Is it possible to do metabolomics directly on a
living animal (or humans) ?

This lecture shows some steps
in that direction.

Major sources of line-broadening of NMR signals in intact cells,
tissues, organs and animals

Chemical Shift Anisotropy ( Hzems = 1.0.Bo )
O = Oisotropic + Oanisotropic

Dipolar Anisotropy (Heo= 1.D.S )
D = Disotropic + Danisotropic

Magnetic Susceptibility Anisotropy (M =xX.Bo )

In solutions, because of the rapid tumbling of the molecules (from
rotational Brownian diffusion), the anisotropic components are all averaged out,
leaving behind only the “isotropic part” that is experimentally observed.

However, in cells, tissues, and intact animals, we will see significant
NMR line broadening from incomplete averaging of anisotropic components
of the above three tensors. The nuclear spins can generally exist in an environment
that is somewhere between free solution and solid state.
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Magnetic dipole-dipole interaction

The local magnetic field is higher here, so a higher frequency
or lower external magnetic field is needed to achieve
f, resonance. Signal is deshielded.

When the benzene ring is oriented with the ring
paraliel to the magnetic field, the electron circulation

( H
Hc H is much weaker. The shielding effects in these
H orientations do not cancel the deshielding effects
in the other orientation.
H \
The local magnetic field is lower here, so a lower frequency

or a higher external field magnetic field is needed to achieve
resonance. Signalis shielded.

Chemical shift anisotropy
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Chemical Shift Anisotropy of 31P in a single crystal.

Phosphorus-31 NMR spectra of a single

crystal of 2 as a function of crystal orientation

in the external magnetic field. Rotations

were performed consecutively about

the cube X, Y, Z axes. The crystal contains

Four P atoms per unit cell in two symmetry-related
Pairs that are magnetically equivalent, so two

P resonances are observed.

Eichele et al., JACS 124:1541-52
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NMR spectra in solution and powder samples
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Slice of liver tissue

The presence of different compartments with boundaries
contributes to variations in magnetic susceptibility. They cause
variations in the homogeneity of the magnetic field,
and thus cause line-broadening.

Bo

o O

6 =54.7°

gives sharpest lines

Magic Angle Spinning (MAS):
The nuclear spins in a tissue resemble nuclear spins in a powder, i.e.,
all possible random orientations of molecules (hence the dipolar, CSA,
and susceptibility tensors) with respect to the external field are possible. So,
if we spin the sample at an angle 8 w.r.t. to the external magnetic field,
all contributions from molecular orientations perpendicular to the rotation axis
will be averaged out, thus significantly sharpening the lines. It can be shown
that the only remaining components (DD, CSA, and Susceptibility) that are not
averaged out are proportional to (3Cos?0 -1).

But, (3Cos?6 -1) = 0 when Cos?0 = 1/3; or 6 =54.7° .

So, MAS experiments are always performed by spinning
the samples at 0 = 54.7° to get the narrowest possible NMR lines.
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31P NMR Spectrum of a powder sample:

Static Spectrum (top), and two Magic Angle Spinning Spectra with
Spinning rates as shown. The line becomes very narrow, but notice the
sidebands produced by spinning, reflecting then shape of the powder pattern.

HR-MAS NMR
Spectroscopy in the
Characterization of Human
Tissues: Application to
Healthy Gastric Mucosa

LUISA SCHENETTI,' ADELE MUCCI,' FRANCESCA PARENTI,' RITA CAGNOLI'
VALERIA R!CHI“' * M. RAFFAELLA TOSI* VITALIANO TUGNOLI*

Concepts in Magnetic Resonance Part A, Vol. 28A(6) 430-443 (2006)

Gastric mucosa
from stomach lining
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rotor

Schematic representation of HR-MAS probe (left); HR-MAS rotor (right).

The 1D '"H NMR experiment with suppression
of the residual HDO/H,O generates a spectrum
containing signals from metabolites, macromol-
ecules, and lipids. It is necessary to suppress
waler signal because its high inlensity can ob-
scure the resonances of the other components.

[d,-90°-(7-180"-7),-AQ]

[d,-90-g,-5-180-,-5-90-2,-A-90)-g,-

5-180-85-5-90-8,-d3,-90-AQ]

where g, = —g,, the diffusion time dy =
90-5-180-3-90-A and d,, is the eddy-current
time. The correct selection of dy, and the gra-
dient strength permits to filter out signals from
fast moving small molecules and to retain only

macromolecules.

CPMG pulse sequence

to filter out broad signals
from lipids and high MW
components

Diffusion-edited
Pulse sequence
to filter out signals

from low MW components
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Figure 2 1D waler-presaturated "H NMR spectra of healthy gastric mucosa: (a) sample 1 at 300
K.t = 0 h: (b) sample 1 at 300 K. t = 21 h: {c) sample 2 a1 278 K. t = 0 h: (d) sample 2 at 278
K.1=18h
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Figure 3 1D proton NMR spectra of healthy gastric mucosa cblained with (a) water-presaturation
pulse sequence with composile pulse; (b) CPMG sequence with total spin-ccho lime 207 = 360 ms;
(<) diffusion-cdited spectrum obtained with A = 200 ms, 8 = 4 ms and gradient strength of 32 G/em.
The metabolites are identified according to Table 1.
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Figure 4 COSY NMR spectrum of healthy gastric mucosa. The identificd metabolites are labeled
according to Table 1.
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Figure 5 TOCSY NMR spectrum of healthy gastric mucosa. The identified metabolites are labeled
according to Table 1.
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Figure 6 Partial 'H,"’C-HSQC spectrum of healthy gas-
tric mucosa The identified metabolites are labeled accord-

ing to Table 1.
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Figure 7 Partial "H,"’C-HSQC spectrum of healthy gas-
tric mucosa The identified metabolites arce labeled accord-

ing to Table 1.

Table | List of 'H and '*C Chemical Shift (5, ppm) of Metabolites and E: lecules Found in HR-
MAS Spectra of Healthy Gastric Mucosa™®
Entry Metabolite 8"
1 Fauy acids 14.13-14.17 CHy
29.4-322 (CHy),
252 CHCC—0
278 H.C—
342 CH,C—0
X 262 —CCH,C—
530-5.32 130.2; 1284 CH—CH
2 Isoleucine nr 8CHy
155 ¥-CHy
25.1 ¥-CH,
p-CH
a-CH
3 Leucine 215 B-CHy
228 8-CHy
248 +-CH
404 B-CH;
a-CH
4 Valine 173 ¥-CHy
187 +-CHy.
B-CH
d a-CH
5 Threonine 203 ¥-CH,
66.6 B-CH
61.2 a-CH
6 Lactate 203 CHy
9.1 CH
T Lidocaine chlorohydrate 137() 92 CHy
337(g) 506 CH,
220(s) 178 2,6-CHy
8 B-Alanine 256 321 CH,
318 400 CHy
9 Alanine 148 (d) 168 B-CHy
a7 511 a-CH
10 Lysine 3.02(1) 399 €CHy
L7 27.1 &CH,
148 226 +-CHy
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Pacific

NATIONAL LABORATORY

Proudly Operated by Battelle Since 1965
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Introduction: 'H HR-MAS NMR is a powerful technique for
metabolic profiling on intact biological tissues
a

(a) '"H HR-MAS ,' _
NMR of intact l‘ : J/ j/ A Jr‘\.“','.n}‘ )

mouse liver tissue. | " cmmb o L st it

(b) Liquid state'H NMR
spectrum of a lipid soluble
mouse liver tissue extracts.

(c) Liquid state 'H NMR

of an water soluble liver “ l CreipCho f?é“’é‘:.'f,:
mouse tissue extracts. cHeCH P v

Beckonert, et al, nature protocols 5(6), 1019-1032 (2010) p"’“"f 2 et OB

2 Proudly Operated by Battelle Since 1965

HR-MAS is an excellent technique
but the followings:

eProduction of a 100% leakage free sample rotor for HR-
MAS is challenging due to the use of a sample spinning
rate of a few kHz or more.

eThe large centrifugal force associated with fast sample
spinning is destructive to the tissue structure and even
some of the cells.

«Difficult to spin a large tissue sample (300 mg or more)
to the desired spinning rate required for hr-MAS analysis.

* Work with small volume sample, e.g., ~1.0 ul or less is__
challenging. il

Pacific Northwest

Proudly Operated by Battelle Since 1965

03/18/2015
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Our Approach

» Aproach-1: Slow-MAS using a sample spinning
rate of 40-300 Hz. Non-destructive to intact
biological tissues.

» Aproach-2: Ultra-slow-MAS using a sample
spinning rate of 1 to <6 Hz. Non-destructive to
live small biological objects

o

Pacific Northwest

Proudly Operated by Battelle Since 1965

Approach-1: Slow-MAS (40-300 Hz)

Objectives

» Provides high resolution, high sensitivity 'H
NMR metabolic profiling on biological
tissues

» Can work non-destructively on tissue
samples with size as small as ~0.2 ul (200
nl) to as large as > 1 ml using a single
probe. ol

Pacific Northwest

Proudly Operated by Battelle Since 1965
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Key Concepts Used

Combining the techniques of

+ High resolution slow-MAS "H
NMR technique and

«  Switchable inductively coupled
static micro-RF coil resonator

-

Pacific Northwest

Proudly Operated by Battelle Since 1965

SIow-MAS using H-PASS

Wind RA, Hu JZ, and

suppresswn acq Rommereim DN.
l-’ Magn. Reson. Med.
1}tm2 tm3 tm4 tm5 Jtm6 1 2001; 46: 213-218.
Constant one rotor d — i
perio Antzutkin ON, Shekar

o SC, and Levitt MH. J.
(b) 2D 300MHz "H-PASS of 100 mg  (c) Projection of the  Magn. Reson. 1995;
fresh mouse brain at sample data on to o, AIRTH1S:
spinning rate of 43Hz dimension

(d) The n=0
spectrum
== -4
!llllllI!lll]_S Illllllllllllllllllllllll
108 6 4 2 0 -2 109876 543210-1-2
a,(ppm) ppm e

. y . Pacific Northwest
16 evolutions steps using 52 minutes NATION. RATOR
and a commercial 7.5 mm MAS probe. Proudly Operated by Battelle Since 1965

03/18/2015
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Slow-MAS '"H NMR offers improved spectral resolution than

fast-MAS on a same entire intact left mouse lung lobe (~70
mg)

(a) STATIC

Glycogen/glucose

Lipid CH-CH-CH,-CH,
& proline

Lactate
*\\ Lipid (CH,),

choline

(b) PASS-80Hz

315 glutamate| alanine
— T

gl_\’Cil‘lC creatine
~

CH,4 l L_\"sinc
CH-C}hTCH-CH

0OC-CH,-CH,-

2 OOC-CH,-CH,-
(c) MAS-2kHz —_— %3.2 s :

| X | 1’0 | "Io | lI0 1 | | | | | | |
! 4.0 3.0 2.0 1.0
ppm ppm -

Pacific Northwest

Proudly Operated by Battelle Since 1965

Non, or minimal destructive slow-MAS '"H NMR

metabolomics on a live pill bug at a sample spinning
rate of 82 Hz compared with fast-MAS of 4033 Hz

(a) (c)

4033 Hz fast MAS

Note that slow-MAS is performed first before fast
MAS experiments.

Pacific Northwest
NATIONAL LABORATORY

Proudly Operated by Battelle Since 1965

03/18/2015
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Aproach-1: Summary

A slow-MAS metabolomic technique is under developmet
that allows high resolution "H NMR metabolic profiling on
samples with volume as small as 0.2ul (200 nanoliters) to
larger than 1 cm? investigated using a single probe.

The nanoliter capability has the potential to follow the
metabolic changes through a continued investigation on a
single small laboratory animal over a long period of time
using minimally invasive blood and tissue biopsy samples.

The milliliter capability would allow minimally destructive
studies of intact biological object with size as large as >1
cmd,

Slow-sample spinning avoids fluid leakage and keeps the
integrity of the biological sample. It is a non-, or minimally
invasive method and is also a safe method for working=with
hazardous biological samples. et

Proudly Operated by Battelle Since 1965

Approach-2: Ultra-Slow MAS (1-6 Hz)

Pacific quthweﬁt )

Proudly Operated by Battelle Since 1965

15



Below some pictures of the mouse-MAS probe are shown

*)Wind, and Hu et al, MRM 150,1113 (2003) Pacific Northwest

22
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Prowdle Onovatod by Rattelle Sinee 1963

Below some pictures of the mouse-MAS probe are shown,

and proton NMR spectra are given obtained on a stationary mouse

and a spinning live (anesthetized) female BALBc mouse ina 2 T magnet.
Even in this relatively low field a significant spectral resolution

enhancement is obtained. Application: body fat content+composition.

Static

[ I I | I I | I I 1
4.0 3.0 2.0 1.0 ppm ©

/~CH;
—7(-CHa)n
T 4~-CH,-CH,-CH=
OOCH-CH,-CH,-
=CH-CH,-CH=

4.0 3.0 2.0 1.0
ppm

Prowdly Operated by Battelle Since 1965
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P, 1. *'P NMR (8096 M) of o mbcotasecuy implanted
memmary 16/C sdenocarcioe

Sm;;lﬁmﬂppﬂ T4

rarsous times after impl
lodape s g il 1u nm-.sn
are: 1, ATP: 11 ATP, P mﬂuwnu:r eV,
ik Vi incrgaai phonpha te.

Proc Natl Acad Sci U S A. 1983,
80(2):334-8. Work done at UAB
without MAS.

Alternative Aproach-2: Rotate the B, field or both the subject and the field

The same spectral resolution enhancement can also be obtained by
rotating the magnetic field instead of the subject. This might make the
slow-MAS approach even amenable for humans.

Proudly Operated by Battelle Sinee 1965
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