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Why Small Molecules Matter

>99% of food flavours and aromas come from
small molecules

>90% of common clinical tests measure small
molecules

89% of all drugs are small molecules

83% of the most common diseases are due to
the effects of small molecules

81% of all deaths in North America and Europe
are due to the effects of small molecules

>55% of drugs are derived via natural cmpds



# Publications

Metabolomics Is Growing

Pubmed: Metabolomics OR Metabonomics OR Metabonome
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But Where Is It Going?
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Key Bottlenecks in
Metabolomics

Lack of automation

Incomplete metabolome
coverage

Expensive/large
equipment
Lack of quantification

Inability to translate
findings to the clinic

Making metabolomics
matter to drug
companies




Key Trends in Metabolomics

Automated metabolomics
Expanding metabolome coverage
Making metabolomics portable
Quantify, quantify, quantify...

Moving metabolomics from the lab to
the clinic

Moving metabolomics (back) into drug
development and discovery



Metabolomics Workflow

Sample Preparation

-

Sample Loading &
Spectral Acquisition

"

Spectral Processing

‘

Deconvolution &
Peak Assignment

"

Data Interpretation




Bruker — Automated NMR Biocrates — Automated MS



Bayesil (Automated NMR)
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Processed Spectrum with Profile Fit
The spectra viewer shows the processed spectrum (black) and the fit (blue). Details in the
spectrum can be examined by zooming in on regions of interest (Press Shift and drag around an

area; or use a scroll wheel to zoom the X-axis and press Shift while using a scroll wheel to zoom
the Y-axis). More info...

-

O = = 5T

I

= Spectrum 0.12
— 0.1
— 0.08 =
0.06
2
— 0.04
- 0.02 5
L |
o 10
4 as 3 25 2 15 10
HMDB00060 Acetoacetate 1.6 8
HMDBO00062 L-Carnitine 10.9 9
HMDBO00064 Creatine 16.8 7
HMDBO00094 Citric acid 51.2 10
HMDBO00097 Choline 9.0 10
HMDBO00108 Ethanol 17.7 9
HMDBO00122 D-Glucose 1387.8 10
HMDBO00123 Glycine 73.8 10
HMDBO00131 Glycerol 243.8 9
HMDB00142 Formate 13.2 9

http://bayesil.ca

Uses probabilistic graphical
models (PGM) — similar to
HMMs

Fits shift & peak intensity
similar to the way humans
perform fitting and pattern
finding

Requires prior knowledge of
probable biofluid composition

Fully automated phasing,
referencing, water removal,
baseline correction, peak
convolution, identification and
quantification

Free web server



Bayesil in Operation
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Welcome to Bayesil

Bayesil is a web system that automatically identifies and quantifies metabolites using 1D 'H NMR spectra of ultra-filtered = .
plasma, serum or cerebrospinal fluid. The NMR spectra must be collected in a standardized fashion (see How To Collect 'L
NMR Spectra for Bayesil) for Bayesil to perform optimally. Bayesil first performs all spectral processing steps, including WLMWJU‘ |
Fourier transformation, phasing, solvent filtering, chemical shift referencing, baseline correction and reference line shape --n_—ﬁltﬂu\-‘“]
convolution automatically. It then deconvolutes the resulting NMR spectrum using a reference spectral library, which here e
contains the signatures of more than 60 metabolites (see here for a list). This deconvolution process determines boththe | = " =
identity and quantity of the compounds in the biofluid mixture. Extensive testing shows that Bayesil meets or exceeds the

performance of highly trained human experts.

Citing Bayesil: C
Ravanbakhsh S, Liu P, Bjordahl TC, Mandal R, Grant JR, Wilson M, Eisner R, Sinelnikov |, Hu X, Luchinat C, Greiner R, Wishart DS. (2015) Accurate,
Fully-Automated NMR Spectral Profiling for Metabolomics. PLoS ONE 10(5): e0124219.

Bayesil Spectral Analysis

Instructions ec

To analyze a 1D 'H NMR spectrum with Bayesil you must provide information on the biofluid being analyzed, the concentration of the reference
standard, the spectrometer frequency and the 1D NMR spectral file.

[ 0 B
Run one of our examples: ‘ | ‘ \

Biological Serum Biological CSF Biological Serum
Varian 500 MHz Varian 500 MHz Bruker 600 MHz

S. Ravanbakhsh, et al. (2015) PLoS One 10(5): e0124219



Bayesil Output

Date: 2015-04-20 21:32:19 UTC Runtime: 4 minutes 51 seconds @%HH}E EE_, =
Processed Spectrum with Profile Fit Searchy
The spectra viewer shows the processed spectrum (black) and the fit (blue). Details in the spectrum can be examined by zooming in on regions of interest (Press Shift and drag HMDE D = Gompound Name Concentration; (M) Gonfidence Score @
around an area; or use a scroll wheel to zoom the X-axis and press Shift while using a scroll wheel to zoom the Y-axis). Mare info... - DSS 500.0
HMDBO00001 1-Methylhistidine 16.4 5
~ HMDBO00008 2-Hydroxybutyric acid 6.4 9
e HMDBO00042 Acetic acid 60.7 10
- S?ECtrum 1 HMDBO00043 Betaine 9.6 10
S HMDB00060 Acetoacetate 1.6 8
~08 HMDBO00062 L-Garnitine 109 9
06 HMDBO00064 Creatine 16.8 7
’ HMDBO00094 Citric acid 51.2 10
~04 HMDBO00097 Choline 9.0 10
HMDBO00108 Ethanol 17.7 L]
HMDBOD122 D-Glucose 1387.8 10
HMDBO00123 Glycine 73.8 10
HMDBO00131 Glycerol 2438 9
HMDBO00142 Formate 13.2 9
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GC-AutoFit (Automated GC-MS)

<« Requires 3 spectra (sample,
blank, alkane standards)

* Performs auto-alignment, peak
ID, peak integration and
GC-AutoFit is a web application that automatically identifies and quantifies r ites using Gas Cl Ms_zss Spt_ac‘tromst:y concentration calcu'ation

GC-AutoFit currently accepts .COF and .mzXML file formats. It uses alkane standards to calculate the retention index (RI) of each peak in
the sample. The extracted EI-MS spectra from each peak, along with the Rls, are then compared to reference spectra (Rls and EI-MS) in ) A c ce t s N et‘ D F o r m ZX M I
the specified library to identify and quantify the compounds. The inclusion of blank spectra is optional, however, it is useful for removing

noise effects from the query specira. Extensive testing shows that GC-AutoFit meets or exceeds the performance of highly trained human
files

experts.
.CDF or . mzXML (suffix required) format is acceptable. Altematively, a single .zip file containing all spectrum PY
files can be used. If you wish to use your own library, it should be in .csv (suffix required) format. The total s e c p e r s p e c r u m

number of files cannot exceed 33.

e 45-70 cmpds ID’ d and

Blank files (Optional): | Browse... | No file selected.
Sample files (Required): | Browse... | No files selected.

w quantified, 96% accuracy

Zipfile: | Browse... | No file selected.

ot vy ey * Optimized for blood, urine,
saliva and CSF

« Still requires careful sample
http://gcms.wishartlab.com  preparation & derivatization




GC-AutoFit Output

Spectral Viewer (Use your mouse's roller and the 'shift' key)

s 4 3-methyiglutaconic acid (e)
1.8047 Sumiki's ac'chlppunc acid Cholesterol
Glutaric acid Indolelactic acid
2-Indolecarboxylic acid (1TMS)
1.60+7 — 4-Deoxythreongle .\ ic acid (3TMS) - CO001 473.58 - 3621.28
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HMDB_ID  HMDB00243 HMDB00190 KMDB00729 H 20 HMDBO1870 HMDB00622 HMDB00209 HMDBO0254 HA
Compound  Pyruvic acid Lactic acid  alpha-Hydro: 2-Hydroxy-2- beta-Lactate 3-hydroxybu 2-Hydroxyisc Malonic acid 3-Hydroxyisc Methylmalor Levulinic acic Benzoic acid Ethylmalonic phenylacetic Succinic acid 2-
0738 NA 0.033 NA 0.004 0,084 0031 NA NA 0133 NA NA NA NA NA 0342 <l
0918 NA 0.023 NA 0.007 0.104 0.042 NA NA 0.198 NA NA NA NA NA NA N

E99 NA 0.045 NA 0.009 0.275 0.113 NA NA 0.253 NA NA NA NA NA 0.964

E105 NA 0.052 NA 0.007 0.232 0115 NA 0.098 0.286 0149 NA NA NA NA 0.547

£123 NA 0.044 NA 0.01 0.216 0.204 NA NA 0.408 <LOD NA NA NA NA 0.724
8 |F131 NA 0.02 NA 0.004 0.109 0015 NA NA 0.165 NA NA NA <Lop NA 0.501 <L

500 1000 9 |E1658 NA 0.109 NA 0.008 0.16 0071 NA NA 0505 0.16 NA NA NA NA NA

E1838 NA 0.049 NA 0.016 0.257 0152 NA NA 1214 0302 NA NA NA NA 5.566

- €001 NA 0.05 NA 0.003 0.215 0073 NA NA 0.118 NA NA NA 0.037 NA 0.436 <L
€003 NA 0.054 NA 0.015 0.365 0221 NA NA 0334 0.148 NA NA NA NA NA

13 | cood NA 0.037 NA 0.008 0.25 0.164 NA NA 0197 NA NA NA NA NA 0.374 N
€005 NA 0.082 NA 0.009 0.406 0193 NA NA 0.23 0111 NA NA NA NA 0333 <L

007 NA 0.045 NA 0.02 0.1%4 0114 NA NA 0335 0.12 NA NA NA NA 0.665
coo8 NA 0.03 NA 0.004 0.163 0.114 NA NA 0.179 0.092 NA [Na—"Ina NA 0812 <l
17 |coos NA 0.031 NA 0.006 0.208 0182 NA NA 0.165 NA NA NA 0018 NA 0.52 <l
18 |co12 NA 0.041 NA 0.006 0179 0.108 NA NA 0372 0145 NA NA NA NA 4.274 <
19 |con NA 0.034 NA 0.004 0.207 0078 NA NA 0139 0.045 NA NA NA NA 4.155 <]

20 |co1s NA 0.04 NA 0.007 0.244 0,095 NA NA 0198 0051 NA NA 0,004 NA 0.308

21 |co18 NA 0.018 NA 0.003 0.285 0129 NA NA 0.183 0.023 NA NA NA NA 0.637

22 |co21 NA 0.03 NA 0.004 0.412 0122 NA NA 0199 0075 NA NA NA NA 0527
23 |con3 NA 0.018 NA <L0D 012 0.087 NA NA 0.109 NA NA NA NA NA 0.154 <L
24 |co24 NA 0.06 NA 0.004 0.203 0103 NA NA 0343 NA NA NA NA NA 6.068 <Ll
T rotied uossacer /+

Normal View | Ready | | 0 - | |




Key Trends in Metabolomics

Automated metabolomics
Expanding metabolome coverage
Making metabolomics portable
Quantify, quantify, quantify...

Moving metabolomics from the lab to
the clinic

Moving metabolomics (back) into drug
development and discovery



# Metabolites detected (Log,,)

Technology & Sensitivity

Unknown unknowns

LC-MS or
DI-MS
GC-MS
TOF
NMR \
Known unknowns | \
GC-MS

mM uM nM pM
Sensitivity or LDL

fM



What Are The Unknown Unknowns?
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The Food Metabolome

4 EXPOSURES

Diet
Dietary
supplements

Micipbial metabglism
HPst metabolis

.I — Drug ' Pollutant
meta b0|0me metabolome | metabolome

Scalbert A. et al. (2014) Am. J. Clinical Nutr. 99(6):1286



Systematic Spectral Collection
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100,000+
Compounds

$%

800,000+
NMR, MS/MS

Spectra




Systematlc Spectral Prediction

= o T X coier |
e = * Predicts MS/MS spectra

CFM-ID

Chbeting Ecdarentation Motislingit? Metabollte Mntificatio from known compounds

Welcome to CFM-ID!

R via advanced machine

spectra general edbv Iecl praywnue mass speamel (ES\ MslMSJThe

program uses Competitive Fragmentation Modeling 1o pro uceaprobab
odel for the MS/MS

““ o learning techniques
* 50% more accurate than

other systems
=  Matches predicted
e bl L s I

et i - MS/MS spectra (from

fe et HMDB, KEGG or user
P [ — choice) to input MS/MS
7 el — spectra
R  Permits rapid compound
http://cfmid.wishartlab.com ID from MS/MS spectra
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Predicting Metabolites of

@Nor
O1 res
02 res
@Neutral
OMeH]*
OM+Na]*
oMK
O[M+NHg]*
OM+HNa/K/INH]*
OM-HF =
Da (Bat u
@ In Da g Da): |m
*On m): [ =
Submit Query ) I :
¥ rFFz0 [ -18:010565 joss of water
12[+H0 18.010565 addition of water
13}-CO -27.994915 loss of CO
14[+co 27.994915 [addition of CO
15(-CaH4 -28.031300 |[oss of CoHs
16 [+C2Hg 28.031300 \addilinn of CaHy
17|-C2H20 -42.010565 J Deacetylation
18+CoH20 42.010565 Acetylation
19-CO2. || -43.989830 |lioss of COz
20+CO2 43.989830 addition of CO,
21([0O3H->SH -47.884745 Sulfonic acid to Thiol
22|SH->S0O3H 47.984745 IThiol to Sulfonic acid
23-C2H3NO -57.021464 loss of glycine
24 +C2H3NO 57.021464 jglycine conjugation
25-SO3 -79.956817 loss of sulfate
26[+SO3 79.956817 sulfate conjugation
7l FHPO3 -79.966333 loss of Phosphate

http://mycompoundid.org

ndll
¢ | (Qr MycompoundiD [5)
ee tutorials  Tutorial:Bas. .enTutorials  Tutariakint.. penTutarials

Calculates the MW of
metabolic transformations
(+adducts, neutral loss
fragments) from HMDB
“parent” metabolites

375,809 compounds from
one metabolic reaction and

10,583,901 from two
reactions

Number of putative
compound hits (via mass
matching) for MS-based
metabolomic experiments
increases 4-5X



Key Trends in Metabolomics

Automated metabolomics
Expanding metabolome coverage
Making metabolomics portable
Quantify, quantify, quantify...

Moving metabolomics from the lab to
the clinic

Moving metabolomics (back) into drug
development and discovery



Personalized Medical
Monitoring Devices

v
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Democratizing Metabolomics

$10 million instrument, $200/test $1000 instrument, $2/test



Not As Absurd As You Think

QUALCO/\NV\
TRICORDER

\ PRIZE




Miniaturization via
Microfluidics & Nanotech

& HPLC on a chip

| GC on a chip



E-Nose for Volatile
Metabolites

Mixture of headspace components
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Protein and Aptamer-Mediated
Metabolite Sensing

+ b :>
Metabolite %

“Open” form “Closed” form
N SPR
+ * ) @ SERS
Metabolite
With GNP

“Open” form “Closed” form



Working Prototype:
Impedance-Based Metabolite
Sensor

: Addition of 20 nm iPhone App

Gold Nanoparticle

BMNARY Comwarder V1 0

swvam T "Pal o8 e ar vam -l

lllllllll

Developed by Dr. Jie Chen, University of Alberta
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Automated metabolomics
Expanding metabolome coverage
Making metabolomics portable
Quantify, quantify, quantify...

Moving metabolomics from the lab to
the clinic

Moving metabolomics (back) into drug
development and discovery



Quantification & Metabolomics

* >90% of published
metabolomics studies are
semi-quantitative (relative
peak areas, intensities)

 <10% of published
metabolomics studies use
absolute quantification

 The field MUST become
more quantitative if
findings are to be
translated to practical
applications CelPress




Quantitative Metabolomics
(Commercial)

CHENOMX NMR SUITE

DISCOVER MORE

fnmr
suIte 7.7 g

Bruker — Automated NMR Biocrates — Automated MS



Quantitative Metabolomics
(Academic)

orge AiTomte er: R 000 e ot G- 18 auro-fro. + L
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Processed Spectrum with Profile Fit @ rorge e - e
e  pase projects Savesan AuTomated Matablite
The spectra viewer shows the processed spectrum (black) and the fit (blue). Details in the P P T e F= Fr

spectrum can be examined by zooming in on regions of interest (Press Shift and drag around an

area; or use a scroll wheel to zoom the X-axis and press Shift while using a scroll wheel to zoom R Development Page

the Y-axis). More inf
e Y-axls). More info. Contributed R Packages

Below s a st of all packages provided by project Bayesian AuTomated Metabolite Analyser.

Important note for package binaries: R-Forge
014 esstully instal the packages provided on R-Fory
ar.gz).
= Spactrun 012 GC-AutoFit is a web application that aulomaticaly identifies and quantifies metabalites using Gas Chromatography Mass Spectrometry
Pe batman Bayesian AuTomated Metabolite Analyser for NMR spectra (GC-MS) spectra. For optimal GC-AutoFit performance, the query GC-MS spectra should be prepared according to the instructions here.
B i P u GC-AutoFil currently accepts .CDF and mzXML file formats. It uses alkane standards to calculate the retention index (RI) of each peak in
o1 BATMAN deconvaives reson 2aks from NMR spectra and oblain com lon estimates for the corresponding the sample. The extracted EI-MS spectra from each peak, along with the Ris, are then compared 1o reference spectra (Ris and EI-MS) in
metabolites automatically. »
% the specified library to identity and quantify the compounds. The inclusion of blank specira is optional, however, it is useful for removing
Version: 1.1.0.03 | Last change: 2013-08-11 23:23:85+02 | Rev.: 138 naise effecis from the query spectra. Extensive testing shows that GC-AuloFit meats or exceeds the performance of highly trained human
L Download: () (tar.gz) | [B(ip) |  (tgz) | Build status: Current . experts.
Rinstall command: 1z AP
0.06 Santide o
| 0.04 Build status codes CDF or mzXML (suffx required) format is acceptable. Altematively, a single zip file containing all spectrum
{ files can be used. If you wish to use your own library, it should be in .csv (suffix required) format. The total
i e package s available for download, The corresponding package passed checks on the Linux and ' number of les canniol excesd 33,
= 6 the package hs e rcaguine by th bl ytem and pviced i the g res
= #% to the build machines. and checked using the latest patched version of R. N
Abza Sianderds Se Browse... | No file selected.
Search| s il
o Blank fles (Optional): | Srowse._ | No e seleced.
HMDBID Name ion (M) Score @ Sample files (Required): | Erowse._| Nolfies seected
or
- pss 500.0
Zipfle: | Bome.. | Nofie seecied.
1-Methylhistidine 164 5
2-Hydroxybutyric acid 64 9
Yt
Acetic acld 607 10 T ot ot ey
Betaine 96 10
L-Carnitine 108 9
Creatine 168 7
Citric acid 612 10
Choline a.0 10
Ethanol 177 9
D-Glucose 13878 10
Glycine 738 10
Glycarol 2438 a
Formate 132 9

Bayesi Batman GC-Autofit



Some Impressive Results...

Human Biofluid Omics “Records” for Absolute Quantification

Urine

Quantified 3

Quantified ©

Metabolomics| Proteomics Genomics
(Transcripts)
Serum/Plasm | 288 Identified & | 73 Identified & 0
3 Quantified 1 Quantified 4
172 Ildentified & | 130 Identified & 0
Quantified 2 Quantified >
378 Identified & 63 Identified & 0

OOk wWN =

Psychogios N. et al. (2011) PLoS One 6(2): e16957
Mandal R. et al. (2012) Genome Med.;4(4):38.
Bouatra S. et al. (2013) PLoS One 8(9): e73076

MRM Proteomics Inc. (Victoria BC) reported in 2014
Percy AJ. et al. (2014) J. Proteome Res. (ePub Jun 9)
Chen YT. et al. (2012) J. Proteomics 75(12):3529
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Some Grim Statistics

Since 1970 > 700,000 biomarker papers
published in PubMed

Since 1970 <250 biomarkers have been
approved for clinical use

No markers approved (yet) using
proteomics methods (lots use ELISA)

5 biomarker tests approved using
transciptomics or gene chips



But Did You Know... Almost Everyone
<25 Has Had A Metabolomic Test?

"6
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<
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Newborn Screening

¥




“Omics” Testing

Number of “approved” tests arising from
Metabolomics/Clinical Chem. — 195

Number of “approved” tests arising from or
using Genomics — 100-110

Number of “approved” single Protein tests
(ELISA) — 60

Number of “approved” tests arising from or
using Transcriptomics — 5

Number of “approved” tests arising from or
using Proteomics - 0



How Does

Metabolomics Do?
(Prediction & Diagnosis)
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Early Preeclampsia
First trimester maternal serum
AUC = 0.99 (2 metabolites)

Area under the curve (AUC) = 0.991
95% CI: 0.968 - 1
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Trisomy 18
First trimester maternal serum
AUC=0.91 (7 metabolites)
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Late Preeclampsia
First trimester maternal serum
AUC=0.96 (8 metabolites)

Area under the curve (AUC) = 0.962
85% CI:0.918 - 0.988
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95% Cl
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Trisomy 21
First trimester maternal serum
AUC=0.90 (3 metabolites + Age)

Aran under the curve (M) « 0501
85% CI: 0,828 - 0.560
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Congenital Heart Defects (CHD)
Maternal Serum
AUC=0.98 (3 metabolites)

Asrea under the curve (AUC) = 0.98
95% CI: 0.944 - 0,999

+  Empirical
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85% Ci
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Cancer Cachexia
Adult Urine samples
AUC=0.90 (4 metabolites)
;, 1 Area under e curve (AUC) = 0 896
5% CI: 0.814 - 0.955
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Diagnosing Diseases

Adult kidney transplant rejection
Adult Urine samples
AUC=0.96 (9 metabolites)

Area under the cunve (AUC) = 0.961
95% CL 0.889 - 0.9¢08

- Empircal
= Smoothed
95% Cl
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1 - Specificity (False positive rale)
Chronic Fatigue Syndrome
Adult Serum samples
AUC=0.91 (6 metabolites)

Area under the curve (AUC) = 0.912
j 95% CI: 0.852 - 0.961
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Pediatric kidney transplant rejection
Pediatric Urine samples

AUC=0.91 (4 metabolites)

J Area under the curve (AUC) = 0.908
i 85% Cl: 0.816 - 0.97
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Eosinophilic Esophagitis (EoE)
Pediatric Urine Samples
AUC=0.95 (3 metabolites)

Area under the curve (AUC) = 0.949
95% CI: 0.821 -1
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Adult Serum samples
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Key Trends in Metabolomics

Automated metabolomics
Expanding metabolome coverage
Making metabolomics portable
Quantify, quantify, quantify...

Moving metabolomics from the lab to
the clinic

Moving metabolomics (back) into drug
development and discovery



Metabolomics & The Drug Industry

$280 $60 $90 $250 $120 million
3.5yrs 1yr 2yrs 3yrs 2.5yrs
Discovery Phase | Phase Il Phase lll FDA Approval
Drug Deyelopnpent Pipeline
Chemistry
Genomics

Proteomics

Metabolomics



Metabolomics in Drug Development
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Applications in Patient
Compliance (P2/P3 Trials)
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Applications in Drug
Monitoring/Customization

Slow metabolizer
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Traditional Drug Discovery

1:5 success $2-10 million, 2-4 yrs 1:2 success 1:2 success
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Metabolite-Based Drug Discovery

1:2 Success, $200K, 1 yr 1-2 days
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1-2 weeks (cmpds/diet) 1:2 Succesé 1-2 hours

1:2 Success, $200/yr 5-10 yrs (enzymes, MADbs)



Metabolomics, CVD &
Therapy

Heart attack
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Death
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Summary — The Future of

Metabolomics

Automated metabolomics
Expanding metabolome coverage
Making metabolomics portable
Quantify, quantify, quantify...

Moving metabolomics from the lab to
the clinic

Moving metabolomics (back) into drug
development and discovery
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