NMR Metabolomics Analysis

William J. Placzek

Adapted from slides previously prepared by Drs. Wimal Pathmasiri and Delisha Stewart

NIH Common Fund Eastern Regional Comprehensive Metabolomics Resource Core (ERCMRC)

Outline of Today’s Training

» Introduction:

= NMR Metabolomics:
- Study Design
- Sample Preparation
- Data Acquisition
- Data Pre-processing
- Statistical Analysis
- Library Matching
- Pathway Analysis
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NMR Metabolomics

= Broad Spectrum
- High throughput
- NMR Binning
- Multivariate analysis and other statistics
- ldentifying bins important for separating study groups
- Library matching of bins to metabolites

» Targeted Metabolomics
- ldentifying a set of metabolites
- Quantifying metabolites
- Multivariate analysis and other statistics

= Pathway analysis
- Use identified metabolites
- Use other omics data for integrated analysis

NMR Metabolomics Workflow
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Free Software available for NMR Metabolomics

NMR Data Processing
. ACD Software for Academics (ACD Labs, Toronto, Canada)

Multivariate data analysis
MetaboAnalyst 3.0 (http://www.metaboanalyst.ca)
MetATT (http://metatt. metabolomics.ca/MetATT/)
MUMA (http:/fwww.biomolnmr.org/software.html)

- Other R-packages

Library matching and |dentification
BATMAN (Imperial College), Bayesil (David Wishart lab)
Use of databases

Birmingham Metabolite library, HMDB, BMRB
» Pathway analysis
Metaboanalyst, metaP Server, Met-PA, Cytoscape, KEGG, IMPALA

Alsc available through www.metabolomicsworkbench.org

Other Software available for NMR Metabolomics

COMMERCIAL

* NMR Data-preprocessing
o ACD Software (ACD Labs, Toronto, Canada)
. Chenomx NMR Suite 8.1 Professional
* Multivariate data analysis
. SIMCA 14
» Other statistical analysis
o SAS, SPSS
= Library matching and quantification
> Chenomx NMR Suite 8.1 Professional
= Pathway analysis
> GeneGo (MetaCore Module)
Ingenuity Pathway Analysis (IPA)




Sample Preparation, Data
Acquisition, and Pre-processing

Important Steps in Metabolomics Analysis

Study design Considerations
Factors such as gender, ethnicity, age, BMI (human studies)
> Species, strains, feed, housing (animal studies)
Sample collection
- Collection vials, anticoagulant use (heparin, citrate, EDTA)
Sample storage
- -80 °C is optimal, minimize freeze-thaw cycles
> -20 °C is sometimes more practical (i.e. field studies)
Sample preparation
. Optimize the methods and use them consistently throughout study
Daily balance and pipette checks
Use Quality Check (QC) samples
Pooled QC samples (Phenotypic and combined pooled samples)

Use matching external pooled QC samples where pool samples cannot be prepared
from study samples

Optimize all procedures and use them consistently throughout the study
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Check the samples and the Metadata

= Why are these serum samples straw colored?
o Are these samples actually plasma or urine?

* Why are there more samples in the box than listed on the inventory emailed?
o The wrong box was pulled from their biorepository and shipped.

= There is only 3 pieces of dry ice in this box!
o Did they really pack these “precious samples” in a way to risk them thawing?

= Check every label on the samples shipped to verify they match the inventory.

o Most sample labels will match, but the wrong tubes can get pulled meaning the right samples
were not shipped.

o Sometimes hand-written labels are illegible and will require further communication to verify
the sample ID.
= Check the metadata.
o Did they really send us female controls to compare with male cases?

= Communicate sample and metadata discrepancies/issues immediately.
o Use of pictures here can be very helpful.

Sample Preparation for Metabolomics Analysis

Current sample preparation practices (in brief)

- Biofluids
- Dilute with D,0/ buffer/ 0.9% Saline
— Add internal standard (ISTD, eg. Chenomx) solution or formate (for serum).
- Centrifuge and transfer an aliquot into NMR tube

= Tissue and Cells
— Homogenization performed in ice cold 50/50 acetonitrile/water
- Supernatant dried down (lyophilized)
- Reconstituted in D,0 and ISTD (eg. Chenomx) solution

= Pooled QC Samples (Sample Unlimited)
- Mix equal volume of study samples to get pooled QC samples
- 10% QC samples

« Pooled QC Samples (Sample Limited) Samples are randomized
for preparation and data

- Use independent pool of similar samples L
acquisition

- 10% QC samples
= Daily balance and pipette check
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Preparing Pooled QC Samples

0 0 0 O : = Aliquots from each sample in the
29 @ @ @ study phenotype are pocled
' ' ' ' ' (phenotypic pool)
= Equal amount of each phenotypic
Phenotype 1 Phenotype 2 pools are pooled (Combined
| | | | | | | | | phenotypic pool)

* Replicates of pools are prepared
Pool samples are prepared along
with the study samples
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NMR Data Acquisition

= 1D NMR

- 1stincrement of NOESY
noesyprid (Bruker)

- CPMG (serum or plasma)
cpmgprid (Bruker)

To remove broadening of signals due to
macromolecules (eg. Proteins and lipids)

= 2D NMR (for structure elucidation)
- 2D J-Resolved
- cosy
- TOCSsY
- HSsQcC
- HMBC




Sample Amount in NMR tube

Sample |

S B Rt

i Sample volume
I-l-f ll N Il 4 +———— should cover the

h-¢ il NMR Coil Region

e = For optimum field
homogenization

At least 10% D,0 in the sample

Optimum volume For very small sample amounts, a
- 550 -— 600| uL (5mm tube) NMR with a microcoil probe is an
200 uL (3 mm tube) option.

Sample gauge is used

AVANCE Beginners User Guide 004 (Bruker, Germany)

13
NMR Data
* A typical 1H NMR Spectrum consists of thousands of sharp lines or
signals.
* The intensity of the peak is directly related to the number of protons
underlying the peak.
* The position of a particular peak in the X-axis of the NMR spectrum is
called the “Chemical Shift” and it is measured in ppm scale
* The NMR spectrum obtained for the biological sample is referenced
using a reference compound such as DSS, TSP, or Formate added to
the sample in sample preparation step.
* pH indicator may also be used (for example, Imidazole)
DS$5=4,4-dimethyl-4-silapentane-1-sulfonic acid, TSP=Trimethylsilyl propionate
14
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IH NMR Spectrum for Alanine

E H.C
083 - A OH

06 Alanine

Normalized Intansity
(=]
wn
1

» Peak position is called
“chemical shift”

B (three|protons)

» |t depends on the chemical
environment

= Splitting of peak is
dependent on neighboring

proportional to the number
of 'H atoms underlying it

044 H atom(s)
3 A (one proton) = Area under peak
02:
0.1:
] | . , |
40 lf PSRN ”‘2!5””‘””2'0””‘””1'213'”"”'1‘0‘”"””u‘&””"mt‘)'

Chemical shift of CH
4 lines (quadrat)

Chemical Shift {ppm)-

Chemical shift of CH,
2 lines (doublet)

15

Typical *H NMR Spectrum of Urine

Normalized Intensity
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Typical tH NMR Spectrum of Urine
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Collecting NMR Data at UAB

* Metabolomics samples can be submitted to the Central Alabama
High-Field NMR Facility for spectral acquisition

than 48 hours

* Contact Will Placzek (placzek@uab.edu)

* Cost is S14/sample for standard 1D collection

* Turnaround time varies, but if coordinated in advance is usually less

18



Moving from Raw data to sample analysis

19
Data Pre-processing
= After NMR data acquisition, the result is a set of spectra for all samples.
= For each spectrum, quality of the spectra should be assessed.
- Line shape, Phase, Baseline
= Spectra should be referenced
- Compounds commonly used: DSS, TSP, Formate
= Variations of pH, ionic strength of samples has effects on chemical shift
- Peak alignment
— Binning or Bucket integration
High quality data are needed
= Remove unwanted regions
= Normalize data (remove variation in concentration of samples)
20
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Quality Control Steps

= Quality of metabolomics analysis depends on data quality

= Typical problems

Water peak (suppression issues)
- Baseline (not set at zero and not a flat line)

Alignment of peaks (chemical shift, due to pH variation)

Variation in concentration (eg. Urine)

= High quality of data is needed for best results

21
Water Suppression Effects and Other Artifacts
« [f water is not correctly suppressed or removed there will be effects on
normalization
» Need to remove other artifacts
* Remove drug or drug metabolites
Poor water- suppression Good water- suppression

22
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NMR Pre-processing

Before After
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Phase
Baseline to be
corrected

Reference,
Line shape
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pH Dependence of Chemical Shift

Chemical shift variability
* pH
= jonic strength
= metal concentration

Methods to overcome this problem
* Use a buffer when preparing samples
= Binning (Bucketing)
o Fixed binning
o Intelligent binning
o Optimized binning
*»  Available data alignment tools
* Recursive Segment-wise Peak
Alignment (RSPA) |
= |coshift
* speaq

hitp:/iwww.chenomx.com /software php
Savorani , F_et al, Journal of Magnetic Resonance, Volume 202, Issue 2, 2010, 180 — 202
Vu, T.N. et al,, BMC Bioinformatics 2011, 12:405

24
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Peak Alignment

Example
icoshift
One of the Citrate peaks
a | before
& ~.§ '\:@ - e
274 272 27 268 266 264
5 [ppm]

b | after

2.74 2.72 27 268 266 2.64

s ppm]

Savorani , F. et al, Journal of Magnetic Resonance, Volume 202, Issue 2, 2010, 190 - 202

25
Peak Alignment
Example
speaq
Spectra Peak finding I | de?::::::on :I?;:'t“n;:l | Quantification
| Lol :
) [ s RIS o,
|_Reference |
Vu, T. N. et al., BMC Bioinformatics 2011, 12:405
26
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NMR Binning

= A form of quantification that consists of segmenting a
spectrum into small areas (bins/buckets) and attaining
an integral value for that segment

= Binning attempts to minimize effects from variations in
peak positions caused by pH, ionic strength, and other
factors. LMriacs s .-...,_‘T:.:fﬁ_ .

= Two main types of binnina
- Fixed binning
~ Flexible binning | {
|

—y »«-MJJMI“‘JJF”" Wit

27
NMR Binning
= The entire NMR spectrum is split into evenly spaced integral
: regions with a spectral window of typically 0.04 ppm.
Peak shift can
th
ARt = The major drawback of fixed binning is the non-flexibility of the
peak across boundari
multiple samples oundaries.
to fall into
different bins = If a peak crosses the border between two bins it can significantly
influence your data analysis
} . : Signals for citrate
I N | | are split into
: } l |\ } . multiple bins
oM | | \ ‘1 [ ‘ I
. j . | A" |
o e o } "‘ | i\ "‘:l i :
Ho / \ NRINY/
\ ,a'\'\‘--",-‘y |
| LA AN Ao '%'\Q Ao - : }r
: ==
Fixed Binning i I | | |
1 1 | 1
2.58 2.56 254 252 2.50
28
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NMR Binning
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NMR Binning
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NMR Binning

Downfield
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NMR Binning

= Integrate bins (0.04 ppm bin size)
= Normalize integral of each bin to the total integral of each spectrum

= Merge metadata
= Result is a spreadsheet ready for further multivariate data analysis and
other statistical analysis

Sample ID  Disease Grou
cos50 Cases
coe2e Gases
cos40 Cases
C0835 Cases.
DOB13 Cases
DO762 Cases
D113 Cases.
D158 Cases
D2080 Cases
E0004 Cases
E0105 Cases.
Metaddi
E0487 Cases
FO038 Cases
FO108 Cases
A0233 Control
AD480 Control
A2003 Control
cos8e Control
c2177 Gontrol
DO177 Control
Do728 Control
Does0a Gontrol
DO@45 ‘Control
D1174 Control
D2054 Control
D2062 Gontrol
D207 Control

[0.40 .. 0.48] [0.48

7.80E-05
0.00E+00
344E04
BA41E-04
6.63E-03
0.00E+00
3.14E-03
0.00E+00
0.00E+00
1.72E-03
0.00E+00
1.25E-03
4.11E-03
1.72E-03
1.66E-02
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
8.21E-03
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.58E-03
2.38E-05
273E-02

0.52] [0.52 . 0.54] [0.54_ 0.57] [0.57 .. 0.60] [0.80 .. 0.86] [0.66 . 0.68] [0.88 _ 0.74] [0.71 . 0.75]
0.00E+00 7.32E02 848E-02 320E-02 1.84E+00 131E01  360E01  3BTE-O1
178E-02 0MO0E+00 218E-02 000E+00 1.08E+D1 OQODE+00 O000E+00 3.02E-02
00DE+00 183503  1.86E-04 000E+00 4.51E+00 0ODE+00 0O0E<00  O.00E+00
0.0DE+00 B44E03 O00DE+00 306E-03  3.28E+00 OODE+00 5.43E03 175502
0.0DE+00 O000E+00 1.06E-02 000E+00 570E+00 OODOE+00 B38E02 302801
0.00E+00 1.76E02 1.88E-02 000E+00 ©.37E+00 OQODE+00 O000E+00  1.74E-02
243E03 802502 104E01 53E03 3745400 O0O0E+00 203E02  1B4EDT
371E03 235502 483E02 000S+00 5.02E+00 O0ODE+00 1.01E02  0.00E+00
0.00E+00 245603 ©83E-04 000E+00 576E+00 OODE+00 124E-02  1.04E-02
0.00E+00 6.85E02 305E-02 0.00E+00 147E+00 6.90E-02 361ED1  4.03E-01
189503 S57ED2  G20E-02 000E+00 277E+00  1.34E01 204ED1 454501
0.00E+00 Iﬁﬁndlﬁéﬁ &mdaaaﬁ% 0DOE+00 108502 230502
0.00E+00 2 | e, a 0DOE+00 328E-02  8.09E-01
0.00E+00 0.00E+00 1.00E-02 0.00E+00 4.00E+00 0OO0E+00 138E-02  0.00E+00
0.00E+00 0.00E+00 206E-02 000E+00 1.22E+01 1.04E02 O000E+00 5.87E-01
231E03  6.30E03 1.11E-02 000E+00 7.47E+00 O0OOE+00 165502 221E-01
1.86E-02 0O0E+00 1.82E-02 000E+00 1.61E+01 0QO0E+00 281E03  000E+00
0.00E+00 2.89E-03 360E-02 0.00E+00 267E+00 0OOE+00 400502  546E-01
0.00E+00 345602 220E-02 000E+00  1.80E+00 OODE+00 O000E<00  O0.00E+00
169E-02 O000E+00 G64E-03  000E+00 1.82E+01 OQODE+00 G51EDZ  000E+D0
0.00E+00 3.02602 359E-02 000E+00 235E+00 OODE+00 3.78E-02  149E-01
0.00E+00 1.88E02  147E-02 0.00E+00 243E+00 OQODE+00 448E02  O0.00E+00
188E-03 5.58E02 7.87E-02 282E-02  3.16E+00 G.59E-02 2B0ED1 430601
108E-03 O000E+00 669E-03 000E+00 240E+00 0QODE+00 1.01E02  1.87E-01
479504 7.00E03 O000E+00 410E-03  3.00E+00 ODODE+00 1.11E03 386502
033504 0O0DE+00 343E03 130E02 7.21E+00 653503 0O00E+00  166E02
0.00E+00 000E+00 1.22E-02 000E+00 207E+00 0O0E+00 1.28E02  3.80E-01
0.00E+00 6.4E02 209E-02 000E+00 4.84E+00 OODE+00 0.85E03  O000E+D0
0.00E+00  1.81E03  117E-02  0.00E+00  3.38E+01 7.87E02  000E<00  501E+00

32
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Data Normalization,
Transformation, and Scaling

33

Normalization

* Normalization reduces the sample to sample variability due to differences
in sample concentrations—particularly important when the matrix is urine

- Normalization to total intensity is the most common method
For each sample, divide the individual bin integral by the total integrated intensity

- Other Methods
= Normalize to a peak that is always present in the same concentration, for example
normalizing to creatinine
Probabilistic quotient normalization
Quantile and cubic spline normalization

34
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Centering, Scaling, and Transformations

Centering . — -5

\’! "’:f X;
Autoscali
u ing N Xij =X
L =
i
Range scaling ) Xjj = X
\lJ' =
X X;
!H\‘l\ |
Pareto scaling .
reto scaling } i — X
ij [s.
VS
Vast scaling { -
X — X
. ij i
X =
n
8
Level scaling N Xij = X
\” —
X;

Il Log wransformation

Power transformation

Analysis results vary depending

on the scaling/ transformation
methods used.

Van den Berg et al 1006, BMC
Genomics, 7, 142

35
* Before ransformation * After log-transformation

skew distribution More close to normal distribution
cuprum. DS cuprum prum M1 (PCA-X), PCA for overview log-transform
Histogeam of DS 1.kN Hitgtogram of M1.XVarkNiians

1‘

¥ ool H

al:
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f’ y

Susan Wicklund, Multivariate data analysis for omics, Sept 2-3 2008, Umetrics training
36
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* Unit variance (autoscaling) divides the bin intensity by the standard
deviation
- May increase your baseline noise
- Dimensionless value after scaling

= Pareto scaling divides the bin intensity by the square root of the standard
deviation
- Not dimensionless after scaling

= For NMR data, centering with pareto scaling is commonly used

37
Multivariate Data Analysis and Other Statistical Analyses
= Mean centered and scaled data Corvel
= Non-supervised analysis :'a — nl
o Principal component analysis 1o - .
(PCA) i} cwedl
= Supervised analysis . -
o PLS-DA and OPLS-DA ochn PCA
= |oadings plots and VIP Plots to oco
identify discriminatory bins o i i s n
= p-Value, fold change 5 o) = 00826 Timses et ingts 72 09
oo el VIP Plot
= 10 Bl 120 5 ::J.,m
i e .:7‘ -—)
o il OPLS-DA o
54 R2X[x5ide rnr;..:oi?;-.“(: ;.I? r1'|“inse.‘ﬂ:7(z”i'\=\‘s T2 (9
38
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Library Matching
Pathway Analysis

39
Chenomx Library
= Qyer'320 metabolites
‘v sensitive’library of 'H'NMR Spectra
= cCustomizable
40
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NMR Spectrum of Urine with Chenomx Library Fit of Metabolites

9 8 7 6 5 4 3 2 1 0 ppm

41

Fitting of Metabolites

[No Title]

42
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Fitting Taurine

Taurine

LN

N\

/\/\\

1.03 mM

43
Fitting Fucose
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Additive Fit
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Additive Fit
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Chenomx Helps Resolving Ambiguity in Highly Overlapped Regions

Hippurate

1-Methylhistidine Glycolate

47

Interpreting Results and Pathway Analysis

Once we have performed a metabolomics analysis:

= We find some important metabolites that are responsible for the separation
of study groups.

= The next questions are

What does it means?

How do you correlate these finding to your study questions?

» Does it explain any findings that are meaningful for your study

hypotheses?

Does it generate a new hypothesis?

= How do you answer these questions?
= Next step is to interpret results and perform metabolic pathway analysis

48
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Interpreting Results and Pathway Analysis

» There are a number of freely available software
o meta-P Server, Metaboanalyst, Met-PA, web based KEGG Pathways,
Cytoscape.
o GeneGo, Ingenuity Pathway Analysis (Commercial)

= Another way of interpreting metabolomics results is to use traditional
biochemistry text books.

» The input for pathway analysis is typically a list of metabolites (with any
fold change or p-value information)

» Genomics, transcriptomics, and/or proteomics data can be integrated

» Once these pathways are identified, you may perform a targeted
metabolomics analysis to validate the findings from global analysis.

49
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