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SMASH 2009 NMR Conference

Dear SMASH 2009 Attendees,
Welcome to the 2009 SMASH NMR Conference!!

After the success of the 2007 meeting, SMASH has returned to Chamonix and the picturesque
Mont Blanc scenery. As before the conference will take advantage of the variety of hotels and
restaurants within Chamonix which, as you will see from the enclosed map, are all within close
proximity to one another.

This year’s program contains an exciting array of oral sessions and workshops, all of which are to
be held in the Majestic Conference Center. Oral session topics include: Metabolomics,
Multidimensional NMR of Small Molecules, Advances in NMR Analysis, Exotica, Human
Health and Nutrition, Sensitivity Enhancement and Novel Developments in NMR, Latest
Movements in Solids and the Student/Post-Doctoral Session.

As in the past, the program also includes four workshops. Monday’s workshop topics include
Hyphenation and Automation in the NMR Lab and Careers in NMR. The workshops for Tuesday
deal with the latest applications and developments in pulse programming, and the latest advances
in methods and tools for Metabolomics.

In addition, we will be treated to an after-dinner talk on Monday night entitled ‘Serendipity in 40
years of NMR’ by keynote speaker Prof. David Davies from Birkbeck College, University of
London, UK.

On behalf of the entire SMASH Organizational Committee, we wish to thank you for your
continued interest in, and support of, the SMASH NMR Conference.

We hope you enjoy this year’s conference!!
Sincerely,

Jules Griffin & Andrew Nicholls
Co-Chairs, SMASH 2009 NMR Conference



SMASH 2009 NMR Conference

Program
Sunday September 20"
4:30 PM - 6:00 PM Registration, Le Majestic Centre de Congrés
6:00 PM - 8:00 PM Dinner, Le Vista, Hotel Alpina

8:00 PM -11:00 PM Mixer, Le Vista, Hotel Alpina

Monday September 21

8:15 AM - 8:30 AM Opening Remarks

8:30 AM - 10:00 AM Multidimensional NMR of Small Molecules
Chair: Tim Claridge, University of Oxford, UK

Applications of Spectral Aliasing to the Study of Complex Mixtures Using 2D HSQC Spectra
Damien Jeannerat, University of Geneva, Switerland

Solution State Crystallography - A New Way to Look at Correlation Spectra and NOEs
Craig Butts, University of Bristol, UK

Applications of 2D NMR Methods to Structure Elucidation in Drug Development
Ben Bardsley, GlaxoSmithKline, UK

10:00 AM - 10:30 AM  Break
10:30 AM - 12:00 PM Latest Movements in Solids
Chair: Bénédicte Elena, Ecole Normale Supérieure de Lyon, France

Probing Hydrogen Bonding in Organic Solids: Applications to NMR Crystallography and
Pharmaceuticals
Steven P. Brown, University of Warwick, UK

Molecular Dynamics in Solids: A Combined Analysis of Several Relaxation Times and
Spectral Properties
Marco Geppi, University of Pisa, Italy

MAS NMR on the Tetrapyrrole Chromophore of the Photoreceptor Phytochrome
Thierry Rohmer, University of Leiden, The Netherlands

12:00 PM - 1:30 PM Lunch
1:30 PM - 3:00 PM Student and Post-Doctoral Session
Helen Atherton, University of Oxford, UK

Metabolic Markers of Combined Pesticide Exposure

Oliver Jones, University of Cambridge, UK

New Methods for NMR Crystallography of Powdered Solids
Elodie Salager, University of Lyon, France

Solvent Relaxation as a Tool to Screen Small Molecule-Metalloprotein Interactions — A Case
Study Using Human Prolyl Hydroxylase Domain 2
Ivan K.H. Leung, University of Oxford, UK

3:00 PM - 3:30 PM Break
3:30 PM - 5:00 PM Workshops (Concurrent)




I. Careersin NMR
Jules Griffin, University of Cambridge, UK

I1. Hyphenation and Automation in the NMR Lab
Ron Crouch, Varian Inc., USA

5:00 PM - 6:00 PM Free Time
6:00 PM - 6:30 PM Social Gathering
6:30 PM - 9:00 PM Dinner, Le Vista, Hotel Alpina

After Dinner Speaker: David Davies
University of London
Serendipity in 40 years of NMR

9:00 PM - 11:00 PM Mixer, Le Vista, Hotel Alpina

Tuesday September 22™
8:30 AM - 10:00 AM Advances in NMR Analysis
Chair: Gerhard Wagner, Harvard Medical School, USA

New 2D and 3D DOSY Techniques and Applications
Gareth Morris, University of Manchester, UK

Application of Covariance NMR to the Analysis and Molecular Identification of Chemical
Mixtures
Rafael Bruschweiler, Florida State University, USA

Efficient Detection and Characterization of Protein-ligand Interactions in H20
Alvar Gossert, Novartis, Basel, Switzerland

10:00 AM - 10:30 AM  Break
10:30 AM - 12:00 PM Exotica
Chair: Duncan Farrant, GSK, UK

Spectral Editing of Organic Mixtures into Pure Compounds using NMR and Ultra Viscous
Solvents
André Simpson, University of Toronto, Canada

NMR with Small Magnets
Bernhard Blumich, Institut fir Technische und Makromolekulare Chemie, Germany

Reversible Interactions with para-Hydrogen Enhance NMR Sensitivity by Polarization
Transfer
Simon Duckett, University of York, UK

12:00 PM - 1:30 PM Lunch, Le Vista, Hotel Alpina
1:30 PM - 3:00 PM Human Health and Nutrition
Chair: Jules Griffin, University of Cambridge, UK

Assessment of Nutritional Interventions on Health by NMR-Metabolomics
Xavier Correig Blanchar, Universitat Rovira i Virgili, Spain

Nutritional Influences on the Metabolic Profile, Chances and Pitfalls
Manfred Spraul, Bruker BioSpin GmbH, Germany

Metabolic Health Assessment by Nutritional Metabonomics
Serge Rezzi, Nestle Research, Switzerland

3:00 PM - 3:30 PM Break




3:30 PM - 5:00 PM Workshops (Concurrent)

I. Metabolomics
Hector Keun, Imperial College London, UK

I1. Pulse Programming
Ulrich Gunther, Birmingham University, UK

5:00 PM - 6:00 PM Free Time

6:00 PM - 7:30 PM Dinner, Restaurant La Caléeche
8:00 PM - 10:00 PM Poster Session & Mixer, Le Majestic
10:00 PM - 11:00 PM Mixer, Le Majestic

Wednesday September 23"
8:30 AM - 10:00 AM Metabolomics
Chair: Jean Charles Portais, INSA-Toulouse, France

Identification of Biomarkers for Toxicity by NMR-Based Metabonomics
Nelly Aranibar, Bristol-Myers Squibb, USA

Metabolic Profiling Techniques to Assess and Manage Quality in Fruit Production
Dominique Rollin, INRA Bordeaux, France

NMR-based Fluxomics: Current Challenges and Perspectives
Stéphane Massou, INSA Toulouse, France

10:00 AM - 10:30 AM  Break
10:30 AM - 12:00 PM Sensitivity Enhancement and Novel Developments in NMR
Chair: Adrian Davis, Pfizer, UK

Industrial Process Control Employing NMR/MRI Based Sensors
Michael J. McCarthy, University of California-Davis, USA

Ultra-fast and Ultra-sensitive 2D NMR of Hyperpolarized Solutions
Patrick Giraudeau, Weizmann Institute, Israel

High-Field in-situ DNP — Applications from Small Molecules to Large Biomolecules
Thorsten Maly, MIT, USA

12:00 PM - 12:15 PM Closing Remarks
12:15PM - Box Lunches
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Monday, September 21*
8:30 AM - 10:00 AM

Multidimensional NMR of Small Molecules
Chair: Tim Claridge
Speakers:
Damien Jeannerat
University of Geneva, Switerland

Craig Butts
University of Bristol, UK

Ben Bardsley
GlaxoSmithKline, UK



Applications of Spectral Aliasing to the Study of
Complex Mixtures Using 2D HSQC Spectra

Damien Jeannerat', Bruno Vitorge', Mohammadali Foroozandeh®, Rupali Shivapurkar® and
Jean-Marc Nuzillard?

1. Départment de Chimie Organique, Université de Geneve, Geneva, Switzerland
2. Institut de Chimie Moléculaire de Reims, Université de Reims Champagne—Ardenne,
Reims, France

Spectral aliasing is a “fast method” allowing one to quickly reach a high-resolution in
indirectly detected dimensions of 2D and other multidimensional NMR experiments. For
protein NMR, the potential of reduction of the number of time increments is between three and
eight in each dimension, but it reaches one to two orders of magnitudes in the carbon
dimension of small molecules.[1]

Spectral aliasing is based on a reduction of the spectral width which increases the time
increment so that fine differences in chemical shifts can be easily observed. The Nyquist
condition being violated the methods have to provide a solution to eliminate the ambiguities in
the chemical shifts. We will review the different approached discussed in the litterature of
small molecules, including a one designed to be readily applicable by any chemist using
standard equipment and experiments.[2] We will also discuss the possibility to extend spectral
aliasing to 3D experiments, envisage the combinations of spectral aliasing with other “fast
methods” and say a few words about the problem of signal quantification in 2D spectra.

Broadly speaking, spectral aliasing extends to complex mixture: the determination of chemical
structure by taking advantage of quickly recorded 2D HSQC-TOCSY and HSQC-NOESY
spectra[3], the measurement of diffusion coefficients using a new Constant-Time HSQC pulse
sequence,[4] and the determination of Kinetic parameters using series of HSQC spectra[5].

The development of an automatic tritration system makes it possible to record series of HSQC
spectra to determine binding affinities, pKa, etc.

1. Jeannerat, D, J. Magn. Res., 186(1), 112-122, 2007.

2. Vitorge, B., Bieri, S., Humam, M., Christen, P., Hostettmann, K., Mufioz, O., Loss, S. and
Jeannerat, D., Chem. Commun., 950-952, 2009

3. Muri, D., Corminboeuf, C., Carreira E. M. and Jeannerat, D., Magn. Reson in Chem. In
press., 2009

4. Vitorge, Bruno and Jeannerat, Damien, Analytical Chemistry, 78(15), 5601-5606, 2006.

Gasparini, G., Vitorge, B., Scrimin, P. ,Jeannerat, D., and Prins, L. J. Chem. Commun., 26,

3034-3036, 2008.

o



Solution State Crystallography — A New Way to
Look at Correlation Spectra and NOEs

Craig P. Butts and Jeremy N. Harvey
School of Chemistry, University of Bristol, Bristol, UK

A de novo quantitative molecular structure elucidation in solution is demonstrated using data
derived only from NMR spectroscopy. A distance-geometry approach is used whereby
internuclear distances, assessed with surprising accuracy, are employed to generate both
bonding and conformational information. Remarkably this technique does not rely on
interpretation of the traditional semi-qualitative information such as chemical shift or coupling
constants. This solution-state technique complements the high precision and intermolecular

information available from X-ray crystallography, with structure elucidation in a more
convenient state of matter.



Applications of 2D NMR Methods to Structure

Elucidation in Drug Development

Ben Bardsley
Chemical Development, GlaxoSmithKline R&D, Stevenage, UK

Structure elucidation is an important part of drug development due to the need to identify low
level impurities and degradants of drug substances in line with regulatory (ICH) guidelines and
to ensure patient safety through having a full knowledge of the components present in a drug
product. In addition, the application of a Quality by Design approach to drug manufacture
means that understanding the structures of impurities during the development phase can play
an important role in the development of robust, manufacturing processes which are fit for use
on the large scales required for commercial drug products.

This presentation focusses on the importance of certainty in structure elucidation arising from
the above factors and gives examples of some structures with unusual function groups and
cross-links where the careful use and selection of 2D NMR experiments was required to
eliminate alternative structures and provide the required structural certainty to allow project
progression. The interpretation of 2D spectra of non-ideal samples is also discussed and the
ways in which specific data can be extracted and used to enable the resolution of
manufacturing problems.



Monday, September 21*
10:30 AM - 12:00 PM

Latest Movements in Solids
Chair: Bénédicte Elena
Speakers:

Steven P. Brown
University of Warwick, UK

Marco Geppi
University of Pisa, Italy

Thierry Rohmer
University of Leiden, The Netherlands



Probing Hydrogen Bonding in Organic Solids:
Applications to NMR Crystallography and

Pharmaceuticals

S. P. Brown
Department of Physics, University of Warwick, Coventry CV4 7AL, UK

Solid-state MAS NMR experiments utilising recently developed methodology such as
homonuclear *H decoupling and through-bond J correlation are yielding new insight into
hydrogen bonding interactions that control the packing of organic molecules into three-
dimensional structures.

Specifically, the *H chemical shift is a sensitive indicator of hydrogen-bonding strength and
aromatic Ti-Tt interactions, with high-resolution *H double-quantum (DQ) experiments enabling
the identification of proton-proton proximities [1], so as, for example, to distinguish between a
hydrate and an anhydrate form of an active pharmaceutical ingredient in a tablet formulation
[2]. Interestingly, a combined experimental and computational approach reveals changes in the
'H chemical shift of > 2 ppm due to weak hydrogen bonding, e.g., CH...O [3,4].

Complementary information is yielded from NH...N and NH...O hydrogen-bond mediated
v and o couplings [5,6]: hydrogen-bonding partners can be unambiguously identified in
refocused INADEQUATE spectra, while hydrogen-bonding strength can be guantified by the
measurement of the J couplings in spin-echo experiments.  Specifically, different
intermolecular hydrogen-bonding arrangements as well as their strength have been determined
in synthetically modified guanosines, so as to identify different modes of self-assembly,
namely quartet or ribbon formation [5,7].

1. S. P. Brown, Prog. Nucl. Magn. Reson. Spectrosc., 2007, 50, 199-251.

2. J. M. Griffin, D. R. Martin and S. P. Brown, Angew. Chem. Int. Ed. Engl., 2007, 46, 8036-
8038.

3. J.R. Yates, T. N. Pham, C. J. Pickard, F. Mauri, A. M. Amado, A. M. Gil and

S. P. Brown, J. Am. Chem. Soc., 2005, 127, 10216-10220..

4. A. C. Uldry, J. M. Griffin, J. R. Yates, M. Perez-Torralba, M. D. S. Maria, A. L. Webber,

M. L. L. Beaumont, A. Samoson, R. M. Claramunt, C. J. Pickard and

S. P. Brown, J. Am. Chem. Soc., 2008, 130, 945-954.

5. T. N. Pham, J. M. Griffin, S. Masiero, S. Lena, G. Gottarelli, P. Hodgkinson, C. Filip and
S. P. Brown, Phys. Chem. Chem. Phys., 2007, 9, 3416-3423.

6. 1. Hung, A. C. Uldry, J. Becker-Baldus, A. L. Webber, A. Wong, M. E. Smith, S. A. Joyce,
J. R. Yates, C. J. Pickard, R. Dupree and S. P. Brown, J. Am. Chem. Soc., 2009, 131,
1820-1834.

7. T. N. Pham, S. Masiero, G. Gottarelli and S. P. Brown, J. Am. Chem. Soc., 2005, 127,

16018-16019.



Molecular Dynamics in Solids: A Combined
Analysis of Several Relaxation Times and
Spectral Properties

Marco Geppi, Elisa Carignani, Silvia Borsacchi, Giulia Mollica

Dipartimento di Chimica e Chimica Industriale, Universita di Pisa, via Risorgimento 35, 56126
Pisa, Italy

The molecular dynamics of a solid drug strongly affects its pharmaceutical properties and other
important characteristics, such as solid state degradations. Understanding the mobility of
groups in solid drugs can also lead to a deeper knowledge of the forces responsible for
conformational interconversions and the factors responsible for solid state reactions [1].
Moreover, molecular dynamics plays an important role in drug-excipient interactions, in turn
significantly affecting the drug release properties.

To this regard, Solid State Nuclear Magnetic Resonance (SSNMR) is certainly one of the most
powerful techniques to investigate molecular dynamics of drugs, since it offers several
approaches to study molecular dynamics in a wide range of frequencies [2].

A characterization is presented of the dynamic properties of two forms of ibuprofen, acid
(IBU-A) and sodium salt (IBU-S), obtained through SSNMR techniques.

A full assignment of *C resonances and preliminary qualitative information about some
motional processes were previously achieved in our research group [3]. In the present work we
performed *C and 'H longitudinal relaxation time (T1) measurements to investigate fast
motional processes, with characteristic frequencies of the order of MHz; Bc and H
longitudinal relaxation time in rotating frame (T1p) measurements and *C chemical shift
anisotropy line shape analysis, in order to investigate the intermediate motional region
(frequencies of the order of kHz), while insights about the slow motional regime (frequencies
of the order of 1 kHz or less) could be obtained by looking at exchange processes occurring in
the *3C high-resolution spectra. Combined analysis of all the data provided either qualitative or
guantitative information about the motions of the various molecular fragments (phenyl ring,
methyl groups, aliphatic chains).

1. S.R.Byrn, W. Xu, AW. Newman, Adv. Drug Deliver. Rev. 48 (2001) 115-136.

2. M. Geppi, G. Mollica, S. Borsacchi, C.A. Veracini, Appl. Spectrosc. Rev. 43 (2008) 202-
302.

3. M. Geppi, S. Guccione, G. Mollica, R. Pignatello, C.A. Veracini, Pharm. Res. 22 (2005)
1544-1555.



MAS NMR on the Tetrapyrrole Chromophore of
the Photoreceptor Phytochrome

Thierry Rohmer?, Christian Bongards?, Jon Hughes®, Wolfgang Gartner?, and Jérg Matysik®

1. Leiden Institute of Chemistry, Leiden University, The Netherlands
2. Max-Planck-Institut fur Bioanorganische Chemie, Miilheim, Germany
3. Pflanzenphysiologie, Justus-Liebig-Universitat Giessen, Germany

Phytochromes compose a family of red-/far red light sensitive photoreceptor found in plants,
cyanobacteria, bacteria, and fungi [1]. Their photochemically-active chromophore is an open-
chain tetrapyrrole, which triggers the conversion between two thermally parent states, called Pr
and Pfr. In the Pr ground state, the chromophore adopts a ZZZssa geometry at the methine
bridges [2] and absorbs red light (Amax ~ 660 nm) triggering a Z-to-E photoisomerization of
the C15=C16 double bond and thus converting the protein into the far-red light absorbing Pfr
state (Amax ~ 700 nm) [3].

The tetrapyrrole chromophore has been studied in both thermally ground states Pr and Pfr by
'H, C and N CP/MAS NMR. Differences in **C Chemical shift reflect changes of the
electronic structure of the cofactor at the atomic level and its interactions with the
chromophore-binding pocket. The Pfr state is characterized by a strengthened hydrogen bond
at the ring D carbonyl. The red shift observed in the Pfr state is explained by the increasing
length of the conjugation network in this state. The enhanced conjugation within the m-system
stabilizes the more tensed chromophore in the Pfr state [4].

The photochemically induced back-reaction has been followed at low temperature by MAS
NMR spectroscopy, allowing the two intermediates, Lumi-F and Meta-F, to be trapped. MAS
NMR reveals that the mechanical process of bond rotation around the C15 methine bridge
occurs in two distinguishable steps: while in Lumi-F the double bond is photoisomerized, a
single bond rotation occurs during the transformation to Meta-F. The structural analysis shows
that the chromophore does not undergo full double-/single bond rotations but adopts a distorted
conformation in Lumi-F. Meta-F shows features already similar to Pr, however, the final
hydrogen bonding interactions at the ring D nitrogen are still to be formed. A mechanical
model for the signal transduction and the photo-triggered back-reaction is presented.

1. Rockwell NC, Su YS, Lagarias JC, Annu Rev Plant Biol, 57, 837-858, 2006.

2. Essen LO, Mailliet J, and Hughes J, Proc Natl Acad Sci USA, 105(38), 14709-14714,
2008.

3. Ridiger W, Thimmler F, Cmiel E, and Schneider S, Proc Natl Acad Sci USA, 80(20),
6244-6248, 1983.

4. Rohmer T, Lang C, Hughes J, Essen LO, Gértner W, and Matysik J, Proc Natl Acad Sci
USA, 105(40), 15229-15234, 2008.



Monday, September 21*
1:30 PM - 3:00 PM

Student and Post-Doctoral Session
Chair: Helen Atherton
Speakers:

Oliver Jones
University of Cambridge, UK

Elodie Salager
University of Lyon, France

lvan K.H. Leung
University of Oxford, UK



Metabolic Markers of Combined Pesticide
Exposure

Oliver A.H. Jones', Sara Long?, Claus Svendsen®, Richard F. Shore?, Anthony Turk?, Hazel
Turk?, Julian Griffinl and Steven Murfitt*

1. Department of Biochemistry, University of Cambridge, Cambridge, UK
2. Centre for Ecology & Hydrology, Lancaster, UK
3. Centre for Ecology & Hydrology, Wallingford, UK

In this project, funded by the UK Food Standards Agency, we are using high resolution *H
Nuclear Magnetic Resonance (NMR) spectroscopy of urinary metabolites to assess the effects
of pesticides (alone and in combination) on systemic metabolism in a laboratory model, the
male Fischer F344 rats (Rattus norvegicus). We aim to identify compound-specific and general
health biomarkers following exposure to four pesticides with similar and different modes of
action: the benzimidazole fungicides carbendazim (CBZ) and thiabendazole (TBZ) and the
bipyridyllium herbicides chlormequat (CMQ) and mepiquat (MPQ).

Initially, separate acute exposure experiments were conducted for each pesticide to identify
metabolic markers. Metabolite profiles were obtained using *H NMR spectroscopy of urine
collected before (0-24 hours pre dose) and 0-8, 8-24 and 96-120 hours after dosing. There were
clear metabolic changes associated with acute doses of 50 mg/kg bw for CMQ and MPQ, at
100 mg/kg bw for CBZ, and at 40 mg/kg bw for TBZ. Responses were detected within 0-8 hr
and 8-24 hr for CMQ and MPQ, respectively, and at 96-120 hr in the case of CBZ and TBZ.
Each of the four compounds produced specific changes and several were common between
pesticide classes, but none were consistent across all four compounds.

The second phase of the project involved 29 day repeated-dose studies to determine if chronic
and acute biomarker responses matched. Metabolic profiles did indeed reflect those following
acute exposure responses and remained constant over time and were robustly modelled using
the pattern recognition technique partial least squares (PLS).

Three binary repeated dose experiments were then performed over 25 days. The first two
involved pesticides with similar modes of action (TBZ & CBZ; CMQ & MPQ) and the third
used compounds (TBZ and MPQ) with dissimilar modes of action. A quaternary mixture
experiment was performed.

The results of this work indicate that it is possible to identify metabolomic biomarkers of effect
to pesticides and use these biomarkers to test the validity of current reference models for
mixtures. The detailed modeling of these interactions is on-going, but currently demonstrates
that similar modes of action are not truly additive in terms of their induced response at a
metabolic level. Our results also suggest that, for these compounds at least, the UK acceptable
daily intake (ADI) of the compounds studied (but not the NOEL) is sufficiently precautionary
to avoid effects occurring when there is simultaneous exposure to a number of other
compounds.



New Methods for NMR Crystallography of
Powdered Solids

Elodie Salager®, Robin S. Stein'? Graeme M. Day?, Jonathan R. Yates®, Chris J. Pickard®,
Bénédicte Elena’, and Lyndon Emsley*

1. Universite de Lyon, Centre de RMN a tres hauts champs, Villeurbanne, France
2. Bruker BioSpin, Coventry, UK
3. Department of Chemistry, University of Cambridge, Cambridge, UK
4. Department of Materials, University of Oxford, Oxford, UK
5. Department of Physics and Astronomy, University College London, London, UK

Structural characterization of powdered samples at natural abundance, without the need for
isotopic enrichment, is essential in many areas of chemistry. As protons are widely present in
most organic solids, *H solid-state NMR data are of special importance. Pharmaceutical drugs
are a particularly interesting target for characterization using NMR of powders, as they have to
be characterized while minimizing the risk of polymorphic change.

A new protocol for NMR crystallography of powders has been recently developed. Structural
information contained in proton-proton two-dimensional spin-diffusion experiments is
extracted using a rate-matrix analysis model and combined with molecular modeling to
determine the crystalline structure of the powder. The structure is then refined using state-of-
the-art periodic DFT (CASTEP) and chemical shift measurements are compared to calculated
chemical shifts in order to validate the resulting structure. The final structure is identical to the
known crystal structure within the single crystal X-ray diffraction error.

In parallel to powder NMR crystallography, sophisticated structure prediction techniques have
been developed. These calculations provide a small ensemble of potential structures, which
might contain the correct structure. We show that information contained either in proton-proton
spin-diffusion data or in the chemical shifts is sufficient to determine the real structure from
among the ensemble of predicted structures in the case of thymol, a small drug molecule.



Solvent Relaxation as a Tool to Screen Small
Molecule-Metalloprotein Interactions - A Case
Study Using Human Prolyl Hydroxylase
Domain 2

Ivanhoe K. H. Leung, Emily Flashman, Kar Kheng Yeoh, Christopher J. Schofield and
Timothy D. W. Claridge

University of Oxford, Department of Chemistry, Oxford, United Kingdom

NMR spectroscopy is a valuable screening tool for the binding of small molecules with
proteins. However, most methods are limited by ligand binding kinetics, and many require
relatively large amounts of small molecules or isotopically labelled proteins. For instance
saturation transfer difference (STD) requires a large excess of ligand molecules, which is not
always desirable and may encourage non-specific binding [1]. Transferred NOE (tr-NOE)
requires a delicate ligand-protein ratio, and is more difficult to apply to systems such as
peptide-protein interactions [2]. Furthermore, chemical shift perturbation using *H-""N HSQC
requires access to >N labelled proteins, and is more difficult to apply in systems larger than 25
kDa [3]. In an alternative approach explored here, water molecules may also be used as
reporters of such ligand binding events. In the presence of a paramagnetic metalloprotein, the
relaxation rates of water molecules are enhanced and such effects are measurable by NMR [4].
Changes in the relaxation rates of bulk water upon ligand binding at the paramagnetic centre
are therefore indicative of these binding events and are able to probe these both qualitatively
and quantitatively. Using the catalytic domain of human Prolyl Hydroxylase Domain 2 (a
Fe2+/2-oxoglutarate (20G) dependent enzyme involved in the body’s response to hypoxia),
we describe the feasibility of screening binding activities that would otherwise be challenging
to detect using other NMR techniques. A set of inhibitors have been studied and our results are
consistent with previous biophysical studies [5], thus proving the applicability of this technique
for ligand screening at relatively high magnetic fields and when using conventional NMR
instrumentation. PHD2 forms a ternary complex with the co-factor 20G and its peptide
substrates and we also demonstrate the method is sensitive to multiple binding events. Such
information may be useful in the study of enzyme mechanism and function.

Meyer, B.; Peters T.; Angew. Chem. Int. Ed., 42, 864, 2003

Ni, F.; Prog. Nucl. Magn. Reson. Spectrosc., 26, 517, 1994

Kay, L. E.; Gardner, K. H.; Curr. Opin. Struct. Biol., 7, 722, 1997.

Bertini, I.; Fragai, M.; Luchinat, C.; Talluri, E.; Angew. Chem. Int. Ed., 47, 4533, 2008
Stubbs, C. J.; Loenarz, C.; Mecinovic, J.; Yeoh, K.K.; Hindley, N.; Lienard, B. M.; Sobott,
F.; Schofield, C. J.; Flashman, E.; J. Med. Chem., 52, 2799, 2009

agrwndE



Tuesday, September 22™
8:30 AM - 10:00 AM

Advances in NMR Analysis
Chair: Gerhard Wagner
Speakers:

Gareth Morris
University of Manchester, UK

Rafael Bruschweiler
Florida State University, USA

Alvar Gossert
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New 2D and 3D DOSY Techniques and
Applications

Gareth A Morris
School of Chemistry, University of Manchester, UK

Diffusion-ordered NMR spectroscopy (DOSY) can be a very powerful tool for mixture
analysis, but to be effective it requires both that the NMR spectrum of the mixture be well-
resolved and that its component species have different rates of diffusion. New pulse
sequences, data processing methods, and physical interventions that seek to relax or circumvent
these limitations will be described.

Major improvements in diffusion resolution, including separations previously impossible with
DOSY, can be obtained by manipulating the solvent matrix within which solute molecules
diffuse - matrix-assisted DOSY. For example, an aqueous mixture of isomers, all of which
diffuse at the same rate, can be completely resolved by adding a simple surfactant, because of
the different extents to which the surfactant micelles bind the different isomers [1]. A similar
separation can be achieved in hydrophobic solvents using reverse micelles.

An appealingly simple and effective way to improve resolution is to generate pure shift spectra
by suppressing the effects of homonuclear couplings. Ignored when first proposed [2,3], such
methods have recently been revived. Although the Zangger-Sterk [3-5], BIRD [2,6], anti-z-
COSY [7] and phase-sensitive 2DJ spectroscopy [8] methods seem very different, they all
share a common strategy of splitting the sample into active and passive subsets of spins, and all
have considerable potential in DOSY.

The requirement for resolved NMR signals can also be relaxed if the covariance between
different signals from the same species is exploited. Multivariate statistical methods such as
CORE [9] and SCORE [10] allow heavily overlapped spectra to be resolved in diffusion-
weighted experiments, while PARAFAC can give a completely model-free decomposition of
trilinear data, for example in analysing diffusion-weighted time series of spectra to investigate
chemical Kkinetics [11].

Ilustrative examples will include studies of the solubilisation of oligosaccharide hydrolysis
kinetics [11], antimalarial drugs [12], and proton exchange [13].

1. R. Evans, S. Haiber, M. Nilsson and G.A. Morris, Anal. Chem. 81, 4548 (2009).

2. J.R. Garbow, D.P. Weitekamp and A. Pines, Chem. Phys. Lett. 93, 504 (1982).

3. K. Zangger and H. Sterk, J. Magn. Reson. 124, 486 (1997).

4. M. Nilsson and G.A. Morris, Chem. Commun. 2007, 933.

5. N. Giraud, M. Joos, J. Courtieu and D. Merlet, Magn. Reson. Chem. 47, 300 (2009).
6. P. Sakhaii, B. Haas and W. Bermel, J. Magn. Reson. 199, 192 (2009).

7. AJ. Pell, R.A.E. Edden and J. Keeler, Magn. Reson. Chem. 45, 296 (2007)

8. A.J.Pell and J. Keeler, J. Magn. Reson. 189, 293 (2007).

9. P. Stilbs and K. Paulsen, Rev. Sci. Instrum. 67, 4380 (1996).

10. M. Nilsson and G.A. Morris, Anal. Chem., 80, 3777-3782 (2008).

11. M. Nilsson, M. Khajeh, A. Botana, M.A. Bernstein, and G.A. Morris, Chem. Commun.



2009, 1252.

12. S. Lapenna, A.R. Bilia, G.A. Morris and M. Nilsson, J. Pharm. Sci., in press (2009).

13. T. Brand, E. J. Cabrita, G.A. Morris, R. Gunther, H.-J. Hofmann, and S. Berger, J. Magn.
Reson. 187, 97-104 (2007).



Application of Covariance NMR to the Analysis
and Molecular Identification of Chemical
Mixtures

Rafael Bruschweiler, Fengli Zhang, Steven L. Robinette, and Lei Bruschweiler-Li

Department of Chemistry and Biochemistry and National High Magnetic Field Laboratory,
Florida State University, Tallahassee, FL 32306, U.S.A.

Elucidation of the chemical composition of complex biological samples is a main focus of
systems biology and metabolomics. NMR spectroscopy has a unique potential for this task. In
cases where the analysis of 1D spectra is ambiguous, efficient and reliable 2D methods are
required. We have explored the use of covariance NMR[1,2] for this task, which provides high-
resolution along both dimensions requiring only a small number of increments[3].
Homonuclear and heteronuclear covariance TOCSY spectra[4] can be deconvoluted into 1D
spectra of individual molecules or spin systems (DemixC)[5], which can be efficiently
screened against a NMR spectral database for compound identification[6]. Based on these
principles, we have set up a public suite of web server for complex mixture analysis by NMR,
COLMAR at http://spinportal.magnet.fsu.edu, which currently consists of 3 web servers that
perform covariance processing, DemixC, and database query and which will be demonstrated
using different examples.

1. R. Bruschweiler and F. Zhang, Covariance nuclear magnetic resonance spectroscopy. J.
Chem. Phys. 120, 5253-5260 (2004).

2. F. Zhang and R. Brischweiler, Indirect covariance NMR spectroscopy. J. Am. Chem. Soc.
126, 13180-13181 (2004).

3. Y. Chen, F. Zhang, W. Bermel, and R. Bruschweiler, Enhanced covariance spectroscopy
from minimal datasets, J. Am. Chem. Soc. 128, 15564-15565 (2006).

4. F. Zhang, L. Bruschweiler-Li, S.L. Robinette, and R. Briischweiler, Self-consistent
metabolic mixture analysis by heteronuclear NMR. Application to a human cancer cell
line, Anal. Chem. 80, 7549-7553 (2008).

5. F. Zhang and R. Briuschweiler, Robust deconvolution of complex mixtures by covariance
TOCSY spectroscopy, Angewandte Chemie Int. Ed. Engl. 46, 2639-2642 (2007).

6. S. L. Robinette, F. Zhang, L. Bruschweiler-Li, and R. Brischweiler, Web Server Based
Complex Mixture Analysis by NMR, Anal. Chem. 80, 3606-3611 (2008).



Efficient Detection and Characterization of
Protein-ligand Interactions in H,O

Alvar D. Gossert, Chrystele Henry, Marcel J. J. Blommers, Wolfgang Jahnke
& César Fernandez

Novartis Institutes for Biomedical Research, Novartis Pharma AG, CH-4002, Basel,
Switzerland

Due to its ability to reliably detect binding of ligands to proteins in solution, NMR is a well
established technique in contemporary drug research. Here, an improved ligand screening
experiment will be presented, the PO-WaterLOGSY. It allows testing low molecular weight
compounds for binding to a target protein with up to 5 fold higher time efficiency when
compared to the standard WaterLOGSY. This improvement is based on rational optimization
of the water handling, which allows shortening delays considerably and leaving away every
second inter-scan delay. The measurement time per sample has been reduced from 30 minutes
to typically 6 minutes, thereby significantly increasing the throughput of our NMR screening
facilities.

Compounds that have been identified to bind by e.g. the PO-WaterLOGSY are then further
characterized. Structural information on the compound-protein interaction is gained using
chemical shift mapping or inter-molecular NOEs. To obtain the necessary assignments of
protein backbone and side chain resonances, we use an automated approach based on
projection spectroscopy (APSY) with deuterated proteins.
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Spectral Editing of Organic Mixtures into Pure
Components Using NMR Spectroscopy and

Ultra-viscous Solvents

André J. Simpson, Gwen Woods and Omid Mehrzad

The Department of Chemistry, University of Toronto, 1265 Military Trail, Toronto, ON, M1C
1A4, Canada

A general technique is described that permits the extraction of a complete *H NMR spectrum
for components in organo-soluble mixtures[1]. The approach should find a wide range of
applications considering that pure component spectra can be generated without the need for
physical separation. This technique is especially significant for synthetic organic chemistry and
the pharmaceutical industry due to the potential to isolate a product spectrum even in the
presence of overlapping starting materials, byproducts, or degradation products. For organo-
soluble mixtures a viscous oil-based solvent system that can be temperature-manipulated from
essentially a solid at one extreme to a freely flowing liquid at the other is employed. The
system contains no protons and is miscible with common organic solvents. Through careful
control of the temperature and thus solvent viscosity, the behavior of small molecules moves
from the positive to the extreme of the negative NOE regime. Under such conditions, all
protons in a molecule correlate with all other protons as propagation by spin diffusion becomes
highly efficient, behavior normally only observed with rigid macromolecules in conventional
solvents. Therefore, as long as a single proton (or carbon signal in hybrid experiments) is
resolved for a component in a mixture, the entire proton spectrum for that molecule can be
cleanly extracted from a 2D NOESY spectrum (or from selective 1D NOE-based analogues). A
solvent system compatible with aqueous systems will also be introduced. For both aqueous and
organo-soluble mixtures preliminary results are highly encouraging, indicating that the
approach may be feasible for a wide range of molecules and mixtures and is highly
complimentary to more conventional separation approaches based on chromatography.

1. Simpson, A. J., Woods, G. and Mehrzad O. Anal. Chem. 2008, 80, 186-194.



NMR with small magnets

Bernhard Blimich, Juan Perlo, Ernesto Danieli and Federico Casanova

RWTH Aachen University, Institut fiir Technische und Makromolekulare Chemie, D-52056
Aachen, Germany

NMR with small magnets derives from mobile NMR. The original intention was to do NMR at
the site of interest by bringing the instrument to the object. As the object is often too large to fit
inside a magnet, stray-field NMR with instruments like the NMR-MOUSE became an
attractive option for materials testing in terms of relaxation and diffusion measurements. Like
magnetic fields inside a magnet, stray fields can be shimmed to excellent linearity and
homogeneity in a limited region outside the magnet. Even chemical-shift resolved spectra can
be acquired in this way from a solution-containing flask on top of a permanent magnet. Such
magnets are built from permanent-magnet blocks, with field variations of several percent
between similar blocks. We have learned to build open stray-field sensors and closed Halbach
magnets from such imperfect magnet blocks with regions of magnetic field sufficiently
homogeneous to measure single-shot NMR spectra at about 30 MHz with 0.16 ppm resolution.
Such a Halbach magnet is not much bigger than a coffee cup and accommodates conventional
5 mm sample tubes. This technology offers exciting possibilities for small-molecule NMR
where sensitivity is less of an issue than for large molecules. The state of the art of small-
magnet NMR is reported together with experimental data.



Reversible Interactions with para-Hydrogen
Enhance NMR Sensitivity by Polarization
Transfer

Simon B Duckett! and Gary GR Green?

1. Department of Chemistry, University of York, Heslington York. YO10 5DD
2. York Neuroimaging Centre, The Biocentre York Science Park, University of York,
Heslington, York, YO10 5DG

The sensitivity of both nuclear magnetic resonance spectroscopy and magnetic resonance
imaging is low because the strength of the detected signal depends on the small population
difference between magnetic spin states. Hyperpolarization methods can be used to increase
this difference and thereby enhance signal strength. This has been achieved previously by
incorporating the molecular spin singlet para-hydrogen into hydrogenation reaction products.
We show here that a suitable metal template can facilitate the reversible interaction of para-
hydrogen with an organic substrate such that greater than 5,000-fold increases in proton, and
substantial increases in carbon, and nitrogen signal strengths, are seen for the magnetic
signature of the substrate without its hydrogenation. These signals are then employed in
traditional high resolution NMR and MRI data collections.

Some of these results have been communicated (1).

1. Paul I. P. Elliott, Simon B. Duckett, Gary G. R. Green, Iman G. Khazal, Joaquin Lépez-
Serrano and David C. Williamson. Science 2009, 323, 1709-1711.
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Assessment of Nutritional Interventions on
Health by NMR-Metabolomics

Miguel A. Rodriguez, Maria Vinaixa, Cinta Blade, Jesus Brezmes, Nicolau Cafiellas and
Xavier Correig

Metabolomics Platform, ISPV, Universitat Rovira i Virgili (URV), CIBER de Diabetes y
Enfermedades Metabdlicas Asociadas (CIBERDEM), Spain.

Metabolomics ia a new emerging omic science in systems biology that is aimed to decipher the
metabolic profile in complex systems through the combination of data-rich analytical
techniques, such as NMR, and multivariate data analysis.

Nutrition science is nowadays one of the hottest research areas in biomedicine and
biochemistry, provided that obesity and metabolic diseases (i.e. diabetes) has a very high (and
increasing) prevalence in occidental societies. One of the problems in nutrition science is the
assessment of the health effects of a certain nutritional intervention on an individual or on a
population. This is very challenging because the metabolic response of a body to a certain
aliment or diet is in general weak and varies from one person to other person (i.e. responders or
non responders). Moreover, the phenotypes between individuals before the intervention are
very different. Is in this context that metabolomics could represent a valuable tool in order to
assess the effects of a diet on health [1], because it allows the measurement of a high number
of metabolites in blood or urine samples cheaply and quickly. The new multivariable
algorithms like O-PLS and multilevel PCA, which aims to cancel the biological variability
between phenotypes are key factor in this studies.

The talk will focuse on some nutritional studies performed by the Metabolomics Platform, in
collaboration with different clinical and biochemistry groups. The Metabolomics Platform [2]
was born as a joint research facility created by URV (Universitat Rovira | Virgili, Tarragona,
Spain) and CIBERDEM (the Spanish Research Institute on Diabetis and Metabolic Deseases).
This Platform is meant to provide a high quality service in the field of metabolomics for
leading research groups in biomedicine. The Platform not only acts as a NMR measurement
facility but to offer consulting, covering the process from the experimental design to data
analysis.

In particular, three experiments will be mentioned in the speech:
e Study of a fiber diet effects on the cardiovascular risk in humans by NMR
metabolomics fingerprinting
e Metabolomic assessment of metabolic effects of the administration of procyanidines in
rats fed with hyper caloric diets.
 NMR profiling study of liver steatosis progression in LDL -/- mices under different
diets

1. Favé, Gaélle et al, Genes Nutr, Volume: 4, Issue: 2, Date: 2009 Jun , Pages: 135-41
2. http://www.metabolomicsplatform.com



Nutritional Influences on the Metabolic Profile,
Chances and Pitfalls

M.Spraul, H.Schéfer, E.Humpfer and B.Schiitz
Bruker BioSpin GmbH Germany

Metabolic Fingerprinting and Profiling has become a standard tool in pharmaceutical drug
toxicity screening, where major effects can be often observed, based on the dose of a toxic
substance. In the meantime, this NMR approach finds more and more applications in clinical
research, nutritional health and food quality control. While for example the search for inborn
errors of metabolism often is enabled by high concentrations of certain biomarkers, this is
much less the case in many other clinical applications and especially in food related response
of the metabolic profile. What needs to be observed in this case, are small changes of many
metabolites at the same time and only rarely the situation is clarified by a new biomarker. Also
when the task is to observe early stages of disease development, subtle changes must be
analyzed. Therefore the reproducibility within and across different laboratories becomes vital.
It is demonstrated, that NMR allows excellent reproducibility of certain requirements are
fulfilled: Sample Preparation, Transfer to the instrument, Measurement and Processing have to
be performed under completely defined protocols, instruments have to be calibrated against
temperature, presaturation strength and pulses. Once such a procedure is established, samples
with minimal deviations due to disease development or nutritional changes can be successfully
subjected to statistical analysis. It is also shown, how invariant personalized metabolic profiles
can be used to detect effects of nutrition. Besides statistical routines, targeted screening is
important to observe variations of individual compound concentration changes due to
nutritional changes or disease development and progression. In vast mixtures like urine, it is
dangerous to quantify only based on 1D-spectra. The use of rapid J-Resolved spectra acquired
together with a 1D-spectrum can substantially improve compound identification and
guantification. Examples based on nutritional changes are shown, using the procedures
explained.



Metabolic Health Assessment by Nutritional
Metabonomics
F.P. Martin, S. Collino, F. Arce Vera, S. Kochhar, S. Rezzi

Nestlé Research Center, Switzerland
BioAnalytical Science Department
Metabonomics & Biomarkers Group

Nutrition research has emerged in the last century from understanding and combining
nutritional features of ingredients and foods as a mean of nourishment to the general
populations. Since the last decades, modern nutrition research has evolved towards providing
additional health and wellness benefits through the delivery of nutritionally enhanced foods
with bioactive nutrients. This also prompts scientists to be able to decipher how the changes in
environmental conditions and lifestyle influence human genetics, physiology and
predisposition towards developing modern diseases, such as obesity. Therefore, understanding
how these interactions determine diverse physiological processes and the outcome of
nutritional interventions is one of the greatest challenges of modern nutrition. In this context,
the development of reliable analytical approaches to assess bioefficacy of nutrients has become
essential to understand modes of action at the metabolic level. In this, metabonomics has
rapidly evolved from a clinical and toxicological diagnostic tool into a powerful approach to
aid tailoring future nutritional programs for health maintenance and disease prevention.
Nutritional metabonomics is an efficient approach to measure multi-parametric metabolic
responses of living systems to specific dietary stimuli. Metabolic profiling techniques are
mainly based on proton nuclear magnetic resonance (*H NMR) spectroscopy and mass
spectrometry (MS) applied to provide a comprehensive analysis of hundreds of metabolites
opening therefore a window into the regulation of biochemical pathways at the system level. In
this lecture, recent applications of NMR spectroscopy in Nutritional Metabonomics will be
introduced with special emphasis on gut metabolic health and microbiota interactions.
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Identification of Biomarkers for Toxicity by
NMR-Based Metabonomics

Nelly Aranibar, Karl-Heinz Ott, Vasanthi Bhaskaran, Lindsay Tomlinson, Mark Tirmenstein,
Jeff Vassallo, Lloyd Lecureux, Joseph Horvath, Lois Lehman-McKeeman, Greg Cosma

Bristol-Myers Squibb
R&D

We present applications of NMR-based metabonomics in the identification of excreted
metabolic biomarkers of toxicity. In the instance of a drug-related muscle toxicity,
metabonomics findings led to hypothesis generation and confirmation for the molecular
mechanism of the toxic insult. In a second example, urinary biomarkers were identified which
led to the monitoring of P450 enzyme induction.

In the instance of a drug-related accumulation of lipids and associated necrosis in dog muscle,
the appearance of lipid vacuoles in muscle tissue was correlated to the urinary excretion of
methyl succinic acid, ethyl malonic acid, and other metabolites related to the catabolism of
short chain fatty acids. In the second example, agents such as phenobarbital and diallylsulfide,
which induce numerous xenobiotic metabolizing enzymes through activation of the constitutive
androstane receptor (CAR), resulted in changes to the urinary metabonomic profile, with the
major changes being a marked increase in the excretion of gulonic and ascorbic acids, thus
demonstrating alterations in vitamin C metabolism. Moreover, transcriptional changes in
enzymes regulating ascorbic acid biosynthesis and reutilization were identified, providing
further support to the metabonomics findings. In the presented cases, the detection of unique
endogenous metabolites not normally found in biofluids, elucidated specific metabolic
pathways that were modulated by the test agent and helped identify enzymes whose function
had been altered.

The examples cited demonstrate how the metabonomics paradigm allows converting the
information made available by the simultaneous quantification of many metabolites in a single
sample into biochemical and physiological knowledge of mechanisms of toxicity.
Metabonomics can be applied in an investigative manner to generate mechanistic hypotheses,
by relating the changes in the composition of biofluids to metabolic pathways and,
subsequently, to identify small molecule biomarkers.



Metabolic Profiling Techniques to Assess and
Manage Quality in Fruit Production

Benoit Biais', Catherine Deborde’?, Mickael Maucourt*?, Stéphane Bernillon'?, Cécile
Cabasson’, Yaakov Tadmor®, Joseph Burger®, Arthur A. Schaffer®, J. William Allwood®,
Royston Goodacre®, Annick Moing™?, Dominique Rolin*

1. UMR Fruit Biology Bordeaux, France
2. Metabolome-Fluxome Facility of Functional Genomics Centre Bordeaux, France
3. Department of Vegetable Research, Newe Ya'ar, Israel
4. Department of Vegetable Research, Volcani Center, Israel
5. School of Chemistry, The University of Manchester, UK

Fruits, our major source of vitamins and anti-oxidants, represent a market of dozens of billions
of € per year. However, fruit production is relentlessly challenged by environmental hazards,
but also by changes in the consumer’s demand for taste and nutritional value, thus requiring
constant efforts to breed new varieties, but also improve cultural practices. The Metabolome-
Fluxome Facility of the Functional Genomics Centre Bordeaux (http://www.pgfb.u-
bordeaux2.fr/ ) provides targeted or untargeted metabolite profiling of plant extracts using LC-
QTOF-MS, HPLC or *H/**C-NMR, quantification of metabolic fluxes using *H/**C-NMR for
labelling measurements or in situ analysis using in vivo NMR. It is more particularly involved
in developing techniques and savoir-faire that allow quantification of metabolic fluxes and
metabolome studies. This will be illustrated through the description of a set of representative
studies on melon (Cucumis melo L.).This set of studies was carried out in the context of the
European project ‘META-PHOR’ which aims at developing a high throughput metabolite-
based phenotyping platform using several metabolomics strategies for the targeted
improvement of plant breeding, engineering and processing strategies of food products with
enhanced nutritional quality. This part of the project focused on the major metabolites of melon
fruit which are related with melon taste. We used quantitative *H-NMR profiling of hydro-
ethanolic or methanolic extracts and multivariate analyses to characterize sample similarities or
differences and highlight the metabolites discriminating culture conditions or years, genotypes
and fruit tissues ,. In order to link environmental conditions and cultural practices with melon
composition, several genotypes grown under different conditions were analyzed by *H-NMR
spectroscopy providing targeted or untargeted metabolite profiling. Two commercial varieties
of melon (subsp. cantalupensis and inodorous) cultivated in greenhouse or field in lIsrael
showed different metabolite patterns in flesh at maturity for fruit grown in greenhouse
compared with open field. For melons cultivated in field in France, fruit profiling of one
cantalupensis variety, with three different dates of sowing/harvest, highlighted differences in
metabolite levels between the three growth periods (including sugars, organic acids and amino
acids). Profiling of two commercial varieties of melon (cantalupensis) cultivated in field in
France over three years showed that cultivar differences depended on the year. To help
geneticists and breeders, the same strategy was used to characterize the fruit composition of
flesh and rind of about 50 genotypes representing a broad range of the genetic variability in C.
melo. To investigate the spatial changes of metabolism in melon fruit.,, a metabolomics
approach using *H-NMR and GC-MS profiling of primary metabolites (Biais et al. 2009a) and
quantification of adenine nucleotides with luciferin bioluminescence was employed (Biais et al.
2009b). Several metabolites and adenylate energy charge gradients were observed indicating
metabolic acclimation to hypoxia in the fruit centre. This short presentation confirms the



potential of 1H-NMR spectroscopy as a diagnostic tool helping to probe the operation of
metabolic pathways in plant ecophysiology and physiology and as a phenotyping tool in
genetics.

1. Biais B., Allwood J. W., Deborde C., Xu Y., Maucourt M., Beauvoit B., Dunn W., Jacob
D., Goodacre R., Rolin D., Moing A. (2009a) Anal. Chem. 81: 2884-2894.

2. Biais B., Beauvoit B., Allwood J.W., Deborde C., Maucourt M., Goodacre R., Rolin D.,
Moing A. (2009b) J Plant Physiol (in press)



NMR-based Fluxomics: Current Challenges and
Perspectives

Stéphane Massou, Fabien Letisse and Jean-Charles Portais

INSA, Laboratoire d'Ingénierie des Systémes Biologiques et des Procédés, UMR INSA/CNRS
5504/INRA 792, Toulouse, France

In living systems, metabolism is governed by a complex network of chemical reactions
organized in metabolic pathways. To measure metabolic fluxes in these pathways, NMR
combined with **C-labeling strategies has been increasingly used over the past two decades.
Metabolic fluxes are estimated from the distribution of label within metabolites extracted from
biological material (cells, tissues or organisms) fed with **C-labeled substrate(s). NMR is
unique in providing direct access to the amount of *C atom incorporated in individual carbon
positions of metabolites. This makes NMR a reliable technique for monitoring the fate of
specifically labeled substrates — e.g. [1-**C]glucose — in biological systems, but also for
resolving the distribution of positional isotopologues in experiments carried out with uniformly
labeled substrates — e.g. [U-"*C]glucose —.

Considering the number of possible isotopologues for a given compound (2n, n: carbon
number), the analysis of the labeling pattern of metabolites is complex. Indeed, each
isotopologue has a specific spin system and therefore the resulting NMR spectra are different.
Moreover, with the current trend to investigate metabolic networks of increasing size and
complexity, there is a need to increase the number of metabolites for which the isotopic
information can be resolved. Consequently, various NMR methods - including 2D-NMR
experiments - that provide accurate quantitative measurements of the isotopologue distributions
have been developed.

In this presentation, a survey of the 1D and 2D-NMR methods available for the measurement
of isotopologues will be presented, and their relevance will be discussed. A strategy based on
the combination of 2D-HSQC[1 and the recently developed 2D ZQF-TOCSY[2,3] will be
presented that allows the application of isotopologues approaches to any combinations of
specifically- and uniformly- labeled substrate. Such combination of NMR experiments
provides also a basis for extending the size of the metabolic networks that can be investigated
and for examining non steady-state conditions.

1. Szyperski T, Eur J Biochem., 232(2), 433-448, 1995
2. Massou S, Nicolas C, Letisse F, Portais JC, Phytochemistry, 68(16-18), 2330-2340, 2007
3. Massou S, Nicolas C, Letisse F, Portais JC, Metab. Eng.;9(3), 252-257, 2007
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Industrial Process Control Employing
NMR/MRI Based Sensors

Michael J. McCarthy
Department of Food Science and Technology, University of California, Davis, CA 95616 USA

Nuclear magnetic resonance and magnetic resonance imaging provide complementary
measurements of sample properties when compared with other experimental techniques.
NMR/MRI based analyses have been historically limited to laboratory settings and only
recently have begun to be utilized in remote geographical and industrial settings. The advances
permitting NMR/MRI to be utilized in these new settings are an interplay between hardware
and software driven by economic potential. These advances in hardware/software will be
described by examples of the implementation of MRI for sorting of fruit in a packing house
(detection of seeds in citrus and peelability of processing tomatoes). The extension of this
equipment/methods to pharmaceutical, chemical and consumer products will be discussed.



Ultra-fast, Ultra-sensitive 2D NMR Spectroscopy
of Hyperpolarized Solutions

Patrick Giraudeau®?, Yoav Shrot!, Mor Mishkovsky' and Lucio Frydman*

1. Chemical Physics Dept., Weizmann Institute of Science, Rehovot, Israel
2. CEISAM, Université de Nantes, CNRS, Nantes, France

NMR is a powerful analytical tool for elucidating the structure of complex biomolecular and
pharmaceutical compounds in liquids. It is, however, a notoriously insensitive method,
requiring relatively large amounts of sample and/or long acquisition times. This is largely due
to the low levels of thermal polarization achievable under conventional conditions. Recent
developments have made it possible to reach polarization levels that exceed these thermal
equilibrium values by several orders of magnitude. One of the most promising and generally
applicable techniques to achieve this hyperpolarization is based on ex situ dynamic nuclear
polarization (DNP), which leads to signal-to-noise enhancements of several tens of thousands
compared to conventional NMR [1]. In this experiment the hyperpolarization is carried out
outside the NMR magnet, in a cryogenic setting. The technique then involves an irreversible
melting and transfer of the sample to the NMR spectrometer. Because of ensuing T1
limitations, DNP-NMR experiments are best suited to the acquisition of a single or at most a
small number of free induction decays. This makes ex situ DNP ill-suited for collecting an
array of transients involving complex pulse sequences, of the kind needed in 2D NMR.

In order to deal with this drawback, it was recently suggested to combine DNP with spatially-
encoded ultrafast 2D NMR methods, capable of yielding 2D NMR spectra in a single-scan [2].
Particularly promising are inverse-detected heteronuclear methods exploiting the
hyperpolarization of slow-relaxing nuclei, which is well preserved during the sample transfer
from the polarizer to the NMR spectrometer, with the higher sensitivity of *H detection [3].
Using this approach, we show that 2D heteronuclear NMR spectra of small-molecule mixtures
can be recorded at very low concentrations and in one scan: 2D **C-*H HMBC spectra were
thus obtained within 200 ms, on a 0.1 mM mixture of aromatic compounds at natural
abundance.

A main limitation of these ultrafast **C-'H 2D DNP-NMR experiments, rests in their inability
to cover a spectral range higher than a ten or so ppms. This is a consequence of the strong
gradients (=100 G/cm) that would otherwise be required to cover the large bandwiths
demanded by broadband *C experiments. To deal with this problem we discuss a new
spatial/spectral encoding strategy, involving use of selective excitation pulses and of suitably
chosen gradients, to fold *C resonances into the desired spectral windows. This new spectra-
spatial approach makes it possible to obtain, in a single scan, multiple 2D heteronuclear spectra
of different spectral regions and involving different kinds of correlations. Applications of these
principles to the single-shot acquisition of HMBC and HSQC 2D spectra on =1 mM mixtures
of terpenes, characterizing at natural abundance sites that are spread over nearly 100 ppm
bandwidths, will also be presented.

1. Ardenkjer-Larsen J.H., Fridlund B., Gram A., Hansson G., Hansson L., Lerche M.H.,
Servin R., Thaning M., Golman K., Proc. Natl. Acad. Sci. USA 100, 10158-10163, 2003
2. Frydman L., Blazina D., Nat. Phys. 3, 415-419, 2007.



3. Mishkovsky M., Frydman L., ChemPhysChem 9, 2340-2348, 2008.



High-Field in-situ DNP — Applications from
Small Molecules to Large Biomolecules
Thorsten Maly, Yoh Matsuki, Chan-Gyu Joo, Chris J. Turner, and Robert G. Griffin

Francis Bitter Magnet Laboratory and Department of Chemistry,
Massachusetts Institute of Technology, Cambridge, MA USA

In-situ high-field dynamic nuclear polarization (DNP) is a method that can enhance the
detected signal intensities in liquid- or solid-state NMR experiments by up to two orders of
magnitude. During a DNP experiment, the large thermal polarization of a paramagnetic
polarizing agent, such as a stable free radical, is transferred to the nuclei of interest by
microwave irradiation of the sample at the electron paramagnetic resonance (EPR) [1,2]. This
enhanced nuclear polarization is of considerable interest in a variety of applications ranging
from paricle physics to structural biology and clinical imaging.

In in-situ DNP the polarization and observation of the NMR signals are performed in the same
magnet. This is in contrast to ex-situ DNP experiments such as the “dissolution experiment”
where the sample is dissolved and transferred to another spectrometer. This has many
advantages, the main being that the polarization process can be repeated and conventional
multi-dimensional experiments are easily performed. Furthermore, in-situ DNP can be applied
to solution-state DNP by using the temperature-jump method (TJ-DNP), developed in our
laboratory [3].

Here we will focus on experimental results, in particular on (a) new polarizing polarization
agents for DNP to optimize the DNP process, (b) the application of in-situ high-field solid-state
DNP to distance measurements in small molecules and large biomolecules such as amyloid
fibrils (c) application of TJ-DNP to obtain DNP-enhanced liquid-state NMR spectra.

1. Maly, T.etal., J. Chem. Phys., 128, 052211, 2008
2. Barnes, A. etal., Appl. Magn. Reson., 34, 237-263, 2008
3. Joo, C.-G. etal., J. Am. Chem. Soc. 131, 12-13, 2009
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