of 0.5!l unsurpassed sensitivity in biological solid 
state NMR as well as in material science is provided helping in 
the elucidation of protein structures or the development of new 
battery materials.

To reach and maintain stable MAS frequencies above 100kHz, not 
only modern regulation hardware (MAS 3) needs to be available, 
but also super sonic conditions in air bearings and air drive need 
to be understood and controlled propely. In figure 2 an example 
of this supersonic drive flow can be seen.

Results
Figure 4 shows two examples of applications in both fields  
protein structure investigation and battery material research. 
In the latter application the fast 111kHz MAS enables site 
specific resolution for the first time. In combination with new 
excitation schemes new possibilities are open in this particular 
field of research. These new applications are also supported by 
the excellent MAS stability achieved with the MAS3 unit (see  
figure 3).

Fig. 4 Left: 1H-15N (CP/back-CP) correlation experiment with sedimented SSB (13C-15N 
labelled single-stranded DNA binding protein from E coli) at a proton frequency of 1GHz 
and 111 kHz MAS. TD1= 200/ns = 8, sample volume 300 nl, experimental time ca. 30 min. 
Right: 1H MAS spectra od Na3Tb(DPA)3 at different MAS rates. Double adiabatic echo 
experiment utilizing frequency swept Pulses for refocusing. Proton frequency 500 MHz, 
recyle delay 10 ms, 8192 scans. Frequency swept pulse length 18!s for 111 kHz MAS and 
33.33!s for 60 and 30 kHz MAS.

"The ultra-fast  magic angle spinning capabilities of 
Bruker’s 111 KHz MAS probe allows for the direct and high 
resolution observation of proton resonances from complex 
biomolecules. We get double the resolution in protonated 
samples compared to 60 kHz spinning. As such it is a great 
new tool in our arsenal for the structure determination of 
proteins, a critical need for studying disease mechanisms."

- Prof. Lyndon Emsley, Ecole Normale Supérieure de Lyon

their effective use could be applied to a much wider array of
molecules including biomolecules labeled in mammalian systems
(44). However, although amide proton assignment is possible for
fully protonated proteins above 40-kHz MAS (45–48), proton
resonances remain significantly dipolar broadened at 40–60 kHz,
limiting the applicability of this spinning regime for side-chain
assignment and structure determination (41, 45, 49–51).
Here, we investigate the resolution at an increased MAS fre-

quency of 100 kHz and above, and find that it enables rapid
structure determination in fully protonated proteins. To our
knowledge, we present the first two examples of such structure
determinations, the small model protein GB1 (52) and the de
novo determination of Acinetobacter phage 205 (AP205) coat
protein (AP205CP), a 28-kDa dimer in a 2.5-MDa viral capsid
assembly (53). In both cases, we used a single 0.5-mg sample of
uniformly 13C,15N–labeled protein for backbone and side-chain
resonance assignment, and for collection of a dense network of
proton–proton distance restraints. Each structure was calculated

from data acquired in less than 2 weeks, and making use of
unsupervised analysis algorithms as implemented in UNIO (54).

Results and Discussion
NMR Structures. Fig. 1 shows structural ensembles for micro-
crystalline GB1 and sedimented microcrystalline nucleocapsids
of AP205CP, determined by solid-state NMR with MAS at fre-
quencies of 100 kHz and above.
GB1 is a small and well-characterized globular protein of 56

residues. The bundle of NMR conformers calculated here (Fig. 1A)
has a backbone heavy-atom root-mean-square deviation (rmsd)
of 0.48 Å, an all-heavy-atom rmsd of 1.04 Å, and deviates from the
X-ray structure (PDB ID code 2QMT) by 1.45 Å (see full statistics
in Table S1).
AP205CP forms a homodimer of 2 ! 130 residues, which is the

basic subunit of the icosahedral AP205 capsid comprised of 90
dimers (53). The bacteriophage encodes for four genes, which
are packed as single-stranded RNA (ssRNA) in a 28- to 30-nm
icosahedral protein capsid. Because of its size, the AP205 capsid

Fig. 1. MAS NMR structures of GB1 (PDB ID code
5JXV; Top) and AP205CP (PDB ID code 5JZR; Bottom).
Ribbon diagram of the 10 lowest-energy conformers
for GB1 (A) and dimeric AP205CP (E), with monomers
colored in cyan and tan. The approximate location of 1
of the 90 dimers in the cryo-EM electron density is also
illustrated (53). The long-range proton–proton contacts
measured in this study are depicted as dark blue lines
onto the lowest-energy conformers of the two pro-
teins: contacts between amide protons (B and F), con-
tacts among amide and ILV-methyl–labeled protons
(C and G), and all proton–proton contacts (D and H).

Fig. 2. High-resolution 1H-detected spectra recorded on fully protonated microcrystalline GB1 and AP205CP. (A) 15N-1H CP-HSQC of GB1 at 60 kHz (black),
and at 111.111-kHz MAS (red). (B) H!-C! (Bottom) and methyl regions (Top) of a 13C-1H CP-HSQC of GB1 at 111.111-kHz MAS. (C) 15N-1H CP-HSQC of AP205CP
acquired on a fully protonated sample at 100-kHz MAS (red), and on a perdeuterated sample, exchanged in 100% H2O, at 60-kHz MAS (black). The exchange-
protected residues are labeled in the spectrum and colored on the NMR structure in the Inset. (D) H!-C! (Bottom) and methyl regions (Top) of a 13C-1H
CP-HSQC of AP205CP at 100-kHz MAS.

9188 | www.pnas.org/cgi/doi/10.1073/pnas.1602248113 Andreas et al.
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Theory

Theories describe NMR experiments 
with very high precision
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Simulation of Protein NMR Spectra
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Ubiquitin 

BMRB id 68 
556 hydrogen chemical shifts

Matrix operations 

Hilbert space: O(23·556) 
Liouville space: O(42·556) 
Reduced Liouville space: … (hours to days of calculation)
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What happens during a complex pulse sequence

DIPSI-2

(t) = !IIz + !SSz + ⇡J2I · S
+ !rf(t) [(Ix + Sx) cos�(t) + (Iy + Sy) sin�(t)]

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

TOCSY:
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(t) = !IIz + !SSz + ⇡J2I · S
+ !rf(t) [(Ix + Sx) cos�(t) + (Iy + Sy) sin�(t)]
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SISPI

X

piecewise
<latexit sha1_base64="zDMFfVT60OtIP6gtx9LoNvkAS1o="></latexit>

(t) = !IIz + !SSz + ⇡J2I · S
+ !rf(t) [(Ix + Sx) cos�(t) + (Iy + Sy) sin�(t)]

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Nielsen, A. B.; Hansen, Michael R.; Andersen, Jørgen E.; Vosegaard, Thomas. J. Chem. Phys. 2019, 151, 134117. 

Looks like the Hamiltonian for an AB-spin system
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DIPSI-2 Figure of Merit - AB inspired

8

Transfer simulated 
by SIMPSON

Nielsen, A. B.; Hansen, Michael R.; Andersen, Jørgen E.; Vosegaard, Thomas. J. Chem. Phys. 2019, 151, 134117. 
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› Protein simulations in seconds
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reported in the BioMagResBank (BMRB id 68) from an
early study.[41]

Having demonstrated the possibility to simulate
spectra of peptides and small proteins, it is relevant to
evaluate the time it takes to perform such simulations.
The computation time mainly consists of two contribu-
tions: (a) calculation of the peaks in the 2D spectra and
(b) writing the 2D datasets to the disk. The latter part
takes a few seconds, and the first part depends on the
number of amino acids in the sequence. In fact, the length
of this part is proportional to the number of amino acids,
as there are no long!range effects included in the simula-
tions. Simple tests show that simulations of up to proteins
with up to 100 amino acids can be done in less than a
minute of computation time on a normal laptop com-
puter, whereas short peptides of less than 10 amino acids
may be simulated in a few seconds.

The fact that the simulations are very fast is
encouraging for making more precise estimates of
transfer amplitudes in the multidimensional spectra
and intensities in the 1D spectrum, because actual
simulations of full multidimensional spectra as part of,
for example, fitting a set of structural parameters is
indeed within reach using the present concept of
separating the computation!dense efforts from the full
spectrum simulation.

Next project in line is to merge the present spectrum
simulation into our new web!based spectrum analysis
interface, for which we have already launched the spec-
trum viewer jsNMR[44] and a spectroscopy game. A test
site for the web!based version of the program may be
found on our web site.[45] Once the implementation is
complete, it will be available together with all scripts
employed in this work.

FIGURE 5 (a–b) Comparison between
the experimental 1H nuclear magnetic
resonance spectrum (400.13 MHz) of the
peptide Asn!Phe!Gly!Ala!Ile!Leu (a)
and the corresponding simulated spectrum
(b). (c) Simulated 600 MHz nuclear
Overhauser effect spectroscopy spectrum of
human uniquitin based on assignments from
an early work[41]

446 VOSEGAARD

NFGAILT. Vosegaard, Magn. Reson. Chem. 56 (2018) 438–448
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interface, for which we have already launched the spec-
trum viewer jsNMR[44] and a spectroscopy game. A test
site for the web!based version of the program may be
found on our web site.[45] Once the implementation is
complete, it will be available together with all scripts
employed in this work.
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the experimental 1H nuclear magnetic
resonance spectrum (400.13 MHz) of the
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446 VOSEGAARD

600 MHz NOESY of Ubiquitin
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New versatile  
simulation platform
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Simulation of Protein NMR Spectra
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Protein 
simulation

BMRB
couplings

BMRB
shifts

PDB
distances

Plot
spectra

Which modules do you need? 

Which objects do you pass 

from module to module 

BMRB: BioMagResBank - Biological 
NMR database
PDB: Protein Database - structures
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FIFA World cup - the solution

13

Danish World 
Cup Tactics

Denmark’s 
strategy at the 

2018 FIFA 
World cup
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Flow-based programming
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Protein 
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Modules: 
Communication:

Flow objects 
Flow transfer

1. Protein
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- Servers in the cloud 
- Scalable 
- One place to maintain 
- Allows to run 

community-developed 
software

1. pastis.dk
server

2. test
spe

server
par
data

3. Plot
data
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Server
server

Plot
data

range

Spectrum
spe

meta

SIMPSON
spe

server

par

text

PDB
id

pdb

BMRB
id

bmrb

A versatile plot object to plot 1D and 
2D spectra, CSV !les, etc.

A spectrum object contains an NMR 
spectrum or FID

A SIMPSON object uses a server to 
do a simulation. No installation is re-
quired!

A server can perform SIMPSON simu-
lations, MatLab calculations, etc. 
Uses Docker for security reasons.

The PDB object can download PDB 
!les from the database and make 
the coordinates available

The BMRB object downloads shifts 
and couplings from the BMRB

Optimization
valuepar

SIMMOL
textpdb

RMS

res

rmsexp

sim

Protein Sim...
pdb

bmrb

1d

tocsy

noesy

Calculation
resvalue

A SIMMOL object visualises biomo-
lecular structures and nuclear spin 
interactions (10).

An RMS object can scale and add 
several simulated spectra and calcu-
late the RMS deviation to an experi-
ment.

The optimization object performs 
optimizations

The protein simulator provides 1D 
and 2D 1H NMR spectra of proteins (8)

A versatile calculation object that 
performs any operation on the input 
value

Image proces...
csvimage

The image processing object allows 
to measure various parameters in 
images and export the data as CSV
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How do we teach next-

generation spectroscopists?

Teaching
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Opgave 1 
 

Yderlige oplysninger: 
Væske: densitet 0.805 g/ml 
UV: 50 Pl i 10 ml ethanol,         
        1 cm kuvette 
IR: Film på NaCl 
MS: EI (70eV) direct inlet 
1H-NMR: 200 MHz i CDCl3 
13C-NMR: 50 MHz i CDCl3 
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Traditional spectroscopy course 
• Extract all information from all spectra 
• Good for learning spectroscopy
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Traditional spectroscopy course 
• Extract all information from all spectra 
• Good for learning spectroscopy

Real-World approach 
• Obtain the necessary information from relevant spectra 
• Prioritise resources 
• Good for employing spectroscopy

Design 
• You have limited resources (Resource Points, RP) 
• You decide which spectra to “record” 
• Time matters
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Overview
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Vosegaard, J. Chem. Educ. (2018)

Try it at: ispec.pastis.dk

http://ispec.pastis.dk
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Play the game
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Vosegaard, J. Chem. Educ. (2018)
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Also small proteins
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Vosegaard, J. Chem. Educ. (2018)
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iSpec - what do we learn?

› ca 100 students played iSpec 
› 18 exercises

26
Vosegaard, J. Chem. Educ. (2018)

Students claimed 
bug in ESI/MS
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C15H14O

·M+

MH+

Me ≈ 5·10-4

Vosegaard, J. Chem. Educ. (2018)
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Next step - cognitive learning

› How are spectra understood 
› Adjust teaching according to perception 
› Face recognition

28
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Lipidomics
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Automatic identification and 
quantification of lipids

31

31P NMR 
- 100 % natural abundance 
- one P atom in every lipid 
- sensitive to chemical 

surroundings

High Throughput Identi!cation and Quanti!cation of Phospholipids
in Complex Mixtures
Nicholas M. Balsgart,† Mette Mulbjerg,§,‡ Zheng Guo,§ Kresten Bertelsen,‡ and Thomas Vosegaard*,†

†Center for Ultrahigh-Field NMR Spectroscopy, Interdisciplinary Nanoscience Center and Department of Chemistry, Aarhus
University, Gustav Wieds Vej 14, DK-8000 Aarhus C, Denmark
§Department of Engineering, Aarhus University, Gustav Wieds Vej 10, 8000 Aarhus C, Denmark
‡DuPont Nutrition Biosciences ApS, Edwin Rahrs Vej 38, DK-8220 Brabrand, Denmark

*S Supporting Information

ABSTRACT: We present a fully automatic method, autoP, for
identi!cation and quanti!cation of lipids in complex lipid
mixtures from 1D 31P and 2D 1H!31P NMR spectra. The 31P
chemical shifts in lipids are highly sensitive to experimental
conditions such as pH and temperature, so the present method
uses the much more unambiguous 1H chemical shifts for
assignment and 31P intensities for quanti!cation. By using 2D
1H!31P total correlation spectroscopy (TOCSY) correlation
experiments, we demonstrate that approximately 20 di"erent
lipids can be automatically and unambiguously assigned and quanti!ed by this automatic method.

In recent years, NMR techniques have been established for
identi!cation and quanti!cation of compounds in complex

mixtures covering diverse applications from metabolomic
pro!ling to identi!cation of impurities. A branch of these
experiments exploits the use of 31P NMR for quantifying
phospholipids in complex mixtures, such as cell extracts.1!6

With a high gyromagnetic ratio, nuclear spin I = 1/2, and 100%
natural abundance of 31P, the NMR spectra are generally
characterized by high sensitivity, narrow lines, and good
chemical shift dispersion, making 31P NMR an interesting
probe for such systems.
The sensitivity of the 31P nucleus to its local chemical

environment governs, in part, its usefulness to the study of such
systems, as it displays reasonable chemical shift dispersion.
However, it also creates major challenges when using 31P NMR
for the identi!cation and quanti!cation of phospholipids. The
31P chemical shifts are highly sensitive to pH and other
parameters associated with sample preparation,1 making one-
dimensional (1D) 31P chemical shift alone a poor tool for
unambiguous assignment of di"erent phospholipids, which is
required for quanti!cation. One of the applications of interest is
to investigate the composition of enzymatically digested lipid
extracts from deoiled soy lecithin. Using common sample
preparation techniques,1!3,5,7 a typical series of 1D 31P NMR
spectra obtained for di"erent enzymatic digestion times may
look like the those in Figure 1. We would expect to see
variations in the intensities, but intriguingly, we also observe
signi!cant #uctuations of the 31P chemical resonances because
of small variations in the chemical environment of the lipids. In
highly congested spectra, the #uctuations in the 31P chemical
shifts quickly become unmanageable.

To overcome the problem with the 31P chemical shift
#uctuations, we have been inspired by the two-dimensional
(2D) 1H!31P heteronuclear total correlation spectroscopy
(TOCSY) experiment that Kellogg8 developed for studies of
nucleic acids. The advantage of using this experiment is that the
1H chemical shifts of the lipids turn out to be very resilient to

Received: October 9, 2015
Accepted: January 21, 2016
Published: January 21, 2016

Figure 1. Examples of experimental 31P spectra of complex mixtures of
phospholipids. The di"erent spectra are recorded by gradually
increasing the time of enzymatic digestion of a lipid extract from
deoiled soy lecithin extracted in CDCl3/MeOH/Cs ethyldiamine
tetraacetic acid (CsEDTA) (aq) with volume fractions of 4:2:1.

Article

pubs.acs.org/ac

© 2016 American Chemical Society 2170 DOI: 10.1021/acs.analchem.5b03798
Anal. Chem. 2016, 88, 2170!2176
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Heteronuclear TOCSY

32

changes in pH and other external perturbations. In addition, the
TOCSY transfer allows correlation between 31P and a large
number of 1H resonances, which creates a unique and
recognizable NMR !ngerprint of each lipid in the 1H
dimension of such experiments.
In the present work, we demonstrate that the combination of

quantitative 1D 31P NMR and 2D 1H!31P TOCSY experiments
is su"ciently reliable for the development of robust algorithms
for automatic identi!cation and quanti!cation of phospholipid
mixtures. In this procedure, autoP, we !rst used the
heteronuclear-TOCSY 2D NMR experiment to identify the
individual phospholipids from the 1H dimension of the 2D
spectrum and then use the 1D 31P experiment to quantify the
lipids. autoP is fully automated and thus will be a powerful tool
for high-throughput identi!cation and quanti!cation of lipids in
complex mixtures.

! EXPERIMENTAL SECTION
Preparation of Lipids Mixtures. A solution of 1% enzyme

(LysoMax Oil; DuPont Industrial Bioscience ApS, Brabrand,
Denmark) in water was prepared in Eppendorf tubes, and
lecithin, from soybean sourced in India and obtained from
Lasenor (Barcelona, Spain), was added. The enzymatic
hydrolyses were performed in an Eppendorf ThermoStatTM
Comfort (Hamburg, Germany) at 55 °C for up to 2.5 h with a
mixing frequency of 1400 rpm. The samples were then
transferred to another Eppendorf Thermo-StatTM Comfort
preset to 99 °C at 1400 rpm for 10 min to deactivate the
enzyme. Hydrolysed samples were then centrifuged, resulting in
a solid and liquid phase, both of which were used for analysis.
Approximately 50 !L of liquid phase and 5 mg of the solid
phase were used for the analysis.
NMR Sample Preparation. Most lipid samples for liquid-

state NMR use two-phase systems, where water-soluble lipids
are in one phase and other lipids are extracted into a second
phase.1!3,5,7 We have adapted a single phase system introduced
by Lutz and Cozzone,1 in which we !nd both water-soluble and
-insoluble lipids. The solvent system uses 1 mL of 5:4:1
(volume fractions) CDCl3/MeOH/cesium cyclohexane dia-
mine tetraacetic acid (CsCDTA) (aq).9 This solvent system
allows for the simultaneous detection of water-soluble and
-insoluble phospholipids, making it an ideal solvent for the
present purpose with the general scope to identify all
phospholipids in the sample. In addition, we generally observed
that the 31P chemical shifts displayed less #uctuations in the
CDCl3/MeOH/CsCDTA solution than in other solvent
systems, for example, the CDCl3/MeOH/cesium ethylendi-
amine tetraacetic acid (CsEDTA) (aq) (volume fractions 4:2:1)
solution used in Figure 1. See, for example, the #uctuations of
the 31P chemical shifts in the hydrolysis series in Figures 1, 6,
and S5. In addition, the CsCDTA is e"cient in exchanging any
paramagnetic ions in the lipid sample that would otherwise
cause linebroadening in the NMR spectra.9

The CsCDTA and CsEDTA solutions were prepared by
dissolving CsCDTA (CsEDTA) in milli-Q water to reach a
concentration of 1000 mM (200 mM). For both solutions, 0.2
M CsOH·H2O was added to the solution until they reached pH
= 10. Figure S6 shows 1D 31P spectra for samples prepared with
di$erent pH values. This value was chosen as it generally gives
well-dispersed 31P spectra. A solution consisting of 160 mg of
TIBP in 2 mL of the CsCDTA/CsEDTA solvent system was
used as an internal standard, as 25 !L (2 mg TIBP equivalent)
was added to each lipid sample. The samples were centrifuged

at 4400g for 10 min at 20 °C; then, 550 !L was transferred to a
5 mm NMR tube for analysis.

Calibration Tests of Lipid Concentrations from 31P
Intensities. A certi!ed reference sample of 20% L-"-lecithin
(Avanti Polar Lipids, Alabaster, AL, USA) was used to verify
quantitative results. Five lipids were detected, LPE, PE, LPC,
PI, and PC, with certi!ed weight percentages of 0.82, 24.36,
0.73, 14.38, and 27.09 wt/wt %, respectively (see Table 1 for a

list of lipids used in this study). The average lipid molar masses
used to calculate concentrations are given in Table 1. Two
samples were prepared with total certi!ed lipid amounts of 38.5
and 78.8 mg in the above solvent for quantitative measure-
ments utilizing automatic identi!cation and quanti!cation.

NMR Experiments. All NMR experiments were performed
on a Bruker Avance III spectrometer (Karlsruhe, Germany)
equipped with a double-tuned direct-detection broadband
probe (and deuterium lock) and a 14.1 T magnet
corresponding to 1H and 31P resonance frequencies of 600
and 243 MHz, respectively.
The heteronuclear TOCSY pulse sequence of Kellogg8 was

modi!ed to allow detection of 31P, as this provided a superior
sensitivity in our setup. For both nuclei, we need spectral
widths of ca. 6 ppm to avoid folding of signals, but for 1H, we
can accept line widths of 0.05!0.10 ppm, while we need line
widths of "0.02 ppm in the 31P dimension to avoid overlap.
Hence, we would need to sample 2.5!5 times as many t1
increments if observing 1H rather than 31P.10 The employed
pulse sequence is shown in Figure 2. Durations of the 1H 90°
pulse, 31P 180° pulse, and mixing time were 11.2 !s, 25.0 !s,

Table 1. List of Lipids Used or Referred to in This Work

common name abbreviation Ma

phosphatidylcholine PC 770
lysophosphatidyl-choline LPC 514
glycerophosphoryl-choline GPC 257
phosphatidylinositol PI 835
phosphatidyl-ethanolamine PE 725
lysophosphatidyl-ethanolamine LPE 474
glycerophosphoryl-ethanolamine GPE 215
phosphatidic acid PA 712
lysophosphatidic acid LPA 457
glycerophosphoryl acid GPA 170
N-acyl lysophosphatidylethanolamine NAL 730
N-acyl phosphatidylethanolamine NAP 1011
triisobutylphosphate TIBP 266

aAverage molar weights are in g/mol.

Figure 2. Pulse sequence used for 31P detection of 1H!31P correlation
experiments. Pulse phases (#i) are given in the text.
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Figure S5. Typical 1H-31P heteronuclear TOCSY spectra of soy lecithin samples recorded in different solvents and with 
different mixing times. (a,b) Certified reference sample with 38.5 mg lipid (a) and 78.8 mg lipid (b). (c-f) Spectra 
corresponding to the samples reported in Fig. 6 after hydrolysis time of 0 min (c), 30 min (d), 60 min (e), and 90 min (f). (g,h) 
Spectra of soy lechitin samples subjected to different hydrolysis times and dissolved in the CDCl3:MeOD:D2O (volume 
fractions 4:2:1). The spectra used TOCSY mixing times of 70 ms (a-f) and 120 ms (g-h). 
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- Deconvolution if possible 
- Numerical integration
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Lipids and Renal Disease
Roberto Trevisan, Alessandro R. Dodesini, and Giuseppe Lepore
Unit of Diabetology, Ospedali Riuniti di Bergamo, Bergamo, Italy

Chronic renal disease is accompanied by characteristic abnormalities of lipid metabolism, which appear as a consequence of
nephrotic syndrome or renal insufficiency and are reflected in an altered apolipoprotein profile as well as elevated plasma
lipid levels. Experimental and clinical studies have suggested a correlation between the progression of renal disease and
dyslipidemia. High cholesterol and triglyceride plasma levels have been demonstrated to be independent risk factors for
progression of renal disease in humans. The underlying pathophysiologic mechanisms for the relationship between lipid
levels and progression of renal disease are not yet fully understood, although there are data that oxidative stress and insulin
resistance may mediate the lipid-induced renal damage. In the animal model, lipid-lowering agents seem to ameliorate
glomerular damage, preventing glomerulosclerosis and interstitial fibrosis. Although evidence from clinical studies indicates
that statin therapy is associated with significant benefit in individuals with established chronic renal failure, whether lipid
reduction can slow the renal functional decline awaits a primary renal outcome lipid-lowering therapy study.

J Am Soc Nephrol 17: S145–S147, 2006. doi: 10.1681/ASN.2005121320

D iabetes and hypertension are the leading cause of
ESRD in the United States. In both individuals with
and without diabetes, microalbuminuria is predictive

of future proteinuria, progressive decline in renal function,
accelerated atherosclerosis, and increased cardiovascular mor-
tality (1,2). One study showed that the combination of mi-
croalbuminuria and mild renal insufficiency confers a risk for
cardiovascular events even higher than that observed in pa-
tients with a coronary heart disease and a normal renal function
(3). Although several factors may explain this association be-
tween renal and cardiovascular disease, there is growing evi-
dence that hyperlipidemia contributes not only to cardiovascu-
lar disease but also to renal disease progression.

Epidemiologic Evidence
All patients with chronic disease experience a secondary

form of dyslipidemia that mimics the atherogenic dyslipidemia
of insulin-resistant patients. This is characterized by an increase
in serum triglycerides with elevated VLDL, small dense LDL
particles, and low HDL cholesterol. All of these particles are
characterized by triglyceride-rich apolipoprotein B (apoB)-con-
taining complex lipoproteins, which have a significant athero-
genic potential (4).

That dyslipidemia is not just secondary to renal disease was
shown clearly in diabetes: In both type 1 and type 2 diabetes, an
unfavorable lipid profile is present at a very early stage of albu-
minuria, when GFR is normal or elevated (5–7). The concentration
of total cholesterol, VLDL, LDL cholesterol, and triglycerides rises
with increasing albumin excretion rate in patients with type 1
diabetes. In addition, there is an increase in LDL mass and athero-
genic small dense LDL particles, which correlates with the plasma

triglycerides concentrations (8). HDL levels also tend to be re-
duced with a disadvantageous alteration in their composition.
Similarly, in the nondiabetic population, those with microalbu-
minuria have similar lipid abnormalities (9).

Lipids as Progression Promoters
Studies in a variety of animal models have shown that hy-

percholesterolemia accelerates the rate of progression of kidney
disease (10). A high-fat diet causes macrophage infiltration and
foam cell formation in rats, leading to glomerulosclerosis (11).

In humans more than a decade ago, a relationship between
serum cholesterol levels and GFR decline was shown in 31 pa-
tients with type 1 diabetes and established overt nephropathy (12).
In those with a total cholesterol level !7 mmol/L, the rate of
decline in GFR was at least three times higher than in those with
a level "7 mmol/L. The power of serum cholesterol levels in
predicting the progression of diabetic nephropathy in type 1 dia-
betes was confirmed by a Danish group in a study of 301 patients
who had diabetes and overt nephropathy and were followed up
for 7 yr (13).

A similar finding also was found in patients with type 2 diabe-
tes and overt nephropathy. A post hoc analysis of the Reduction of
Endpoints in NIDDM with the Angiotensin II Antagonist Losar-
tan study showed in a large group of patients with type 2 diabetes
that both total cholesterol and LDL cholesterol measured at base-
line were independent risk factors for ESRD (14).

The predictive power for renal disease progression also has
been observed before the appearance of microalbuminuria, at least
in diabetes. Ravid et al. (15) demonstrated in a prospective study
of 574 patients with type 2 diabetes and normal renal function at
baseline that a high cholesterol level was associated with a signif-
icantly higher incidence of microalbuminuria as well as of cardio-
vascular events.

Samuelsson et al. (16) demonstrated a strong correlation be-
tween triglyceride-rich apoB-containing lipoproteins and the rate
of progression in nondiabetic patients with chronic kidney dis-
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ease. Muntner et al. (17) then showed that people with low HDL
cholesterol and hypertriglyceridemia at baseline have a higher
risk for having a loss of renal function. That all of the participants
in this study (12,728 participants in the Atherosclerosis Risk in
Communities) had a baseline creatinine !2 mg/dl in men and
!1.8 mg/dl in women suggests hypertriglyceridemia in the initi-
ation of mild renal insufficiency. That high triglycerides levels are
an independent predictor of renal disease also was confirmed in a
prospective study of 297 patients with type 1 diabetes (18).

Mechanisms
Progressive renal failure, especially that associated with pro-

teinuria, is accompanied by abnormalities of lipoprotein trans-
port. Typically, the dyslipidemia is reflected predominantly in
increased serum levels of triglycerides with high levels of
VLDL, apoB and pre-! HDL, and low levels of HDL and of
apoA. Cholesterol levels may be very high in proteinuric pa-
tients (4).

This pattern of abnormalities is due to several pathogenetic
mechanisms. First, urinary protein loss stimulates an increased
LDL synthesis by the liver. It is likely that proteinuria with the
resultant hypoalbuminemia leads to an upregulation of 3-hy-
droxy-3-methylglutaryl CoA reductase with a consequent hyper-
cholesterolemia (19). Conversely, low HDL with a poor matura-
tion of HDL-3 to cholesterol-rich HDL-2 is due to acquired
lecithin-cholesterol acyltransferase deficiency secondary to abnor-
mal urinary losses of this enzyme (20). Impaired clearance of
chylomicrons and VLDL has emerged as the dominant factor for
the increased serum triglyceride concentration. Lipoprotein lipase
(LPL) is the rate-limiting step in lipolysis of chylomicrons and
VLDL. LPL binds to heparan sulfate proteoglycans on the cell
surface of endothelium. In proteinuric renal diseases, a downregu-
lation of LPL protein abundance and enzymatic activity was
found (4). These events are largely responsible for profound ab-
normalities in lipoprotein metabolism in nephrotic syndrome and
chronic renal failure’s rendering these lipoproteins more athero-
genic.

Regarding the mechanisms by which abnormal serum lipid
levels may contribute to renal disease progression, there is evi-
dence that circulating lipids bind to and become trapped by ex-
tracellular matrix molecules (10), where they undergo oxidation
increasing the formation of reactive oxygen species such as super-
oxide anion and hydrogen peroxide (21). The resultant reduction
in the actions of endothelium-derived vasodilators/growth inhib-
itors, such as prostacyclin and nitric oxide, with maintenance or
increased formation of endothelium-derived vasoconstrictors/
growth promoters, such as angiotensin II, endothelin-1, and plas-
minogen activator inhibitor-1, has significant vascular and renal
pathophysiologic consequences. Macrophages phagocytize oxi-
dized lipids and undergo a transition to foam cells. Macrophage-
derived foam cells release cytokines that recruit more macro-
phages to the lesion and influence lipid deposition, endothelial cell
function, and vascular smooth muscle cell proliferation. Glomer-
ular cells mimic some of these characteristics of cells in the ath-
erosclerotic vessel wall (22); therefore, similar pathogenetic mech-
anisms may contribute to the progression of atherosclerosis and
chronic kidney disease.

The existence of a link between dyslipidemia and oxidative
stress in the pathogenesis of renal damage was shown in unine-
phrectomized rats, in which hyperlipidemia increased glomerular
and tubulointerstitial infiltration and aggravated glomerulosclero-
sis (23). Oxidative stress, with the resultant increased reactive
oxygen species generation, contributed significantly to these
chronic degenerative processes.

It also is possible that some of the deleterious effects of lipids on
kidney are mediated by other mechanisms that are responsible for
the adverse lipid profile that is present in patients who are sus-
ceptible to renal damage. As stated earlier, all patients with
chronic disease experience a secondary form of dyslipidemia that
mimics the atherogenic dyslipidemia of insulin-resistant patients
(24). This observation raises the possibility that the insulin resis-
tance syndrome may underlie or mediate the association between
lipids and a loss of renal function.

Recently a strong, positive, and significant relationship between
the metabolic syndrome and risk for chronic renal disease and
microalbuminuria was found in a large nondiabetic general pop-
ulation (25). Insulin resistance characterizes type 1 diabetes in
patients with albuminuria and their first-degree relatives without
diabetes (26,27) and underlies many of the alterations of diabetic
nephropathy, including high BP, lipid abnormalities, increased
left ventricular mass, and a family history of hypertension and
cardiovascular disease (24). These observations and a recent study
by Orchard et al. (28) suggest that insulin resistance is likely to
precede and play a role in the vascular damage of diabetic ne-
phropathy.

Evidence of Lipid Involvement in Renal
Damage: Effect of Statins

In recent years, the inhibition of 3-hydroxy-3-methylglutaryl
CoA reductase by statins has demonstrated beneficial effects in
different models of progressive renal failure (29). It is interest-
ing that some of the beneficial effects of statins can be seen
independent of the cholesterol reduction. In an elegant study
by Zoja et al. (30), it was shown that a combined angiotensin-
converting enzyme inhibitor and statin therapy had a remark-
able antiproteinuric effect with a significant improvement in
renal function. Drug combination limited glomerulosclerosis,
tubular damage, and interstitial inflammation, compared with
placebo or drugs alone.

In vitro studies have established clearly that statins influence
important intracellular pathways that are involved in the inflam-
matory and fibrogenic responses, which are common components
of many forms of progressive renal injury (29). Statins also inhibit
proliferation of cultured mesangial cells and renal epithelial tubu-
lar cells through their capability to suppress the formation of
intermediate metabolites of the mevalonate pathway, particularly
the nonsterol isoprenoids, which seem to be essential in cell rep-
lication (31).

Although there is not yet a large intervention study on the effect
of statin therapy in the progression of renal damage, there is
evidence from post hoc analyses to suggest that statins are likely to
be effective in the treatment of renal disease. This topic is devel-
oped elsewhere in this issue. However, a multifactorial strategy
that combined glycemic therapy, lipid lowering, BP control, and
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Context: While substantial benefit has accrued with respect to prevention and treatment of ath-
erosclerotic cardiovascular disease (ASCVD) since the advent of statin therapy, much remains un-
known and there is considerable need to address residual risk beyond statins. Moreover, many
individuals are unable to tolerate statins.

Evidence Acquisition: As a result of several recent clinical trials and publications describing early
Phase 1–3 clinical trials, the authors briefly discuss the current situation regarding pharmacological
management for the prevention and treatment of individuals with disorders of lipid and lipopro-
tein metabolism, outline some of the unanswered questions, and speculate on where we might
expect to be in 5–10 years.

Evidence Synthesis: Fortunately, recent developments in drug therapy hold considerable promise
of additional benefits. In addition, new drugs in the pipeline, ongoing clinical trials, and new
approaches to treatment hold promise for further improvements in therapy in the foreseeable
future. During the next 5–10 years, we expect to know whether the PCSK9 inhibitors indeed live
up to their promise and result in the hoped-for reduction in ASCVD events, whether triglyceride
lowering indeed adds additional benefit, how best to approach HDL, and the importance of
lipoprotein (a). Advances in the use of molecular biological approaches such as anti-sense oligo-
nucleotides and RNA silencing, and the use of biological agents such as PSCK9 antibodies, is likely
to play an important role in these advances.

Conclusions: The advent of PCSK9 inhibitors is likely to provide a major breakthrough in the
management of individuals with heterozygous familial hypercholesterolemia, patients with es-
tablished ASCVD who are unable to reach targets with other therapies, and high-risk individuals
with statin intolerance. The next 5–10 years should also clarify uncertainties concerning the phar-
macological management of individuals with low levels of HDL-cholesterol, hypertriglyceridemia,
and elevated lipoprotein (a). (J Clin Endocrinol Metab 101: 804–814, 2016)

The relationship between lipids, lipoproteins, and athero-
sclerotic cardiovascular disease (ASCVD) has been

known for more than a half a century. Tremendous progress
in understanding the relationship between lipoproteins and

cardiovascular disease (CVD) has occurred during the past
3 decades, including major advances in the prevention and
treatment of CVD. By far the most successful of the thera-
peutic strategieshasbeen theuseof statins.However,despite
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Advanced shotgun lipidomics for characterization of altered 
lipid patterns in neurodegenerative diseases and brain injury

Miao Wang and Xianlin Han*

Diabetes and Obesity Research Center, Sanford-Burnham Medical Research Institute, Orlando, 
FL 32827 USA

Summary
Multi-dimensional mass spectrometry-based shotgun lipidomics (MDMS-SL) is a powerful 
technology platform among current lipidomics practices due to its high efficiency, sensitivity, and 
reproducibility, as well as its broad coverage. This platform has been broadly used to determine 
the altered lipid profiles induced by diseases, injury, genetic manipulations, drug treatments, and 
aging, among others. Herein, we summarized the principles underlying this platform and presented 
a protocol for analysis of many of the lipid classes and subclasses covered by MDMS-SL directly 
from lipid extracts of brain samples. We believe that this protocol could aid the researchers in the 
field to determine the altered lipid patterns in neurodegenerative diseases and brain injury.

Keywords
Alzheimer’s disease; brain injury; lipidome; mass spectrometry; neurodegeneration; shotgun 
lipidomics

1. Introduction
Lipidomics, defined as the large-scale study of cellular lipids, is a rapidly expanding 
research field (1–3). Numerous new discoveries and advances have been made in recent 
years (3–12). Its essential roles in identifying the biochemical mechanisms of lipid 
metabolism, investigating the functions of an individual gene of interest, identifying novel 
biomarkers, and evaluating drug efficacy, among others are becoming increasingly 
appreciated. One important task in lipidomics is the large-scale identification and 
quantitation of individual lipid molecular species in each cellular lipidome.

One of the major new developments in current lipidomics is the multi-dimensional mass 
spectrometry (MS)-based shotgun lipidomics (MDMS-SL) (4, 13, 14). The principle 
underlying the direct infusion-based MDMS-SL technology is to maximally exploit the 
unique chemical and physical properties of lipid classes in combination with the special 
advantages inherited in MS for lipid analysis, thereby achieving maximal separation and 
ionization, and minimal ion suppression. This principle and the comparison of its differences 
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Whole Brain Inhomogeneous Magnetization Transfer
(ihMT) Imaging: Sensitivity Enhancement Within a
Steady-State Gradient Echo Sequence

Samira Mchinda,1 Gopal Varma,2 Valentin H. Prevost,1 Arnaud Le Troter,1

Stanislas Rapacchi,1 Maxime Guye,1,3 Jean Pelletier,1,4 Jean-Philippe Ranjeva,1

David C. Alsop,2 Guillaume Duhamel,1 and Olivier M. Girard1*

Purpose: To implement, characterize, and optimize an inter-
leaved inhomogeneous magnetization transfer (ihMT) gradient
echo sequence allowing for whole-brain imaging within a clini-
cally compatible scan time.
Theory and Methods: A general framework for ihMT model-
ling was developed based on the Provotorov theory of radio-
frequency saturation, which accounts for the dipolar order
underpinning the ihMT effect. Experimental studies and numer-
ical simulations were performed to characterize and optimize
the ihMT-gradient echo dependency with sequence timings,
saturation power, and offset frequency. The protocol was opti-
mized in terms of maximum signal intensity and the reproduc-
ibility assessed for a nominal resolution of 1.5 mm isotropic.
All experiments were performed on healthy volunteers at 1.5T.
Results: An important mechanism driving signal optimization
and leading to strong ihMT signal enhancement that relies on
the dynamics of radiofrequency energy deposition has been
identified. By taking advantage of the delay allowed for read-
out between ihMT pulse bursts, it was possible to boost the
ihMT signal by almost 2-fold compared to previous implemen-
tation. Reproducibility of the optimal protocol was very good,
with an intra-individual error<2%.
Conclusion: The proposed sensitivity-boosted and time-
efficient steady-state ihMT-gradient echo sequence, imple-
mented and optimized at 1.5T, allowed robust high-resolution
3D ihMT imaging of the whole brain within a clinically compati-
ble scan time. Magn Reson Med 000:000–000, 2017. VC 2017
International Society for Magnetic Resonance in Medicine.

Key words: inhomogeneous magnetization transfer; ihMT; Pro-
votorov theory of radiofrequency saturation; myelin; dual

frequency RF saturation; dipolar order; magnetization transfer
model

INTRODUCTION

Inhomogeneous magnetization transfer (ihMT) is a recent
MRI technique derived from conventional magnetization
transfer (MT) that has shown promise for myelin imaging
(1–3). Conventional MT is sensitive to tissue macromolec-
ular content by selective saturation of the macromolecular
proton pool and subsequent saturation transfer to the
detectable mobile proton signal. IhMT exploits the signal
difference obtained when comparing two simple MT
experiments performed with the same radiofrequency
(RF) power: one using single-frequency RF saturation and
another using dual-frequency RF saturation at two sym-
metric offset frequencies. Single frequency RF irradiation
produces spectrally non-uniform and asymmetric RF satu-
ration effects (4) characteristic of the underlying dipolar
order of broad macromolecular lines. Conversely, the dual
frequency RF irradiation effectively decouples Zeeman
and dipolar orders and provides a symmetric and more
efficient RF saturation scheme (5). Hence, by focusing on
the difference between these two saturation schemes,
ihMT reveals dipolar order. MT experiments have been
traditionally achieved using single frequency RF, and
although the contribution of dipolar order has been
acknowledged in a few studies (6–8), it is conventionally
dismissed from quantitative MT (qMT) analysis (9,10)
because it is found to compromise qMT parameter preci-
sion. Following the discovery of the ihMT effect (1), the
fundamental role of dipolar order in the ihMT signal has
been fully appreciated and included in a theoretical
model combining single- and dual-frequency RF irradia-
tion experiments according to the Provotorov theory of RF
saturation (11). IhMT should be envisioned as a measure
of the dipolar order underlying broad macromolecular
lines and as such, provides access to a new source of con-
trast based on the dipolar order relaxation time, T1D.

The molecular origin of the ihMT effect is complex. IhMT
arises from specific molecular architecture and water access
conditions to macromolecular protons that preserve dipolar
order. Intense ihMT signal requires strong residual dipolar
coupling to give rise to broad resonance lines, but also
requires spin diffusion to be relatively slow as compared to
the time scale of RF saturation, to prevent fast relaxation of
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To simulate the 31P spectra using the geometric arrangements
of the lipids sketched in Fig. 2, we assume that the lipid
molecules are placed at different locations on these geometries,
i.e., a molecule j occupies a position characterized by the
coordinate xj in the thinned bilayer geometry (Fig. 2a) and hj in
the toroidal pore geometry (Fig. 2b). The effects of motional
averaging on the 31P spectrum may be described using a simple
exchange matrix model reflecting the exchange between the
different molecules [28]. In this model, the free-induction decay
(FID) is calculated by solving the Bloch-McConnell differential
equation

dM{(t)

dt
~LM{(t) !1"

where M{(t)represents the magnetization vector for the 31P
detectable single-quantum coherences of the molecules included
in the model. The FID is obtained by summing the vector
elements s(t)~

P
M{,j(t). The exchange matrix is given by

L~

: : 0 0 0
: Lj{1 Py

j{1,j 0 0

0 Py
j,j{1 Lj Py

j,jz1 0

0 0 Py
jz1,j Ljz1

:

0 0 0 : :

2

66666664

3

77777775

!2"

In this model, the diffusion is represented by the exchange rates,

Py. These are proportional to the latteral diffusion constant, and

are quite complex functions of the angle y, that relates to the
geometries as yj = xj for the thinned bilayer and yj = hj for the
toroidal pore (cf., Fig. 2). A more extensive set of expressions and
associated explanations can be found in a recent paper of Wi and
Kim [28]. The diagonal elements,

Lj~inj{T{1
2 {Py

j{1,j{Py
jz1,j , contains the frequency encoding

in the first term (nj~n0disozn0daniso 3cos2hj{1
! "

=2) (n0 denotes

the Larmor frequency), transverse releaxation in the second term,
and compensation for the off-diagonal elements in the two last
terms.

The simulated NMR spectra are sensitive to the diffusion rate
and the geometrical parameters in Fig. 2. In the simulations, we
have assumed a bilayer thickness of 2b = 40 Å and have chosen a
fixed value for a at 20 Å [28] and only optimized d, because the
spectral changes induced by changing these three parameters are
correlated. For the thinned bilayer, it is the ratio between a and d
that defines the spectral appearance, while the simulations are
independent on b. For the toroidal pore geometry, the spectral
appearance depends on both the ratio between d and b and on the
pore dimension a.

Simulations of 31P Solid-state NMR Spectra
Simulations based on the above diffusion model are imple-

mented in MATLAB [51], while the fitting of experimental spectra
by interfacing the MATLAB program with the iterative fitting
routines of the open-source solid-state NMR simulation program
SIMPSON [48,52,53].

The simulated spectra contain a number of different compo-
nents, e.g., thinned bilayer and toroidal pore. The relative
intensities of these components are determined analytically.
Assume that the simulated spectrum consists of n components, Sj

Figure 2. Sketches of the geometries (left column) and examples of membrane/AMP systems described by the geometries (right
column). The geometries are referred to a thinned bilayer (a) and toroidal pore (b) [65] and are identical to those proposed by Wi and Kim [28]. See
text for further description of the parameters.
doi:10.1371/journal.pone.0047745.g002
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sharp peak at 64 ppm corresponding to a nearly planar orientation
of the peptide, suggesting that this peptide exerts its antimicrobial
action through the carpet or toroidal pore model. The distinction
between these modes of action cannot be done on basis of the 15N
spectrum alone. The 31P spectrum in Fig. 3d shows interesting
features: (i) significant intensity around 25 ppm corresponding to
oriented bilayers and (ii) significant intensity in the range 216 to
+20 ppm with intense singularities at the two extrema. This does
not resemble the characteristic spectra of neither an oriented
sample nor a powder sample, but with the present models, it may
be modeled with the toroidal pore model (vide infra), in agreement
with other experimental data [29].

It is well established that antimicrobial peptides may introduce
non-lamellar lipid phases [57,58] or in other ways trigger
membrane disruption, the latter being an essential mode of action
of most antimicrobial peptides. We observe that the alamethicin
samples do not change for several days, after which the humidity
decreases and un-oriented and non-hydrated lipids are observed
[59]. For the novicidin samples, we observe a build-up of a sharp
peak at 0 ppm in the 31P spectrum after approximately half a day,
which is attributed to non-lamellar components or other small
lipid assemblies. With the present scope being to investigate the
insertion of peptides, we will not address the time-evolution of the

samples further, but focus on the short-term impact of the peptides
at different P:L ratios.

Alamethicin Insertion in Oriented Lipid Bilayers
Having established reasonable models for the high-P:L peptide

anchoring in consistency with previously suggested models, we will
now investigate both the low-P:L and high-P:L regions by 31P
oriented solid-state NMR to establish more insight into the
membrane anchoring mechanisms of the peptides. To study these
features for alamethicin, several samples containing mixtures of
alamethicin and lipids with different P:L molar ratios were
prepared under careful attention to the procedures leading to the
reference high-P:L samples. The 31P solid-state NMR spectra for
these oriented samples are shown in Figure 4 along with
simulations employing the above diffusion model with the
parameters listed in Table 1. For the different samples, only the
amount of alamethicin was changed but all contained the same
amount of lipids, thereby varying the P:L ratio from 1:400 to 1:25.
The peaks at 15–30 ppm may be simulated using the thinned
bilayer model, while the peaks at 216 ppm attributed to lipids
with a perpendicular orientation are represented by Gaussian
lines. The use of thinned bilayer geometry is rationalized by
assuming that regions of the lipid bilayer distant to peptides or

Figure 3. Oriented-sample solid-state 15N and 31P NMR spectra of (a) 15N-Aib8 labeled alamethicin incorporated into oriented
DMPC lipids at a peptide:lipid molar ratio of 1:15 and (b) 15N-Ile14 labeled novicidin in oriented DMPC:DMPG (molar ratio 4:1)
bilayers at 1:15 peptide:lipid molar ratio. The resonance in the spectrum of alamethicin is substantially broadened due to mosaic spread [37]
and the heterogeneous nature of the peptide-lipid interactions of the peptide [39,56]. (c,d) 31P spectra of (c) a sample of alamethicin in oriented
DMPC lipids with a peptide:lipid ratio of 1:25 and (d) the novidin sample in (b). (e,f) Models showing the most likely conformations of the peptides
and lipids at high peptide:lipid ratio for (e) alamethicin and (f) novicidin in lipid bilayers.
doi:10.1371/journal.pone.0047745.g003
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NovicidinAlamethicin

with surface-bound peptide can be modeled by the thinned bilayer
model (Fig. 2a) with a normal diffusion rate (1028 cm2/s) [28,60]
while regions of the lipid in closer contact with the peptides also
display thinning but have reduced dynamics (10210 cm2/s). We
note that the dependence on the diffusion rate is not as
pronounced as the dependence on the geometrical parameters
defined in Figure 2, so the diffusion rates of 1028 cm2/s and
10210 cm2/s should not be taken as absolute values, but represent
the order of magnitude of the diffusion rates. In addition to the
spectral components discussed above, it is relevant to investigate
whether the individual samples contain any unoriented compo-
nents, which would be manifested as a vesicle powder pattern (cf.
Figure 1c). Hence this component is included in all simulations.

The spectrum of pure DMPC lipid sample (Fig. 4a) is
characterized by a single sharp resonance at 31 ppm characteristic
of oriented lipid molecules undergoing fast rotational diffusion.
The peak indicates that the bilayer is oriented with the bilayer
normal parallel to the magnetic field and that the bilayer is highly
ordered, since the resonance approximately coincides with the
leftmost edge of the vesicle spectrum (Fig. 1c). The symmetric
shape of the peak indicates little or no static disorder of the bilayer
[37]. Only a negligible contribution from unoriented lipids is
observed. As alamethicin is added two observations are made.
First and most importantly, it is observed that the intense peak at
31 ppm moves towards lower ppm values as more alamethicin is
added. This highly visible effect can be modeled as an increased
thinning of the bilayer as indicated in Table 1. At a P:L ratio of
1:25, the bilayer starts to break down as observed by the
appearance of slowly diffusing lipids seen in the spectra as a

shoulder on the main peak. This may be explained by slowly
diffusing alamethicin multimeric pore structures (e.g., barrel-stave

Figure 4. Oriented-sample solid-state 31P NMR spectra of DMPC lipids with increasing ratios of alamethicin relative to lipid (P:L
ratios given to the right in the figure) and numerical simulations of these spectra. (a,c,e,g) Experimental spectra. (b,d,f,h) Simulated
spectra. (a,b) Pure DMPC bilayers. (c,d) P:L = 1:400. (e,f) P:L = 1:100. (g,h) P:L = 1:25. The spectrum at highest P:L ratio (g) is identical to Fig. 3c.
doi:10.1371/journal.pone.0047745.g004

Table 1. Parameters used for simulation of the 31P spectra for
the alamethicin samples (Fig. 4).a

Sample Geometry
Thinningb

(Å) Intensity (%) Diffusion (cm2/s)

DMPC Thinning 0.57 99.9 1028

Vesiclec 0.1

1:400 Thinning 0.82 86 1028

216 ppmd – 14 –

Vesiclec 0.0

1:100 Thinning 0.97 91 1028

216 ppmd – 9 –

Vesiclec 0.0

1:25 Thinning 1.42 75 1028

Thinning 2.40 13 10210

216 ppmd – 12 –

Vesiclec 0.0

aAll simulations assume b = 20 Å, a = 20 Å (cf. Fig. 2).
bThe thinning refers to the parameter d in Fig. 2a.
cThe vesicle contribution refers to a powder pattern from a vesicle.
dThis refers to the intensity at 216 ppm.
doi:10.1371/journal.pone.0047745.t001
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Experiment Simulation
To simulate the 31P spectra using the geometric arrangements

of the lipids sketched in Fig. 2, we assume that the lipid
molecules are placed at different locations on these geometries,
i.e., a molecule j occupies a position characterized by the
coordinate xj in the thinned bilayer geometry (Fig. 2a) and hj in
the toroidal pore geometry (Fig. 2b). The effects of motional
averaging on the 31P spectrum may be described using a simple
exchange matrix model reflecting the exchange between the
different molecules [28]. In this model, the free-induction decay
(FID) is calculated by solving the Bloch-McConnell differential
equation

dM{(t)

dt
~LM{(t) !1"

where M{(t)represents the magnetization vector for the 31P
detectable single-quantum coherences of the molecules included
in the model. The FID is obtained by summing the vector
elements s(t)~

P
M{,j(t). The exchange matrix is given by

L~

: : 0 0 0
: Lj{1 Py

j{1,j 0 0

0 Py
j,j{1 Lj Py

j,jz1 0

0 0 Py
jz1,j Ljz1

:

0 0 0 : :

2

66666664

3

77777775

!2"

In this model, the diffusion is represented by the exchange rates,

Py. These are proportional to the latteral diffusion constant, and

are quite complex functions of the angle y, that relates to the
geometries as yj = xj for the thinned bilayer and yj = hj for the
toroidal pore (cf., Fig. 2). A more extensive set of expressions and
associated explanations can be found in a recent paper of Wi and
Kim [28]. The diagonal elements,

Lj~inj{T{1
2 {Py

j{1,j{Py
jz1,j , contains the frequency encoding

in the first term (nj~n0disozn0daniso 3cos2hj{1
! "

=2) (n0 denotes

the Larmor frequency), transverse releaxation in the second term,
and compensation for the off-diagonal elements in the two last
terms.

The simulated NMR spectra are sensitive to the diffusion rate
and the geometrical parameters in Fig. 2. In the simulations, we
have assumed a bilayer thickness of 2b = 40 Å and have chosen a
fixed value for a at 20 Å [28] and only optimized d, because the
spectral changes induced by changing these three parameters are
correlated. For the thinned bilayer, it is the ratio between a and d
that defines the spectral appearance, while the simulations are
independent on b. For the toroidal pore geometry, the spectral
appearance depends on both the ratio between d and b and on the
pore dimension a.

Simulations of 31P Solid-state NMR Spectra
Simulations based on the above diffusion model are imple-

mented in MATLAB [51], while the fitting of experimental spectra
by interfacing the MATLAB program with the iterative fitting
routines of the open-source solid-state NMR simulation program
SIMPSON [48,52,53].

The simulated spectra contain a number of different compo-
nents, e.g., thinned bilayer and toroidal pore. The relative
intensities of these components are determined analytically.
Assume that the simulated spectrum consists of n components, Sj

Figure 2. Sketches of the geometries (left column) and examples of membrane/AMP systems described by the geometries (right
column). The geometries are referred to a thinned bilayer (a) and toroidal pore (b) [65] and are identical to those proposed by Wi and Kim [28]. See
text for further description of the parameters.
doi:10.1371/journal.pone.0047745.g002
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All spectra were externally referenced to 85% H3PO4 at 298
K.

3. RESULTS AND DISCUSSION
The appearance of 31P solid-state NMR spectra of lipid
molecules relies strongly on the physical conditions of the
lipids. In one extreme, the 31P spectrum of DMPC as
lyophilized powder (Figure 1a) shows a broad 31P powder

pattern extending from !120 ppm to 100 ppm corresponding
to the unscaled 31P chemical shift tensor. By !tting the
experimental spectrum, we !nd that the chemical shift tensor
may be represented by the parameters !iso = 1 ± 5 ppm, !aniso =
!113 ± 8 ppm, and " = 0.50 ± 0.07,34 in good agreement with
the parameters observed for lipid mimics by single-crystal
NMR.48,49 A comparison of experimental and simulated spectra
as well as details on the error limits can be found in the
Supporting Information. The error limits are estimated as 95%
con!dence intervals, which seem reasonable to cover e"ects
from various experimental uncertainties. As we exploit the
results of 31P single-crystal experiments by Hauser et al.48 and
Herzfeld et al.49 of lipid mimics recorded at room temperature,
we have also performed 31P experiments on a dry lipid sample

at ambient temperature. However, it should be noted that the
chemical shift parameters for such samples remain essentially
unchanged over a large temperature range,49 supported by our
own observations that static spectra recorded at various
temperatures in the range 20 to 40 °C provide 31P chemical
shift parameters within the above error limits. This suggests
that any signi!cant change in the 31P chemical shift, e.g. as
observed by comparing 31P spectra for dry lipids and hydrated
vesicles (Figure 1b) should be explained by changes in the
dynamics of the lipid molecules.
Turning to a hydrated vesicle sample, the corresponding

measurement (Figure 1b) reveals a considerable reduction in
the width of the powder pattern and a change to axial
symmetry, represented by the parameters !iso = 0 ± 3 ppm,
!aniso = 32 ± 3 ppm, and " = 0.01 ± 0.09. This reduction is a
result of fast rotational di"usion of the lipid molecules and will
be a target in this combined MD/solid-state NMR study.
Moving to oriented DMPC bilayers with the bilayer normal
aligned along the B0 !eld the 31P solid-state NMR spectrum
(Figure 1c) contains a single peak at 33 ppm corresponding to
the down!eld edge of the vesicle spectrum. Finally, a 31P
spectrum of oriented DMPC lipids embedding the trans-
membrane peptide alamethicin (Figure 1d), shows a peak
which is shifted up!eld compared to the peak observed for a
DMPC bilayer in the absence of alamethicin.34 In the following,
we will investigate the detailed origin of these observations by
taking advantage of the dynamics of such systems revealed by
MD simulations.

3.1. Background for Calculation of 31P Solid-State
NMR Spectra Using All-Atom MD Trajectories as Input.
To use the information about the lipid geometry stored in the
MD trajectories, we need to be able to relate the orientation of
the 31P chemical shift tensor to the molecular structure. To
determine exactly this property, Hauser et al.48 and Herzfeld et
al.49 studied a number of lipid mimics by 31P single-crystal
NMR spectroscopy. These studies revealed that the principal
axis system (PAS) of the 31P chemical shift tensor is aligned
approximately along the axes of a lipid-de!ned coordinate
system (referred to as the PO4 frame) de!ned by having its y-
axis intersecting the P!O13 and P!O14 vectors, the z-axis
perpendicular to the plane spanned by these two vectors, and
the x-axis perpendicular to y and z, as shown in Figure 2. The
approximate coalignment of the 31P chemical shift tensor with
the axes of this system may be speci!ed by the direction cosines
reported for the lipid mimic phosphodiester barium diethyl
phosphate (BDEP) by Herzfeld et al.,49 and expressed by the
Euler angles !PAS!PO4 = (!6.5°, 88.9°, 81.2°). We will use
these Euler angles as a starting point for the orientation of the
31P chemical shift tensor and use the molecular visualization
program VMD35 to establish the orientation of the PO4
coordinate system in the laboratory (LAB) frame as de!ned by
the Euler angles !PO4!LAB for each lipid in the MD simulation.
To obtain this information, the atomic positions of each lipid in
all snapshots of the trajectory are extracted, and through that
the orientation of the chemical shift tensors in the LAB frame
can be calculated.
The 31P NMR resonance frequency is given by

! ! ! " #= + ! !" "( , , )iso aniso PAS PO4 PO4 LAB (1)

where

Figure 1. (a) 31P powder spectrum of dry DMPC lipids with chemical
shift parameters: !iso = 0 ± 5 ppm, !aniso = !113 ± 8 ppm, and " = 0.5
± 0.1.34 (b) 31P spectrum of DMPC lipid vesicles in aqueous solution.
The signal at 0 ppm stems from a minor fraction of small isotropic
vesicles. (c,d) 31P spectra of hydrated DMPC bilayers aligned with the
bilayer normal parallel to the magnetic !eld direction of (c) a pure
DMPC sample and (d) a sample with the peptide alamethicin
embedded at a molar ratio of P:L = 1:15.
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Figure 25. Anisotropic line width of PC traces in different vesicle systems at different temperatures, 
grouped according to the concentration of cholesterol in the vesicles: 0 mol% (bottom), 10 mol% 

(middle), 20 mol% (top) 

Based on Figure 25, it appears that at the same amount of cholesterol, the anisotropic line width increases, 
with little to no variations between 2- and 3-component vesicles. This trend seems consistent at higher 
temperature values while on the other hand being more varied below 297K (Tm of DMPC). The fluctuation 
at lower temperature is exaggerated by the lower resolution due to line broadening, which made it more 
difficult to accurately determine the anisotropic line width, and hence would benefit from replicate 
measurements. Regardless of the lack of statistical significance, the result cannot be assumed to apply for 
all kinds of phospholipids as there is a lack of data from 1-component vesicles made of different 
phospholipids, for example using PE or milk SM. 

I. Comparison to Vesicles of Similar Headgroups but Different Chains 
This project began with the hypothesis that the lipid dynamics in a phospholipid bilayer membrane can 
be observed solely by monitoring the headgroups, and that the headgroup dynamics are independent of 
the hydrophobic tail of the phospholipids. As the project progressed, it became apparent that the 
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