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tool within the systens biology framework for investigating cellular
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Background
[0003] Metabolomics is a rapidly emerging field involving the measurement and study
of small molecules in biological systems. These small molecules, known as metabolites,
are the end products of cellular processes, and thus their levels most directly reflect the
phenotypic state of a biological system. This makes metabolomics a valuable tool
within the systems biology framework for investigating cellular responses to
perturbations, with the aim of developing better understanding of complex biological
systems.
[0004] Metabolomics has been applied to study various systems including microbial,
plant, animal, and human. Metabolomic approaches can either be targeted or untargeted.

The former focuses on quantifying and evaluating a selected group of metabolites from

a certain metabolic pathway or class of compounds. On the other hand, untargeted



[ 0005] Liquid chromatography-nmass spectronmetry (LC-M5) is one of the nost
commonl y used anal ytical platforns for untargeted netabol om cs studies.
Met abol i tWe 2012/Bsrenpl ex sanple are first separated vi aPCT/8G2012/000079

chr omat ogr aphi c- based nmet hods, nost often as a function of their
polarities. This results in their elution at different retention tines
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represents a detected ion and is characterized by its nmz, RT and jntensity
(Fi gur e Sharactazeapetahplitasesinent todhe syipglhis apprpachds designedfar PyotkEstse 1 qui d
chromat ography (UPLC), the Orbitrap mass analyzer, and the Fourier
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i ncreases in throughput, sensitivity and mass resol ution, thus making LC M5
a powver fbedtigatior. Thistedoapledi wittptied tormplgxity pO@afa] pMeand ngjarl chialledgegiocal

i nsights can only be gained when identities of the nmetabolites producing

i nt er est iBALSRATIEY iBFesBibRoOr rect |y determned. Despite the rich information
provi ded by the analytical instrunents, there is limted ability to
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accunul ated in netabolite databases is insufficient at the nonent and it is
di f fi cul RTF)o The ahtimgdinakytesxgye ionizath aypiemlyaby electsespraynignizaten §&SIpfand
dependency on anal ytical conditions. Therefore, netabolite identification
remai ns furthbadeparage iankk mhevspectranaer acentding toeheit masd-tp-dhargesyto énéd)i ¢ and
aut omat ed net hods avail able to resolve this. Accordingly, manual inspection
and annopatiddnirdé @ofk t £massespettivgs, Whichrdepicabthe ni/d@fteaél elatingoompharde i s
thus an urgent need for nore sophisticated conputational tools to aid this
ti me- congyming cb@&dhondiflP OftenMiy, aROldeh&alcd e NMitel k&saltingn dROASH Yhe @htige under
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propertiés to o0 those of an aut hentic st are
typically mlz coupled.with either RT ar t.and SS :Spectr try, ( M5/ VB)

f r agment ?;epf%ﬁntf,gtégtgmi 10 ‘?ﬂﬁﬁﬁg arggtenZsg by Igsﬁa}%ggﬁaﬁlgé%tgn%t}ye@gg/%ﬁ@bl e to aid
definitive identification. However, this approach requires availahility of
the st antf908kAd¥anges |1ngtechnology, %hta%Pﬁf%%°W8%§ﬁP cﬁwggtogh@ays ame
experinmental conditions. For these reasons, definitive identification my
not al wa(léPlHe), atkki Ovkire mAY wnalyzeregod r BeaHemaro A Eansfosmo fotb (sYHESFY i nent s.
[0009] In view of the above, putative netabolite identification is often
used, esBeginahdey(FTAIGR)Eemesy inalwendase atlowndlinageases Buthnoyghpat, isersitivity
identification nmethod enpl oys one or nore properties to determ ne

met abol i bl mdereidlytion) tus txksngloC-M$ g pomver fabtphfor smstatiobic pudfilagt i C
standards. Typically, nmlz is the main property used, but orthogonal
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i soners. Candi dat e nol ecul’ar fornmul ae (el enmental conpositions) are first
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Consortium Dat abase (MMCD), the Kyoto Encycl opedi a of. Genes an ones
(KEGO), Mmstabrlitsenhieking this aﬁgpjgmb@giega&aygéi@ta( MtEspretatiog- K‘E’éﬁ%m

Uni versity High Resolution Mass Spectronetry Laboratory database (MZedDB),
and PubChem Putative identification gan also be obtained by directly
matching mlz to records in these resources w thout generating nol ecul ar
formul ae. [0010] However, current established putative netabolite
identification methods do not address a key issue commonly encountered in
LC-Ms data analysis, which is, while the nunber of detected features in a
LCG-MS run typically ranges in the thousands, they actually correspond to a
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[ 0013] According to a first aspect of the invention, there is provided a
nmet hod for identifying nmetabolites present in a set of sanples. The nethod
may i ncl MI©:2012/125121(a) formng a plurality of peak-group€ST/Seaenrapewitach
peak- group conprises mass peaks representative of a specific ion in each
chr omat ogr aphi ¢ run; (b) forming a plurality of clusters, wherein

each cl %aﬁ{%@%ﬁp&k%ﬁﬁ L of %%?&aﬂ@la?%?gncg bHPleR daldBdis CRCHpRANLOQR! 1 | ar

chromat ographi@® profi generating a f metabolite

predi ctions ei n eac t abol e romthe

plural i (P & VY?B%’ ASENY ‘fgﬁen f%fiﬁ tﬁé%%sla |Sn(gfnpte6lﬁs aiieéc%&\lgp%léerg anlcz)if t he

I nvention, there is provjded appar at I denti f net ab | it

present ‘?%ecé‘OQeTh’éFO@HWﬁméés f“ftﬁ%r QEPovadet gﬁ’n‘ﬁ‘f‘r‘é’ﬁ Ejﬁ{l %%mﬁp)‘m re east one
processor; and % at | east one nenory including conputer program
code; whwmsles itrhémdb’Z@ weethen e\dditianally athare: is dingigadpknodyl edgeoefr hmnabue ar e
being configured with the at | east one processor to cause the apparatus to
per f or m metabelits otdveridgin vaviovy:organismis)Evearthe hgman phetatzdlomy ha$ npeyét- gr oups,
wherei n each peak-group conprises nmass peaks representative of a specific

ion in epeh ﬁlh?’oﬂﬁt‘@gﬁi@%i Ihférfition beifd acdumiutated ia mpetabelitet Jatabfasasl 1sst er s,
wherein each cluster conprises at |east one peak-group of (a) each having

simlar ghieRhogRPRomeRl id i ?ssdlff?d%ﬂ to stan&&hlzg%ﬂﬁérﬁﬁéﬂ?ﬂ datd fo khang
nmet abol i te predictions, wherein each netabolite prediction is selected from

h
the P'nﬁre‘?#f%‘%% & gcgdregaélngyprngg?agg Jcal coh@Bdmd. TEFADA RgkeiRd] 1ife | ﬁﬁcﬁ ect of

a corrput er program pro or entifying

nmet abolites. pres t of sa the, c ut m t
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conput er - execut ah o] m cqde, i ns ctions stored therein th
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often required for reliable identification. There is thus an urgent need for more
sophisticated computational tools to aid this time-consuming task.

[0008] Metabolite identification broadly falls under two categories: definitive and
putative. Definitive identification, being at a higher level of confidence, requires at least
two orthogonal properties to be matched to those of an authentic standard. These are
typically m/z coupled with either RT or tandem mass spectrometry (MS/MS)
fragmentation pattern. A number of tools and databases are available to aid definitive
identification. However, this approach requires availability of the standards as well as
measurement of their properties under the same experimental conditions. For these
reasons, definitive identification may not always be achievable and will require
additional laborious experiments.

[0009] In view of the above, putative metabolite identification is often used, especially
in the early stages of analysis. Such putative identification method efnploys one or more
properties to determine metabolite identity, but does not require comparison to authentic

standards. Typically, m/z is the main property used, but orthogonal information such as



(a) programcode for formng a plurality of peak-groups, wherein each
peak- group conprises nmass peaks representative of a specific ion in each
chr omat ogWeaEhi 212812 ; (b) program code for form ng a PBCHS&2012P0¢79
clusters, wherein each cluster conprises at |east one peak-group of (a)
each having simlar chromatographic profiles; and (c) program code for

generatigg g 51§(% bale ergﬁg)?gp | ds @cuﬁ Yl Qﬁffé?@lﬁ%até’mﬁ)'h%r@ é ﬂ@trﬁ@%dlzire

predlctlon I'S ect urallty of clusters o Bri ef
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Vi ews. The drawi ngs are nqt_ necessa d to cal enp. is instead
gener al | {pllgwes Py Mtding, 9 gﬁh?slel Lﬁel %’g {‘ ﬁlr P?Fil“b?t ‘Q‘ff?’?%s

enbodi ments. In the follow ng description, various errbodl rrents of the

i nvent i odetermineiputativaidantiyt Freelyfavatdakle daigbasee inchdedhe Rymandvietaelonte017)
Figure 1 shows an overall workflow of the present nethod. [0018] Figure 2
shows anDetebarp|(EMDBpeh& Matse MultpledFissusrMetabylpue H4tarae (MAMIsthei t h very
simlar mz and RT. (a) Graph (mz vs RT) showi ng the |ocations of

nei ghbor Magispe aletabdlemidso0nsortiifn Ihingiaee FPIMOBIK theaK gotpaEidyiclopedid afccor di ng
to a fixed slice wwdth in the RT dinension. Mving across the RT axis, each
slice stgeig ir{doebﬁélﬁesf (KB&G ?eﬁh'é Maadhebter Métaw&&mida Pati®ak-@nam), fHehe

target peak). In first eration, starting fromp 1 , eight peaks are
i ncor por (! p ( ng the
peaks ofggﬁgcg{%g ‘Z‘L‘g&?‘:% ILrIrlx@}zi ggéloglgﬂ M&g? %ﬁk@ Eé)etc%t g%qogtgg{qg?%g%e@nough

mz junp as i Zaxl S t.hu I e peaks
beyond t@ngqﬁ:r%) %‘Fb%aﬁ tﬂ.ﬁv@v rﬁ%fl%%aélﬁm( als%lsogn%bt\% £ ??1 bS’hfheg&%t hers,

i nto peak- roupl % shovvln t he eaks ot Sl'feé ong,the mz axis.
The t ar gRECBERIM/Z40 fsor thes testi PRIt gengrating moleq Chariis RT A ong
the mz axis, the peaks are not separated by an mz_junp, thus they are
initiall W%Obﬂgwqurog\ermuestableﬁhed/@ratatlwe@mwllt%@ﬁetlféwéloemtw%gkeotf romthe
sane sanple (e.g. p3 and p5 both fromRunl), the al gorithm proceeds to
separ at eaddnesmatkey lissire aorsmonlys¢rsoimtgredrin LGoM§ drtmsinadyss, (which snwhitathe shown
in (d). The value of k is two since there are up to two peaks of the sane
run. Af t eimiedrUust dotédng], featugesoinea d@hMB8 mm gypidadlytranggst inpbakhdqusandst days

peak- group2, while the other cluster is ignored. Returning back to the full

dat aset , adnllyPESE@HENd So ILRARKSEARRI Rt of Nhétabdlites. WIHib i§ |HecQBeSdurig ng from
p5. [0019] Figure shows an exanple of IP clustering. The figure shows the

density jmg }%u&? r edccﬂgﬁmegb&lflt@ r SRt fdri Severl] ORI hid ARt ol whitdh hRJI ons

mar ked by e dotted boxes. Three peak-groups are belng considered for this
exanpl e c(iet ecf) %)dlffg—&gt %a re£ ' f58{0£% ki%k@rc?f 9L %gld 1 Bh ggilerd&m' n by
conpari ng romat ographi’c | es AT indi Vi runs From

t he 3Dp|ots rs that the pes are sim i n runs
and are ?ed?éréfeete ggqﬁﬂt&?esﬁf‘o%@g% ?)mf ‘ﬁel’@iﬁflr‘?g@pleh%m?%qsg rat| 0s
between pairs of peaks. The intensity ratio between eaks of P and PG3 in
run 4 apgtebytical éetBE» pekipgqits diglicll; to pEsdigt nwhichsiengpa m?éa bplitss Will HOENPE3 i s
separated fromthe cluster of PGL and P& LOOZO] Fi gure 4 shows an

exanpl e Afiditioadlys spmg feasergh siaytalsarbe thefrestt eheoipg and instrumentaastifasisi Hat i on
product cluster. |sotopic peak-groups are first linked to their

cor r esponeti agronmtedi foot ayprepriaeai- ghl othpse derdures moile dranfdtieall g nacneasegthel z ar e
used to generate netabolite mass candi dates based on a |ist of ionization
product [i¥fB®SoH sIWRIdeOideMifidations, generating numerous candidates that need to be

manually examined and verified. They also add to the dimensionality of data, thereby
complicating the analysis work.
[0011] Therefore, there remains a need to provide for a method to fully exploit the rich

LC-MS data in order to generate better metabolite identity candidates.



(not all shown in figure). Finally, the candi dates are searched for

mat chi ng nasses within an error tolerance. In this case, 3 candi dates

mat ch, re80120121gsi2m a prediction with mass -181. 07 ( gr ePChSGa812/0000He

predi ction score is calculated by sunm ng the scores associated with the IP
types of matching candi dates. [0021] Figure 5 shows the distributions of
the sizes of IP-clusters ((a) colu hﬁi?.gd netabolite mass predictions, in
both the positive (a) and negativegl?@ n nodes. Predictions are further

br oken i Al l predictions b) col ums t.hase th ve. a. ase

mat ch ((@5’9%10%535?’%%6{%‘5&é‘?'??&t“’c%r‘?%%?ﬁ‘ fﬂﬁafsc%pe[%%ﬁ%g i%e%l %étgtlél ites
((d) colums). Each col represents the prqportion of IP-clusters or

pr edi ct | FHETALICHIA ﬁ@taggﬁteda?&q% BI%‘“WB%&!‘*&&“ arehsnsiysdnteragalion, nper s
of clusters or predictions are shown in parentheses in the |egend. [0022]
Fi gure 6ofshavid eliromatogsaphytmass spsetremelry (LE-MIS) t dasa.ndBe pethed dpawbef or
LMet hi oni ne. (a) Metabol D output containing the niz of peak-groups that
make up inipdermergel] by a dully agomeatkd campitheprogmor.r espondi ng | P types. These niz
generate a mass prediction of 149. 0508, which matches the database entry
for L- Mefobi3inAeerdifg .told Skt chspért (of) thariivénion)ilerols peakdedr ®upshdd farhe

| P-cluster fromwhich the prediction was derived. These are candi date |Ps

of L- MetQQii}e AcatiRE bRt a Mebehdigies. TH2 néthodans) fkludBps showi ng al |

the candidaté I'Ps being detected within a narrow RT range (1.4-1.6 mn).

(e) The extr I r (e a]grgﬁ)t'_ . : ndi dat e
| Ps. The mz g?&é{é‘g@a gﬁ?@@%gg‘%ﬁ(?f)& é‘ﬁ%\%\%llg%]acglg)% 0 eg?ﬁH%ggigmgﬁ% | the
peaks are |l aligned and have ver iqnlar shapes, . providi ng good

evi dencepﬁaﬁgfepfﬁg?}g%ﬁ %Ila%séjf‘él Iﬁl%r}ﬂnt%g glgﬁgafgﬁﬁ% W2 (f) The relative
intensities across .all the runs are plotted for four ions 133, 102,
104 and 727) ,(%;If%‘?f&n&,iatmu’iahﬁ’ ?frsffléﬁglist V%Frzﬂ’} S%C?‘O‘Fluﬁt?fr ‘é’énl?ﬂseé H{efﬂaveql?us t he
nost abundant ion (mz 133). The ion at mz 727 is not part of the

| P- ¢l usteeak-g5eHp ¢f{8) ¢ashhavingisimijar Riromgiegrpphic grafilefeand o denonstrate how
intensity ratios can be used to determ ne the correct |IP candidates. (Q)
Mol ecul ar f or (el geneoting ha ebistc afidind@abelite Ppredictiogs navhgtest ¢agh ehetaboliteei r nt z.
The first ion is part of the original prediction, while the other two are
not, as preeiction i3 stlepted fimnetheplurabwdfictustdreofibesent met hod. The nol ecul ar
formul ae help to explain how the ions formfromthe netabolite, and al so

serve topoa4) ﬂéé&dih?%fh 86con@hkRet bBthBiB@hadEdndrPss povidedbh Rpparhtas for(h) The
predi cted and detected isotopic patterns of the nost abundant IP are

o £ urt fi &g. Th t
conpar egﬁExgté%rer erﬂcg?bdiﬁ& ;.}résr&ﬁ 16 $PbLG LS fﬁdﬁﬁéﬁnﬂ%@ﬁbﬁ%ﬁg. e spectra

show hi simlarity interms of mz as well as ntensity ratios

of isotopic: 0 [ e 7 shows a visualization of LCG-Ms data. (a)
Chr omat ogra1 %ﬁ&%%%&ee%rgrgéssfﬁin ense) peaks (top panel) and spectrumat a

single retention time (RT) point. (bottom panel). The.nmass spectroneter
scans t he e@‘btaf ﬁﬁ“é’t’i‘ﬁl’éﬁ{%&?’érb%‘é‘{‘@é F?/mPlbterggr\%raéﬂ 8%&”}18?%“5@6@1???@?0@& RT.
(b) 2D density nmap of the entire run on the Ief%, and aon the {i ht, a 3D
pl ot ( RTM¢RIOR] gnd;¢he eRrapMesE Progiam £ode Ak beipe rapligwsd orith fifeat lealionsn ¢ he
density map represent peaks and the darker the line, the greater the

i nt ensi t proogsserfe cpesskhe appatatus estiprmat least tho®ilewingie fol | owi ng detai | ed
description refers to the acconpanying draw ngs that show, by way of

il lustrati ofa) femang fai pludétyaof peakngtoepd) sdiensntesch peakhgrohp tchmpiisesemasson may
be practised. These enbodi nents are described in sufficient detail to

enabl e t % répkésehtativd of 4 YRcifiiction QLR ChiogRitddigphitm@nt i on. Ot her
enbodi nents may be utilized and structural, logical, and el ectrical changes

may be madegy '&Ji’rﬁhl% agﬁpﬁﬁyioﬁauétegmvm%irﬁeéaﬁ%he{qrE&%pﬁgeéeaméamnemaovari ous
enbodi ments are no ecesSarily mutually exclusive, as sone enbodi nents can

be combip A ' ta.form new enbodi nent s.
[ 0025] V%r‘r%llc1 \égkagﬁg%gl?a%nﬁ&g?%}ﬁg&?ﬁ eﬁﬁflcgﬁ%lr%%va?lge for a systematic and
aut omat ed hod for identifying netabolites with acceptable accuracy. As
et r at edtd dmsriec st O pefat e Epdgnse Rhe it R e bl e RERIL Y or
identifying netabolites present in _a set of sanples may include:

selected from the plurality of clusters of (b).




(a) formng a plurality of peak-groups, wherein each peak-group conprises
mass peaks representative of a specific ion in each chromatographic run;
(b) formw@2a120126h24l ity of clusters, wherein each cl ust @CT/SGAPRIGEWSI at

| east one peak-group of (a) each having simlar chromatographic profiles;
and (c) generating a list of netabolite predictions, wherein each
nmetabolite prediction is selected fromthe plurality of clusters of (b).
[0026] Prior to step (a) of formng a plurality of peak-groups, an input
l'i st of cled mass peaks, which.can . ne e ection
( deconvoﬂﬁ@ﬁo‘é\fcoﬁ&gﬁrtgnﬁl Zi\iléq |a5%‘i°§ (’lfnt%f)rlg-&%nrg@%g%ﬁeﬁgs g’g%\ﬁg%deg , @Ollfnﬁ %rr st
obt ai ned. For ex l e, .the XCMS package (Smth et ., Anal ytical Chem
2006, 78ProgrAgL v@?)q‘é’tnéy l‘ﬁf@tllfb%%i n?eEPabPﬁE@% g és-eB? B s %Jgs.amﬂ'mf‘é’ f%l?b‘foénwerpeaks
containing information on the nmass-to-charge ratio grrlz), retention time
(RT), i ripregiant @tpduat eersprsieg af dgash onp gempuiceTeadally starags apediyn A8V rati o
(s/n), and run nunber may then be exported, for exanple, as a tab-delimted
text filenamtérmxetutalle psigepm (cale iffsG0Gins Istored thereim)the gompufer-gxechiable of
det ect ed peaks, those peaks representing the sane ion across each run are
mat ched @ogragt @deassthegeiswimprididgor m f eat ures uni quel y identifiable by
their mz and RT (hereinafter being referred to as peak-groups). Because

the RTs of Pﬁro;gﬁeﬁﬁ%oé@fdf BShiNE P16l 6y oft ek BISupieflledeth BRhFehldBRFpACT 0SS
e

all runs after peak matching. By iterating through the process of peak

mat chi ng%ﬁm&s@;mﬁgsr Oé&?%i&%seﬁgii%gag@ i5%in ACH @ﬁ%ﬂ{a?dérgpﬂimnoved . [0028]

Due to the nature e conmon ectrospray Ionizatlon (ESI)

met hod, a single netabolite may_b t S - :

pseudo- nol e@ggg’rgr%ﬁg‘?i ﬁhﬂﬁ?%@@@yﬁ?@?ﬁ %s‘é’?i‘? lss?%{ ghgeﬁgﬁgf)%gfesand
[MH "' are often assuned to be the npst likely ions detected in the

posi t i vedtdehst Wﬁﬂowo (%%Eala lgg,sg@-flqr\fhw}a}{%a@vgpfo Fed 9y not
necessarily be detected for all netabolites and many_ other jon types such
as adduct s, (o) paegram: eodegforegenerating anlipk phmetaioliie apdighions.cWheseing el i ng
fromthe same netabolite may al so be detected. Additionally, each ion is

| i kel y tmeabolitepecdigivndpialeqieshfiem theplanilidy bijclusters of K. nonoi sot opi ¢ si gnal
is strong. These peaks that originate fromthe sane netabolite are

col l ectively hereinafter tBaiefddesasiptioniof tife Brawingslucts (I Ps). |Ps
conplicate subsequent analysis as w thout careful exam nation of the data,
it is difooiepid tHeOdﬂQIiﬁ’%lsmlik@ 1efdr&ttenEapdetdrs tRn@al refrite thei@eapsts from
On the other hand, if the IPs of a particular netabolite are correctly

gr ouped, ot theP a¥rdR AEEL [ TRO A rawiatBRE Grot OneSbRRGRT dia RYItsgdieve
identity of a netabolite. [0029] Step (§) of the present nethod is directed

iir e Lé"ﬁé‘?%%t %‘Eteﬁ‘% e“%f?is‘%%%gfi Pfe’d%%f WA la# o Hpeles, 8f g(?f%'cﬁ
red a3™ aE Peast “érie . cp
't ondi £ PRRo i B TecBUBR e g Roiory San 0%, SIRAEND o fs Bheflifpee 1

group the peak-groups into clgoilter,s %f potential netabolite IPs. During
0 é
t

this profdesabed weh gfprgnesto thetollopine ¢ravingided and examined in the nzXM
format (Pedrioli et al., Nat. Biotechnol., 2004, 22(11), 1459-1966). [0030]
In step [Wi7bFiguie 1 shesean ovmselhwarkilest efybe prasentonethadbt opi ¢ nasses are

predi cted and scored based on the niz rel ati onshi ps between peak-groups of
t he sane[00il18k Figure Rhstzavspare dkanplond pralke madtenng danr thneedh papdhiatical features
user-defined netabolite or nol ecul ar fornul ae database to find matches

Wi thi n awstheedr)i SailaB szt HldeRANGE) GElgh (innalvs oRTpghowingmhehiogatidmepoftonsi st s
of alist of nmetabolite mass predictions, their constituent |IPs, and their

put at i vepd;dpiirngi RakPRSB Fo@ AN ARRSH A PeSiORe partitioned according to a fixed
slice width in the RT dimension. Moving across the RT axis, each slice starts from the
first peak that is not yet in a peak-group (the target peak). In the first iteration, starting

from pl, eight peaks are incorporated into slicel (including p2, p3 and p4). (b) Graph



[0031] Details for perform ng each of the step (a)-(c) will be discussed in
the foll owi ng paragraphs: - Step (a): Formng a Plurality of Peak-groups

[ 0032] Stwp 20r)128dves to provide robust peak natchi ng &QW/SREIRI0DGIENT
across multiple chromatographic runs. This step invol ves matchi ng peaks
originating fromthe sarre ion across all individual LGM runs. A

peak- gr oypyis he,r\ga%ﬂ &%@kﬁor{;em%%ar&amhm@ ostARR detdI8 1868 SHough
asur e

di fferent run drift due to several factors such as

Ve oh ng Attt i A TBrE SRR Bt i e A0S, S0 NGBt R Rl eBbn e C°

't$°L;?%tup£p§‘$r§ﬂs§$?§l§$s%naa%éet@s%£é‘ﬁd \‘oa%t RS SHSTS 10 ROt and
affect identification accuracy. [0 As di scussed above, the net hod first

r equi r esGeaphishowite Bemeekseef p@a%eloagt S HUE aXIa bhe frartdsak iypdithp next
required to convert raw data fromthe nmass detector into the input peak
list. Thengrparedgeak sethXdBmebést Bar. AAlpsg thesmr axiy, thepedks ang aat sepafatddt er and
detect peaks in the present inplenentation. The table of peaks containing
peak i nfiy aiin/@iuspcthuasheyl are ildially praned ttogshers Honaler, becanss éheratieo (S/ n),
and run nunber is exported as a tab-delimted text file. [0034] Unlike the

peak mat ghfanFeakl IRIrh tthéNshie tshRpRORIY 83 XhdVPSPRsk FER RMHIGhther#adr@Bms| i ces
in the n12 di mensi on and then groups peaks with simlar RI within each

slice, cwdgstsmgfa#eh Hftkeagara' $16&8riAd id ke@o 'ﬁfm@hﬁ@x&shﬁﬁ Idd ftpy, Wthin

each sI| aks are |nspecte to determne the approprlate
peak-gro I

cur r ent s!%em T oR aﬁvoméﬁvlé‘?vi& Berk 484 o Fo TR CBERBRRR (U, oy e
signific across, runs. This s | o user to define a Rl slice

wt drh | WRBERREERE bt AR ContHates aﬁe tr%%%?‘r(ﬂ?ﬁ et 2EGRUBRORLTY ¥ ¢ uns.
[0035] The peak mat chi ng_st ep, works iterating the steps of isolating
peaks wi etherclusterns ulawg%ig ReHrpIRg Hagk E?utéi? I dataset, gl%%lioa?%%gs THeMES a8 Re | | st
of detected peaks for the entire analytical batch is first sorted according
to RT. Neittime wsthisticeistadtingdm whose wi dth is the user-specified slice
width, is shifted across the RT domain and used to generate subsets of
peaks whi9e9RFiguat Bshuivt bn exdrisle wif iR olustefingUfte 2gug yhovEatbh densvey s sl i ce
shifts, it is noved such that the start of the slice is at the first

ungr OUDeﬂ>r Fe@kdifferehh finS 04lb@E with D plbky 6f the rédionsnpakepdy thedkttédsbaiesi gnat ed
to be the target peak to be matched with the appropriate peaks within the

slice. [90R6]pehRler ﬁhlré 'bbﬁ@ cotnaeeeal eisttm\geexhaﬁteo 9% Rp3Y. NEnd §13 irst 0sest
tothetarget pea i.e. first peak with owest in the slice) in

the nfz gw@&ﬁaeg@gr §§r?th% rhﬁWb?fec\Sﬁxrp%Hngﬁ{eréﬁrﬁﬂﬁtoggﬁhigrp%glpg Rgustep. In

one enbodi hent’, acuser - spec S use s t hat

The ?Lﬁé%ﬂh?vnl%ﬁe%tﬁinﬁ E475e M LB 57l @apeg”"’?mqw‘ et her

partsper-mlllon m, which is t io of the n12dfterence in this
case, f%d@nW%‘F‘ﬁ%‘? lgcated "’ltk?émﬁ%rh]ggi ﬁgﬁ iteP/alFelE‘eex@P“n‘isH ¢ mtensdy r@ﬁi%s m z of

t he target peak), nultiplied by a mllion. [0037] In _an alternative

embodi mebetweem paighof seaks. Kbe HEPNSHY Fatie perueenrppeks obP Glnands BHddngpdind t he
target peak's niz value are cal cul ated. The nmaxi mum val ue of the density
est i mat eappeats tosbecvayy different frdre thareyeof fheatuns,sthivBOGd iasdpayatad Sromeslre to thi s
poi nt are grouped together with the target. [0038] In a further alternative
enbodi neglustesd6OPGf bedPG2!" j unps” in nfz val ues between adj acent peaks are
determned. It is found that because of the high nass resolution, correctly

mat chi Ng[gRRaf Figire 42hfRS bn @J{éﬂ?ﬁié oﬁﬁﬂééfcﬁhg’%eftdb@meqh&%rﬁo%‘ﬁ{é%n&mswbﬁi anti al
gaps. The peaks are first sorted by theif mz. Next, starting fromthe

target p?o%auwg; ‘?“3%% gﬂst'ef. Shothpic $eANBRSHE RECHAR HaRed i el ®RBGSERINEr e the

m z differenc

monoisotopic peak-groups and removed. The remaining m/z are used to generate

metabolite mass candidates based on a list of ionization product types known to form



adj acent peaks exceeds a user-specified threshold (Figure 2(b)). Peaks
before such "junps" are grouped together with the target peak to forma
peak- gr o0 2038121 Al t hough t he above "junp" net hod mayPE&E/S&R00DEGL I ve way
of correctly determ ning peak-groups, there can be instances where

peak- groups contain nore than one peak fromthe same run. This is usually

t he feSUQ/nfot Q1 fHeRk ﬁhﬁgsﬁq%ﬁg}jitﬁe LERAGALL QR &faréh?;?%f $ndiéhiftg Redssdsons t hat

give very sim rniz us gi'ving rise to peaks romthe same run) with
very simlar mz and RT. Ln.such cases, .an | t] {e I:

means. 10l Wlefhes 18 T ERe o SR AR AR ED e fg BRSO HRE

par agraph whic riefly descri bes. the k-nmeans. clustering nethodology, it is
o be rmaieor U7 tekey Parsh dhededighon Horer e By shaymae Norey ent

fromreferences to the IPcluster (or sinply cluster) nentioned el sewhere

t hr oughoassogizfed stbdhe IRctappoef muehiag sprdidates. c| uster nentioned in this
paragraph refers to cluster forned for the purposes of enploying the

k- means (002t} Eigung Snehbivsdbé digribufionhiofi thehsizgseafk IRyeclostprs ((ecaremnsiandnunber
of peaks belonging to the sanme run is used as the value of k, which is the
nurber ofe@bolétt emasst preprtibng, i i@Nbdth ethp gaisitivientad. andl tigdadive 1(h) iien pesdesr ned i n
the two dinensions defined by RT and miz. The first stage of cluster

def i ni t i pRAAYR HRSHRHMkY bFdkRA Mid: hileyleiRBRAKD) cHlunsis]! thodd ehat ttRAVAtI Vel y
refined until they do not change anynore. Subsequently the runs w thout

extra peed/@ag‘g ﬁqg}dgg@%ﬂn&%ﬁ m%si&m%&r@cgy gﬁaeéh R50Gh &b slt(n@enear est

cluster. ring, the peak-group o e target peak w

defined by it uster, while the rest_of t.h S i >l uster are
left for® %géqﬁ%aﬁ e crg%r.ese[ngsoi@i P P%élogegﬁ%né‘i@#r?lggler%rg(fwg(lﬁng al i gned
in the chromat ogr.aphi ¢c. ti me daomai n.by correcti theiy RT deyi ations.

Rop! eeetUTT B8 e, PETISHE TP b PeabRuuibed 10 L Aorbrs ob el s

estimate the RT deviation. These representatives are sel ected based on

user - def Prgdigtionsase phyvasinfpeFenthesesinthe legged.wi t hi n each peak-group (i.e. the
di fference between the maxi num and m nimum nml z of peaks in the peak-group)
and the [P02dkFigofe feakewseaohillystoatipncamt analysis R tevinassi predictiontfoe lentire
chromatogramis cal cul ated fromrepresentati ve peak-groups by using locally
wei ght edMedabiiae. qhpMesabodD hiutpmt CbAlaiRG)g thiche/zsefipeak-@cdupsagha eakd ay & by

XCMS. For each run, the estimated deviations froma user-defined reference

(usual | yplebRtibh,r 88 wdlN)as atheir Sethfcspdidatt TP ofpteTReakEV gen@tR bh@a&T
correction. Peak matching can then be repeated on the corrected results,

with a sﬁ?hicﬁ{)n BF 1390568, Wildihmatthes MeQaeDascdntiBiof 1L NRHHANEINEb)C istct i on i's

usual |y erated a few tinmes to ensure good ali'gnnment of runs.” The final

set of p%at;c; ULURE nf2 aigéegrggbg[ in@@elﬁ.ahgtar ggg@g@iam&ksgd#gw%%enunber

of criteria, such as av range, range w Int

peak-groyp. [,0041] Theref.ore,_in i gus .embodi nent f\qr.m rality
of peak- g&b"ﬁbs&lhﬁ% a}rﬁ(‘ffuﬂffi&‘te IPs Of\{‘(alé{f)eﬂ%l}‘?? A%y pﬁﬁiécqﬁ‘igg lﬁgt%bé‘l%,f{dgé or dance
with their respective retention tinmes (RT); fnﬁ) sel ecticlg,g a slice

wi ndow hd&AsHy maps|shewing i the capdidatePs heing deterted within & nagp¥REJRES cover a
range of RT,; _ (c) moving the slice w ndow across the sorted nass
peaks, wietdit mink () ahe eftracted ionj dwomplogeams forpyxi ofi Bigetost aburdantst
ungrouped nmass peak within the slice window, wherein the first ungrouped
mass peakandidagelRsc Thel nt/p flaeeahtchraeatogramkis shown on( @wp afarath pgakwiAlhihe t he
slice window the mass peaks in accordance with their respective mass-charge
rati o (nmpeaks arell aligned(a@jl have ugygmilagbbpal providing gaddetidsticogharilzeyval ues
close to that of the target peak. [0042] In various enbodi nents, grouping

t (r)]glet gg F ofiBf St ARAK $hd 83 & ehefbh il | B efheCleRife litchdiBes Arodsh@l HRIQARE aReaK May
i ude:

plotted for four ions (m/z 133, 102, 104 and 727), along with the intensity ratios of three
of them versils the most abundant ion (m/z 133). The ion at m/z 727 is not part of the

IP-cluster, but has very similar RT, and is included to demonstrate how intensity ratios



(a) obtaining the difference in mz values between adj acent nmass peaks;
(b) comparing the difference with a predeterm ned threshold for the

di f f er enc®OI2012/2312¥al ues; and (c) grouping toget h@CTSIGRO1IWEYW Deaks
whose difference in mz values is below the predeterm ned threshold for
difference in nfz values. [0043] In various enbodi nents, formng a

plural i tyofe R&AKHLIFRURnEBYe b&rr%mp %ﬁﬁcﬁea@act%; ARSIt st Rinflactdt thileni Ng a

plurality of clusters. In one enbodinent, formng a plurality of

peak- gr oups. e carrec and r at | . L i decr.easi ng
E T e v SRR P e Mt A0 oh AP 1R T B i, Ml bl eoEER
descri bed abqve, by first correcting the. of peaks,, foll.owed by repeating
e peakPRUCurghlg e Sihen gt e Bt e oV OBESBLF oot YA 10CRF SEeet
results. Step (b): Formng a Plurality of Clusters [0044] Step (h) serves
to genermedognthegaelspripn®rmuler hglpite sxplaindinet thelionrs fopa fropy the naetabplite.ns to
accurately cluster a netabolite's ionization products (IPs) together, such
t hat f urdndealsasetvy ¢b svatidate themmasecoeresily yreheted Mhe of dnMetidorinel (herTheet s of
features. The step nakes use of two key observations: (1) IPs are forned
af ter chpredigtedanadbicctee lisstopde patteriidsf theimbodbiuhdant Thuge ¢dneparedoeadgharhoul d
have the sane shapes and |ocations along the RT axis; (2) IPs of the same
met abol i ¢ figkaHé thof@Wbir SSMAIA déHerdtéd. aheishbdta sA6WASgh HB@ssbLaRlarityis 1 f the
ionization and detection condrtions are unchanged. Exploiting these
obser vat j4ho o MEAK WMIPHARIALE hlibSSr iSoiplqend, based on their

i ¢ d Further refine

chr omat ogr aphi apes an y examning their intensities.

This is iped b he exanplte.in Fj gur fl.f st
observat et FRRrEY shoVs FYRURLBGLTpELEHUS dia, LPLHEbmRRESh SEbAETubly Tl
simlar chromat ographic ak,.shapes and | ocatjons (herejnafter . ternmed |P-
cl uster s‘)“.tenﬂ\ggl?‘i‘?g? gtPP t@nﬁi a4, F%ecg'é‘“hgte% S‘flgl%qrﬁtfﬂg?‘? &‘n%ehgiﬂe%or“éte(bfﬁom
simlarity between two peaks. In_the present inplenentation, this neasure
i s the PeaeboRhemasSPEFEAMAT CaRs the ¢lubing anglitcRPEASHRY L8V AGPEAMDY of how
linearly related the points representing the two peaks are. For each run,

t he ori gdiffatent RTNVGD)@AY denisiy avpad shedentioe nurgrathe lefh @hd padle nghtha 3Dalet ot her
peak that is nearby in the chronmatographic time domain. The correlation

coef fi ci RN ysanz vhememsiy) afed selectod ana regiamsThenlioeden the deabiGuinspe t he
simlarities between peak-groups of the entire batch. [0046] G ven the

matrix Ofepfdséitlpailtst dndIBO8&RetBE URE MhP@RKteDheiMEnsity tiepdaksigpl.is to find
clusters whose elenents are all simlar to each other. This step adopts a

variation of Quality Threshold (Qpesglipgé’ N9 (Heyer et al., Cenone
Research, 1999, 9, 1106- 1115), ich generates clusters with simlarity

scores atﬂﬁg]cfhéj ?(?ﬁo-vﬂﬁ% 'S({%gaglga [)l{e?%%?i'oﬂ: re?é?? tg[hér%&%ahﬁﬁggpgﬁ&/?%g tiflaPr oduce

overl apptng clusters | I'Sj°0i Nt ones soO as to

uncertaint f whet eak-group bel ongs to,.0ne, clust.er or. anqther with
Very. s nitiod Bervaanr finsaftie et Bt 8 EpbRufREan et dRligtPilen
fnlj|bts ?grg%y fbé;gg(‘élsédci 'li}}sﬁggéggéglgrslt% I’a\rlcfl El(las\égbédo inasl,ulfgc\:l}/elg)te&lt(z;ilgtrooeun%glettgos%el ong to

skilled in the art to practise the invention. Other embodiments may be utilized and
structural, logical, and electrical changes may be made without departing from the scope
of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined with one or more other embodiments to form new
embodiments.

[0025] Various embodiments of the invention provide for a systematic and automated

method for identifying metabolites with acceptable accuracy. As illustrated in Figure 1,



[0047] The Qr nethod generates candidate clusters for every peak-group
before filtering and nmerging themto formthe final set of IF -clusters. A
peak- gr onOi2814126R added to its own candi date cl uster. PTHSG2¢12{00005% t
simlar peak-group is then added to the cluster provided that its
simlarity score is still above the threshold. This simlarity score is
defi ned . ol r i £ 1,C ; ; cl uster
el cront s TSua ep BTt B R O TR L et
crossed. Jhis candi.daltg cluster generation is repeated for all peak-groups.
Next, thd ARl M4 B84¢| {ored and merged. Those that are subsets of

anot her cluster are renpved. usters that overlap by nore than a

user - speci fi e@; B?"B‘b‘%ﬁﬂqﬁ‘ﬁﬁﬁ}’ 89 QYRS MG Fa4 é’@?k'éT%lgtCQP’?pS%aﬁsesul ting
set of IP-clusters will still have overlaps with_ each other. [0048] After
fi ndi ng perke repsesentsti vraefespseifiRion nrach ehomatogranhic 199 ref i ne the results
based on the relationship of peak intensities across the runs. It is now
easi er to i ns(@dornihg apgduarality oflgssters, wheseimeahorgder comaprisas ot kast| dnsr

| P-clusters. The intensity ratio between two IPs of the sanme netabolite
shoul d thaRrgbicet (ayedchmaiing cimnisdr @hion@tographiaptofilesnandven as netabolite
concentration varies across sanples. As such, the coefficient of variation

(CV) of int en@'?_tgen@?a&ihg hSlistsed hetablitet pfddfitibRs,CWhstedl Ssackhhiieibbltel S t he
standard devi ation divided by the nean and gives the nornalized spread of

intensit re i?{'ijn?ﬁ s@ﬁE@ﬁZroﬂ g‘g@g&éﬁiwgﬁglg}?g}ﬂ@?w th high Cv when paired with

ot her c uents o y fluctuating intensity

rati os re.separ at formanother cluster. CV is measur e
over Pegﬂgaﬁ' ]gn%ro r%‘?%@?f?hgoéglé?g Pé’?uéﬁltl yaosﬁﬁe%%’gf%?P et G 3%@5503% ?e%ﬂeg val ues
when peak inte sit'.eﬁ hag)g smal | v€ri ations .across ({suns. For .each

| P-cl ust®pss B s’s‘f’g‘ﬁ (5B D& esFueieds By apy pspk ARGCHM (dsPUROLHON) PIOFTANG t o
decreasing maximum s/n. It then inserts the first peak-group into a new

| P- ¢l ust aveilaldgiimpredesaeessing packeges 19 fisst obtaiped JFosexpmpleoths XGMS ragkags ow a
pre-defined threshold when paired with the first elenent is also inserted
i nt o t he(Snath dtfel.c Uualydeal Cheoe 2006 Bor772d/87) mayibe epeden the pragiiocessiag.pr ocess
is repeated to generate other new | P-clusters fromthe renai ni ng el enents.
Thi s essEd tabld of 1aks tenthinigoinfoyimaton bR-theé umbeto-charge naw (mef), neehtmnust er s
whose el enents have rel atively constant intensity ratios across runs.
[0049] Tnge REY EintdgfhtdBIntidRies Thes unBet the pei)isipgialttoidideatatiby(s/@f, fldust er s
may i nclude groupi ng together peak-groups each having simlar

chromat 0&5%5{ r %?Khéh@@@&&fé@, foP CRArhPIRSa LA IADERMANE k! Alc A0 npRd @écher . 1 n
vari ous enbodi nent$, grouping together of peak-groups may I ncl ude:

(a) quangt‘gg a:)lng the degree of simlarity between two mass peaks for each
chr omat ogra% ic run; (b) quantifying the degree of simlarity

bet ween peak- grqups based o he degree of simlarity between tw nmass
peaks; {027, ](e"cﬁtelggf’(r)}pg‘rv%ghet ﬂ% < é%?e&e%o‘?eagf’ﬁﬁ?sﬁrma S Beé’tr?r%gtr‘flg PEYK- gr oups
with a predeternmined threshold for the degree of sipmilarity;, and d
gr oupi ngioRo#ELHeFache i arcomatehedh sod goypet tegether rip| tormy; {eafes; yiiuelhe
predeterm ned threshold for the degree of simlari ty.q@&OOSO] I n various
enbodi neidestififhbe by thyiranizland [T (herednatier heingrreferray tq oy paakreroyns) BREAVSES i ni ng
t he groupi ng toget her peak-groups whose degree of simlarity is above the
pr edet er thieREk$ dfthepéakh dafydretwdérn rdegtieeRb§ neddntiolteraligped davossred]l mnbefiément |
refining may incl ude: (a) obtaining a first intensity ratio of two
correspofpdi péhknMifaschpgakBy Oiteratifd tixrbugh rtberairogssadtl pedkumatchig@cidpRAK- gr oup;
(b) repeating the step of (a) to obtain a subsequent intensity ratio of a

subsequep bR MhERACARRK Be ittRementally improved.
[0028] Due to the nature of the commonly used electrospray ionization (ESI) method, a
single metabolite may be detected as several peaks. The pseudo-molecular ions

[M+H]1)r (where M represents the metabolite) and [M-H]" are often assumed to be the

10



(c) quantifying the coefficient of variation of intensity ratios; (d)
conparing the coefficient of variation with a predeterm ned threshold for

t he coef fwoi2er126f21vari ati on; and (e) groupi ng toBETISEROIIHAMNTYr OUPS
whose coefficient of variation of intensity ratios is below the

predeterm ned threshold for the coefficient of variation of intensity

ratios. Olgl[)%ﬁﬁéiy i-gf??d&&q%(f {nGthe EBsiﬁ’{/e Mﬁrﬂ%ﬁfi%oﬁ 'h?ddeg,lq‘ésﬁ@ti@/aﬁi}@&%&ﬂ of the

anount |'uct'uation of Intensity rati6s across all the chromat ographic

runs. A low coefficient..of variation .of | NS i i pdh.cate
that t hetlhﬁ%&ayﬁ’eoélggceg?aql%&e Fﬁgg&ed rra&?r%%e{oagi)gtgg?}égpﬁﬁ&gﬁ%r\g@y{)ﬂgé subsequent
chromatographic runs are likely to originate fromthe sa net.abolite. Step
(c): Gendr oy Hagments, simgas, %%j()m“{tg’l‘?’&léadg‘“éffﬂfﬁ‘fs P@@B‘fﬁngt%@ﬁl %l-te)saglgr ves to
provi de netabolite mass prediction and _database matching. In this step,

met abol | metabelitrmaie alsp dsadeteptad. grdsitionally, eaching pe dikelytot Bradygeziseiopic
peak-groups in the refined IP-clusters. The nunber of peak-groups in each

| P- ¢l ust praks,sespeaisllys whkh ¢he menatsptopict signdlds strong.cTasatpgaks thet originats
allowing for easier and nore accurate netabolite mass prediction. This

wor ks byfrg@ngeadainiegmetabblife @t m@llectpebs hbleiaftet sdiledtxs ivaizaticapdidiatses based
on a set of IP types known to form and then finding candi dates that match.

Fi gure 4pi)Vas Snlidhlel sub&Quéntamiiysis ak WMLt Wrbfll Bxfdiahticd vthe datd, 0t opi ¢
peak-groups are first linked to their correspondi ng nonoi sot opi ¢ peak- group

and r em{‘é%@fﬁfcﬁ{?ga Qé}??lgihé' %vth?crh] mebSlitk Sa@OPSs )Qﬁgﬁxgégcfgin?%ﬁ e & Hhd f erences

that are near r singly-charged iIons for doubl y-charged

i . T dicted.. i S..al t d iltak: '

canal dat & e ot BeBh AR 3¢ BB Pl I Bhafakiok B ML N, TTE
f h of th i SOt opi k- ' l'i st of ible IP
types. ACIRE Ct@PREdaRRITY S UL LS FEBPRS y cal cul ated from the miz of

a peak-group, using the fornmula of an IP type. G ven the peak-group mz
(P), t hel()&agh&ep n@g§f(th5= presgat @eahagels( @)f?ct%ﬁép thee formHpe of & PHERIHB AT t e

mol ecules in the IP type (N), the netabolite mass is given by M=

( ( CxP) - AluptersTRhachvi®ahesterf or simplyGeamed 8¢ elnsferk n@mntﬁ@saégaa@irprtermakﬂrqm mul a.
For exanple, given the IP formula [2MtH 1+, the nass of the adduct is that
of a probPstep AaFedchORR)ing sinsilar hehrgmatGgiaphit, prafitts NBiysardlyzirfg thepR&kangr oup has
an mz of P = 883.287, then the candidate nmass will be M=

((1x883. diehkitibs @O Mase peakdAdistid thd PEHRSErolisss sley. (b} Berhpts lto lgrcip ik pealndi dat e

masses is searched for values that are highly simlar wthin an error
threshol uf/%ﬂt(? cliBR?s Bf Egﬂeﬁttidl%é“ta@cﬁﬁe iy, 'lﬁgin%ymisv‘ﬂo@éss,gﬁ%%rfﬁﬂa@ Rafag

candi dat €s, Ile the rest of the candidates are renoved from

consi der §1ta$l ?¥°1oaded and examined in the mzXML format (Pedrioli et al., Nat. Biotechnol.,
2004, 22(11), 1459-1966).
[0030] In step (c) of the present method, metabolite monoisotopic masses are predicted
and scored based on the m/z relationships between peak-groups of the same cluster.
These predictions are then searched against a user-defined metabolite or molecular
formulae database to find matches within a specified mass tolerance. The final output
from this step consists of a list of metabolite mass predictions, their constituent IPs, and
their putative identities based on database matches.

[0031] Details for performing each of the step (a)-(c) will be discussed in the following

paragraphs: -
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Mat chi ng candi dates correspond to peak-groups that conply with the

predi cted conbination of IP types. For those peak-groups that are not
associ at adowothi2ary valid prediction, the default [P tyRET{SGRHI0D0GP

[MH 1-) is used to derive the correspondi ng netabolite mass. [0056] Al
predictions are scored so that they can be ranked according to confidence.

Each IP 5*9‘-@? ?o%é@%iﬁﬁﬂt;zvgftﬁéglﬁ-gﬁ_ﬁ%e that is proportional to the

probabi |1 such Tons occurring, ereby the scores are user-defined and
can be agj optimz p in n . anal ytdj . itians. The

t ot al scﬂ¥§§t$%8%%?éﬁﬁg ﬁé ]ggggaﬁﬁﬁ#aﬁ%% g%ﬂ%ﬂﬁ%?%%I{ﬁ%hg@@?%é&%ﬁﬁ%he

corresponding I P types used t enerate the prediction.. A hi redi ction
Scor & nomHliRl diortReraniy Brsaris Fon oMy utanan ProG iriealnldroth e

hi gh-probability IP tyPes_ thus indicating that such a conbination is well
suppor t e8ANy ieryiagease ealt npdividualk &CeMS dunse cA eBeakosoup TiheforaAk Y Pedlsi ct i ons
can be additionally filtered for only the top-scoring ones, such that each
peak- gr owgprasentangsthei samedion aletacted imndifforentiirens. dvicastzdgRhena driffudust fove
identities, the nmass predictions are matched within a specified error

t ol er ancsevenl tfactossxsadh aBschangesf ik colwmnTpeebdhdrice sduringa andittebase. tHe0057]
Therefore, in various enbodi nents, generating a list of netabolite
predi ct i gi$yt{BaYbitds USRiching peakd Mo {HéRteE)AR- iBRIdRPiRAhE vREMIe BITOUPS N
each cluster; (b) computing for each nonol sotopi c peak-group the
respect | XanGandhaRt R TRARRlIEbBESR S BIRARe Al B IbSd felor@08 PhGirAdduct s,
fragnments and conpl exes fornmul ae tor t net abol 1t e; (c) grouping

t oget her _candi.dat e es ;tha re highly.siml]ar tqg.f ] ite mass
br edi ct 1 SR o WAERa" W ARG AL Wi hiSbrdtie e ARG TR ARRGS TR
dat abase of known netabolites to identify the netabolites present in the
set of s&MPf4&¥. [0058] In various enbodi nents, identifying nonoi sotopic
peak-groups in each cluster may include determ ning i sotopes and charges
based onl®0B3] Ap tisspsspd akovienthemethed fiest requpdb? §i8ft sictectsdneaky BupBYY 8¢ er
specifically to isotopic peak-groups representing ions that are made up of
t he nost preEbrocessing stepisapauifedrto sanverietasndata fromsihe amdse dptgetier it thssinphtat  do
not represent ions that are nmade up of the nost abundant isotope for each
el ement peak list.rkhet apearsovek DE(M8doftnare (sbesupra.gspebe usee todilter and dptect
peak-groups. In various enbodi nents, the nonoi sotopi c peak-groups nmay be
identifi ﬁéﬁkb){n seaprém gmiplimditatiodll The e of pedlat contfniiggeak dnfdrrvatitn
singly-charged ions) and 0.5 (for doubly-charged ions). [0059] In various

enbodi Meghas GOBPRTT Meenkities, sBHRARM-hdiS HADYLHRtAd ¥Rl a&%&ﬁ@ eﬁfﬁ&%ﬂ?as;ﬁay

i nclude cal culating the candidate netabolite mass fromthe niz o

peak- groyp formula of an IP type. A list of candidate
netaboli#@‘%@gggg%%%yﬁ'e generated. [0060] In various enbodi ments, grouping

t oget her i e sses that are highly simlar t m net aboli te nass
or o ot 1 HIRRLHR 2%, 285K o B g B s e e RO el gt o
error threshold set by ser.. Candi dates havi mat chi n sses are
grouped FiG#{&E Hlises il i dimiciigh an f@nrﬁggpwéﬁg st imilgER s fach

met abolite mass predictions may then be given a score_and may be ranked in
accor danglécewthelprésent methpd dnstapd shieesria ther Kg dimensen prsédVithingwsh ghge, théen be
filtered by retaining only the top-scoring prediction for each peak-group.
[0061] | m/npfipeaks st inspeetadnivatetérmmenthy appropsateiegk-grubping dbd highdmpss i nt o
practical effect, particular enbodiments will now be described by way of
the fol | esgbRgon@int id Eonimbgly@baifdb&sSin current applications allows very robust peak-

grouping even when RT deviates significantly across runs. This step allows a user to
define a RT slice width, where this width is the assumed maximum deviation across the

runs.
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Exanpl es Sanmpl e Preparation, Analytical Method and Data Preprocessing

[ 0062] For the generation of experinental data used to validate the present
nmet hod, ANiDR0r2é12812per nat ant was obt ai ned daily from dupPCEsGaoRedensat ch
cultures of a Chinese Hanster Ovary (CHO cell |ine producing a reconbi nant
anti body agai nst the Rhesus D antigen (Chusai now et al., BiotechnoL

or opr ¢ %’?fy’ﬂﬁf%%ﬁ%ﬁ-’f’f@?,ﬁ& %%@?%V%flg? Py f‘ﬁtﬂ?i?*%iﬁe CERC S ind Pedkd vilyiTR s
et or m s RESARURET oo B e Eing B AMRTCRL BB e Y8 ER, 71 o

10x DVEM F12 (Hyclone, USA), required. to intain cul.tures at a pre-set

gl ut ani n@“l“’e%ﬂlytb?a?d??@hr’fM%rSﬂf’BrtE‘ﬁﬁ‘é‘?oﬁ‘gpgﬁgqggr@Txésa \g\}é‘is‘Bg A ‘é‘?”eﬁﬁ?%‘?r ough a
10 kDa nol ecul ar wei ght cut-off device (Vivaspin 500 PES nenbrane,

Sart or i ugidtiGis ther wagnypectiedcdiverwidthy ds isbitedtacnass fthe RID dpnain andeused| toer ed
sanples were diluted 1:1 with sanple buffer conprising of 20% (v/v)

met hanol gen€atd subsefs ad peaksi whse R falstwithio thesiydown(Rigweer 2(@))i Eact tmenal ysi s.
[ 0063] Each sanple was analyzed in replicate using an ul tra-perfornmance
liquid ciiegned afaphy ndR—RdGhcts it &e st afithe)slicd\it £1the St Pngrousdy) peakupl ed to
a mass spectroneter (LTQ Orbitrap, Therno Scientific, USA). A reversed

hase : 1 . i i col um,
D O e B B R B B e B ey e e e Lot g

wat er wiFlISjEthcge 0 tﬂ%e”gpﬁlr%‘}f-a\%ée{%?%ﬁgt%nf%@gﬁceand '13' being nmethanol (Optim

gr ade, er Scienti ormc acid. The UPLC program was as
fol |l ows: ol um was . .firnst equi]ibrated fo .5 mn,at 0 1% B. . The

gr adi ent [O&EEI ]fc%eer?"l? ﬁlé?eeggeeﬁj?qlg%lﬁ{ol%oﬁp ﬁ})e H\ft‘{% %O?ﬁgo e gl gr t%bei ng
held at 98% B for 3 m.n. The l.umm s.washed for a further 3 mn with 98%
et oni ¢ PE s RSk ek Bredapesiek Eiib hatian i T 4 e soRod POF e A48V and
finally equilibrated with 0.1%B for 1.5 m n. The solvent flow rate was set
at 400 gWaysntolearry out theugioupiagstapaliupee embadmeph @ ysseepecificd w2 /8Age Br om t he
UPLC systemwas directed into the mass spectroneter (MS). El ectrospray

i oni zat i wsedy ESh) thatpeaks riatcarecclose tooarnd pothin range aafdthadarget peaknwdkbdei n f ul |
scan with a nass range of 80 to 1000 mz at a resolution of 15000. Sheath
and auxi groaped ©@gethéd. dive waiszeseah bt spé€ified anblerlds. dbsglatehintz ealye, winiab phrts-
respectively, with a capillary tenperature of 400C. The ESI source and

capi | I ar yeruailli m)eWRBich iPthk Yata 6k tAO mYz aiFEp@fet i(mahig caée) thenaggd valge)node
ionization, and 3.2 kV and -15 V, respectively, for negative node

oni zal |l iaSbRin 24t Qh YRS cRE! 1R P o Bhe fhrgd 2R68Y GnitBhEd byt 2P

calibration solution (Therno Scientific) prior to injection of the sanples.
[ 0064] Trg?llién?w LC- M5 data obtai ned was then converted to the generic nzXM
format. Peak ‘detection was then performed using the preprocessing software

XCVS, where _the "matchedFilter™ al gorithm was ed.with parapgters:

snt hres hﬁ)!_ﬁ%], f‘]‘%@t“e"gt%glaé‘.vﬁgr,nlbﬂ‘g‘&?epg (e G?‘is‘,sma\ﬁ%r”fem?ﬁsgyf?urﬂgtﬁf’ T entire
i st of detected peaks was saved as a tab-delimted text ngﬁ for .i nput.
Resul t s #REnbihectargst pealy HaBs palvs arealsulpatsdnbe Braxisnun daluerfithe 4oy

eval uated on a dataset generated from Chi nese Hanster Ovary (CHO cell

cul ture etipwtghabns cloaeshiteshe Targetepeakris fanad yiné dealss neprda t}E/NSt painbaref or mance
I i qui d chromat ography (UPLC) system coupled to an LTQOrbitrap MS, in both
posi ti veganpediogetherveith dre tangeles. For each node, a total of 119

chromat ographic runs fromthe sane anal ytical batch were included for

anal ysi sf00B8LIm & Gpttice alt@natitSerSrdmpit) sigadidantofuaps hinculz walgestepéed, al ong
with eighteen replicate runs for a chemcally defined nedia which were

di stri bujggehh g%‘g heutdetABiRAaItYE Band Bk HRcasOlof GHAhidhy magkdsOlutiof] ght een

runs froma po sanple, simlarly distributed throughout the batch, as
wel | as - r i i:ng
Conpar i sgér?e[cg 8 3”@%“’%@ pé%sagﬁ }tﬁﬁ}bcgszg)l?lws ?ﬁ?‘lﬁgt%‘é tﬁ[(g)g]Jl ?Eﬁg \nggggéa%\(ﬂ;gﬁggaby
conpari ng w XC\E' s t hod. ,This was, dgnhe ipn the.positive nod ataset. A
conmon sg?psokgﬁ?%ﬁrﬁgﬁ%ssoﬁggé %8‘51?%/2]0 Xt ﬁ{%’ﬂB}g gg‘é‘r §d3reGReaAs e HEr at ed
usi ng XCM5S's peak detection and used for the conparison. The peak |ist was
expor t edsaited lfﬁp'lﬁtSOP’éﬁedpg’é‘R“%focﬁPﬁg‘.‘lStﬁﬁeérWB‘ﬁéqB%dW& difference | hefkerdnt  as
wel |l as an inbuilt peak-group filter, a total of 5895 peak-groups was
produced. The inbuilt filter requi reswoeak-groups to have: (1) peaks
present in all replicates of at |east "one sanple, and (2) nean

signal -to-noise ratio (s/n) of replicate peaks to be > 3 for at |east one
sanpl e. For XCMS, one round of RT alignnment was simlarly executed using
the foll owi ng peak matching settings: "newid" at 0.05 and "bw' at 4. The
peak- groups were subjected to the sane filter as above, resulting in a

M. A N - o —yr N N o o 1 .




[0067] Many of the XCMS peak-groups consi sted of nore peaks (86 peaks
present on average in XCMS versus 76 in the present nethod). This is likely
due to thEOppRdAt2Inet hod's ability to partition peaks WRCTISGReR2p08791 | ar
mz and RT, using the clustering step adopted to separate peaks fromthe
sanme run. It is observed that many XCMS peak- groups contai ned extra peaks

f th i oo t
n;fﬂ"o ' gacﬁﬁéggt f’ﬁ%ﬁ N 4 heSSpuETed f%fﬁ%kigﬁ@( F ugg(%pﬁ, edaisbiBR RIgsen

I nstance, there were groups that each
cont ai neg 236,%

eaks ereas with the had ese were evenly
split inﬂgmB%a 9&?%@6@“%%&F5Pﬁkwﬁ”f%§t§%§§§?ﬁ%@§he$%$%$ﬁg tight clusters in
the mz and RT _dinensions. The presence of extra_peaks appears tao skew the
ni/z of ORhENkoyshs 9g?tt9.Yﬁs,Ju‘E“HﬁsmEtgﬂ‘§ A OE R Fgggtb‘f?ewég ?fﬁﬁorﬁ‘?célﬁat ches
with the present nethod. Identification of Media Metabolites [0068] In an
att enpt  deteruning peek-groapprthersrran bgdnttarces sthicenperktgrewrs qoniainBiare thanof t he
present nmethod to predict the masses of netabolites found in the culture
medi a wesneapedks foch tie sahealruof TBE ksnoswally otlip oresult ©f gfoor hehrematiographice
included in the analysis, where these netabolites had been previously
i nvest i gapadtibmoh BusRrasthtiatiofigihaegive vebesiniuenighhe gyinghsepo psakst
inventors’ instrunents. [0069] After peak matching, three additional

filteringroph @RSsaR! funl) AR P&YAGiRdat fVZ SRPRE. NRIsEEh dids,| iShddifiGi spt | f act s,
First, peak-groups were renoved if they did not contain any peak with s/n

t hat was - ' t. .
Second, %‘@aéﬁ‘él??? |Hlne émrs gfpuisfgggg e 3 ﬁ)&:ﬁf?ﬁg@??{ﬁ éeé)%%lg]et hgga%?‘g',"m%@ﬁ -Ié t{gﬁps t hat
did not have consi.stent eprodugci bl e | nt Pt ) 15%
cutor f oRHEEYHY PRELhFTSS 45} dBebReSimehhe dRiRRI I 0 85170e (e
filter. Thjrd, all ak-groups with RT > 9 m.p were renpved. These, steps
i oni 1 comeryPoElaic BRI AT (BF Pusmy P Fet] Gundr RIS BHe - h Fhe
nunber of peak-groups decreasing b?/ 70% (5895 to 1748) in_the positive ion
mode andelssier (0p 7maply slusteomentipned elspwhereithroughnpt thy pvdicatione Redrangsi ng
peak- groups were then processed by the present nethod's IP clustering and
met abol i toeclosters mentioiast inothis tperagraptdrefers e cluster sfoomedh dorp thedperppenssof
obtained after filtering based on prediction score, were considered. These
wer e t heemplegingrie kphidaat icistening alhododogyd Aithini ths péak-gratip, hthe gnaximeim

predi cted masses (within a mass tol erance of 10 ppn) to a conbined

dat abasenghbdtEEpaars bElRBIng b the Samé ran MSed be theC Val0O SIS Ivehichh st mi | arly
mat ched agai nst the nasses of the 33 nedia netabolites to determ ne how

many of Lhpse SPUlsteRCtL Bikifi6h  the Ipdand .iﬂ::ti&._e@lus_teﬁﬂg 7i$]5pe-mﬁm@él Shrthbubioons of

cluster and prediction sizes are plotted in Figure I n each node, the
size dist.] i I Rl .ar Y 1L IR 1y
i gher pyBisanphE AEsA RLRY, Blac)a! ThE Firklage e cHUE LdeREG ARENETRER
conpared to edictiaons.. It can .be seen t.ha of the,lP-clusters in
bot h nmod&¥s é{?eexﬁrélpéglf%gll‘iﬁtt%ﬁﬁell eé‘itEVSE’, rebﬂ%%&‘g‘ﬁﬁh%‘/ ‘{’%8‘%} PRESIDTGAE et hod
was able to partition the features into clusters of nageabl e sizes. Since
each cl uStkspavesty pibe Jias Yyidhput erEﬁel?f‘&E%taF? nglyideds g (thelr pepisy a ¢
facilitate inproved netabolite identification. In the ?osi tive node, the
aver age &isoeiatedto thp-neprest edusieraidier elpateripg e pedkogroup pé the. tareghpeak will
respectively, while these are 2.4 and 1.3 respectively in the negative
nmode. Cobgdefimgl bytits dusters whileehbiregtenf the pealgeowsideshe mlustee apo déft fare node
agrees with previous observations that nore IPs tend to formin this node.
[0072] Quibs@fuchhRT3Bceyedi a net abolites studied, 28 (85% were correctly
identified by predictions made using the present nethod (Table 1). Mdia

Met abol i fR4bPRRE} hékImhihiRgs hirs\eee MiglRd in the chromatographic time domain by
correcting their RT deviations. Representative peak-groups are ﬁrst‘selected as anchors

and used to estimate the RT deviation. These representatives are selected based on user-

defined thresholds for the m/z range within each peak-group (i.e. the difference between
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Identified in Negative Mdde Identified in either Identified in both
L- Al ani ne Yes No Yes No L-Arginine
WO 2012/125121 PCT/SG2012/000079

the maximum and minimum m/z of peaks in the peak-group) and the number of peaks
each group contains. RT deviation for the entire chromatogram is calculated from
representative peak-groups by using locally weighted scatterplot smoothing (LOESS),
the same technique employed by XCMS. For each run, the estimated deviations from a
user-defined reference (usually the first run) are subtracted from the peaks to make the
RT correction. Peak matching can then be repeated on the corrected results, with a
smaller RT slice width. The process of matching and RT correction is usually iterated a
few times to ensure good alignment of runs. The final set of peak-groups can
additionally be filtered and checked using a number of criteria, such as average s/n, m/z
range, and RT range within the peak-group.
[0041] Therefore, in various embodiments, forming a plurality of peak-groups may
include:

(a) sorting the mass peaks in accordance with their respective retention times
(RT);

(b) selecting a slice window having a slice width, wherein the slice width is
selected to cover a range of RT;

(c) moving the slice window across the sorted mass peaks, wherein the start of
the slice window is positioned at a first ungrouped mass peak within the slice window,
wherein the first ungrouped mass peak is selected to be a target peak;

(d) sorting within the slice window the mass peaks in accordance with their
respective mass-charge ratio (m/z); and

(e) grouping together mass peaks having m/z values close to that of the target
peak. |
[0042] In various embodiments, grouping together mass peaks having m/z values close

to that of the target peak may include:
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Yes Yes Yes Yes L-Asparagine Yes No Yes No L-Aspartic Acid No Yes

WO 2012/125121 PCT/SG2012/000079

(a) obtaining the difference in m/z values between adjacent mass peaks;

(b) comparing the difference with a predetermined threshold for the difference in
m/z values; and

(c) grouping together the mass peaks whose difference in m/z values is below
the predetermined threshold for difference in m/z values.
[0043] In various embodiments, forming a plurality of peak-groups may be corrected
and repeated prior to forming a plurality of clusters. In one embodiment, forming a
plurality of peak-groups may be corrected and repeated several times with decreasing
slice widths for the slice window. This may be done, for example as described above, by
first correcting the RT of peaks, followed by repeatihg the peak matching with a smaller

slice width based on the corrected results.

Step (b): Forming a Plurality of Clusters

[0044] Step (b) serves to generate and determine ionization product clusters. This step
aims to accurately cluster a metabolite’s ionization products (IPs) together, such that
further analysis can be more easily performed on the smaller sets of features. The step
makes use of two key observations: (1) IPs are formed after chromatographic elution of
the metabolite, thus their peaks should have the same shapes and locations along the RT
axis; (2) IPs of the same metabolite should have covariant intensities across
measurement runs if the ionization and detection conditions are unchanged. Exploiting
these observations, peak-groups are first clustered based on their chromatographic
shapes and further refined by examining their intensities. This is outlined by the
example in Figure 3.

[0045] Based on the first observation, the step first needs to find clusters of peak-groups
with similar chromatographic peak shapes and locations (hereinafter termed IP-

clusters). A similarity measure is used to quantify the degree of similarity between two
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peaks. In the present implementation, this measure is the Pearson’s correlation
coefficient, which gives an indication of how linearly related the points representing the
two peaks are. For each run, the original LC-MS data is accessed to compare each peak
with every other peak that is nearby in the chromatographic time domain. The
correlation coefficients are then averaged across all runs in order to calculate the
similarities between peak-groups of the entire batch.

[0046] Given the matrix of similarity scores between peak-groups, the next step is to
find clusters whose elements are all similar to each other. This step adopts a variation of
Quality Threshold (QT) clustering (Heyer et al., Genome Research, 1999, 9, 1106-
1115), which generates clusters with similarity scores above a user-defined threshold.
The QT method is adapted to produce overlapping clusters instead of disjoint ones so as
to model the uncertainty of whether a peak-group belongs to one cluster or another with
very similar RT. As the clusters will be refined and processed in subsequent steps, it is
more conservative to allow peak-groups to belong to multiple clusters at this stage.
[0047]) The QT method generates candidate clusters for every peak-group before
filtering and merging them to form the final set of IP-clusters. A peak-group is first
added to its own candidate cluster. The next most similar peak-group is then added to
the cluster provided that its similarity score is still above the threshold. This similarity
score is defined as the minimum of the correlation coefficients between the cluster
elements. Peak-groups are added to the cluster until the threshold is crossed. This
candidate cluster generation is repeated for all peak-groups. Next, the clusters are
filtered and merged. Those that are subsets of another cluster are removed. Clusters that
overlap by more than a user-specified proportion are merged to form. larger clusters. The

resulting set of IP-clusters will still have overlaps with each other.
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[0048] After finding IP-clusters based on RT, the next task is to refine the results based
on the relationship of peak intensities across the runs. It is now easier to inspect the
peak-groups as they are organized into smaller IP-clusters. The intensity ratio between
two IPs of the same metabolite should theoretically remain constant across all runs even
as metabolite concentration varies across samples. As such, the coefficient of variation
(CV) of intensity ratio is used to split the IP-clusters, where CV is the standard
deviation divided by the mean and gives the normalized spread of intensity ratios across
all runs. Peak-groups with high CV when paired with other constituents of a cluster
indicate highly fluctuating intensity ratios and are separated to form another cluster. CV
is the chosen measure over Pearson’s correlation coefficient as the latter gives spurious
values when peak intensities have small variations across runs. For each IP-cluster, the
step proceeds by first sorting the elements according to decreasing maximum s/n. It then
inserts the first peak-group into a new IP-cluster. Going down the sorted list, every
peak-group with CV below a pre-defined threshold when paired with the first element is
also inserted into the new IP-cluster. Once the sorted list is gone through, the process is
repeated to generate other new IP-clusters from the remaining elements. This essentially
splits the original IP-cluster into new refined clusters whose elements have relatively
constant intensity ratios across runs.
[0049] Therefore, in various embodiments, forming a plurality of clusters may include
grouping together peak-groups each having similar chromatographic peak shapes and
locations corresponding to one another. In various embodiments, grouping together of
peak-groups may include:

(a) quantifying the degree of similarity between two méss peaks for each

chromatographic run;
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(b) quantifying the degree of similarity between two peak-groups based on the
degree of similarity between two mass peaks;

(¢) comparing the degree of similarity between two peak-groups with a
predetermined threshold for the degree of similarity; and

(d) grouping together peak-groups whose degree of similarity is above the
predetermined threshold for the degree of similarity.
[0050] In various embodiments, forming a plurality of clusters may further include
refining the grouping together peak-groups whose degree of similarity is above the
predetermined threshold for the degree of similarity. In one embodiment, refining may
include:

(a) obtaining a first intensity ratio of two corresponding mass peaks of a first
chromatographic run in each peak-group;

(b) repeating the step of (a) to obtain a subsequent intensity ratio of a subsequent
chromatographic run;

(c) quantifying the coefficient of variation of intensity ratios;

(d) comparing the coefficient of variation with a predetermined threshold for the
coefficient of variation; and

(e) grouping together peak-groups whose coefficient of variation of intensity
ratios is below the predetermined threshold for the coefficient of variation of intensity
ratios.
[0051] The coefficient of variation provides an indication of the amount of fluctuation
of intensity ratios across all the chromatographic runs. A low coefficient of variation of
intensity ratios would indicate that the mass peaks of the first chrorhatographic run and
of the subsequent chromatographic runs are likely to originate from the same

metabolite.
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Step (c): Generating a list of Metabolite Predictions

[0052] Step (c) serves to provide metabolite mass prediction and database matching. In
this step, metabolite accurate masses are predicted by inspecting the m/z of peak-groups
in the refined IP-clusters. The number of peak-groups in each IP-cluster is much smaller
relative to the entire feature set, thus allowing for easier and more accurate metabolite
mass prediction. This works by generating a list of all possible metabolite mass
candidates based on a set of IP types known to form, and then finding candidates that
match. Figure 4 gives a simplified example.

[0053] Within each cluster, isotopic peak-groups are first linked to their corresponding
monoisotopic peak-group and removed from the cluster. This is done by searching for
m/z differences that are near to 1 (for singly-charged ions) and 0.5 (for doubly-charged
ions). The predicted charge is also stored and used as a filter during mass candidate
generation.

[0054] Next, metabolite mass candidates are generated for each of the monoisotopic
peak-groups, using a list of possible IP types. A candidate metabolite mass is reversely
calculated from the m/z of a peak-group, using the formula of an IP type. Given the
peak-group m/z (P), the adduct mass (A), the charge (C), and the number of metabolite
molecules in the IP type (N), the metabolite mass is given by M = ((CxP)-A)+N. The
values for A, C and N are known based on the IP formula. For exampie, given the IP
formula [2M+H]'", the mass of the adduct is that of a proton (A = 1.007), the charge C
is 1, and N is 2. If a peak-group has an m/z of P = 883.287, then the candidate mass will
be M = ((1x883.287)-1.007)+2 = 441.14.

[0055] Lastly, the full list of candidate masses is searched for Valﬁes that are highly
similar within an error threshold. Valid mass predictions are formed by two or more

matching candidates, while the rest of the candidates are removed from consideration.
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Matching candidates correspond to peak-groups that comply with the predicted
combination of IP types. For those peak-groups that are not associated with any valid
prediction, the default IP type (IM+H]"" or [M-H]") is used to derive the corresponding
metabolite mass.

[0056] All predictions are scored so that they can be ranked according to confidence.
Each IP type is associated with a score that is proportional to the probability of such
ions occurring, whereby the scores are user-defined and can be adjusted and optimized
depending on the analytical conditions. The total score of a prediction is calculated by
summing the scores of the corresponding IP types used to generate the prediction. A
high prediction score would mean that the predicfion is generated from a number of
high-probability IP types, thus indicating that such a combination is well supported by
evidence from different detected ions. The ranked predictions can be additionally
filtered for only the top-scoring ones, such that each peak-group is associated to only
one prediction. To generate putative identities, the mass predictions are matched within
a specified error tolerance to the exact masses of known metabolites in a database.
[0057] Therefore, in various embodiments, generating a list of metabolite predictions
may include:

(a) identifying monoisotopic peak-groups in each cluster;

(b) computing for each monoisotopic peak-group the respective candidate
metabolite masses based on a list of possible adducts, fragments and complexes
formulae for the metabolite;

(c) grouping together candidate masses that are highly similar to form metabolite
mass predictions; and

(d) matching the metabolite mass predictions with a database of known

metabolites to identify the metabolites present in the set of samples.
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[0058] In various embodiments, identifying monoisotopic peak-groups in each cluster
may include determining isotopes and charges based on the differences in m/z values.
Monoisotopic peak-groups refer specifically to isotopic peak-groups representing ions
that are made up of the most abundant isotope for each element. Isotopic peak-groups
that do not represent ions that are made up of the most abundant isotope for each
element are link to or collapsed into their respective monoisotopic peak-groups. In
various embodiments, the monoisotopic peak-groups may be identified by searching for
m/z differences that are near to 1 (for singly-charged ions) and 0.5 (for doubly-charged
ions).

[0059] In various embodiments, computing the respective candidate metabolite masses
may include calculating the candidate metabolite mass from the m/z of a peak-group
based on the formula of an IP type. A list of candidate metabolite masses may be
generated.

[0060] In various embodiments, grouping together candidate masses that are highly
similar to form metabolite mass predictions may include searching for candidate masses
that fall within an error threshold set by a user. Candidates having matching masses are
grouped together to form a metabolite mass prediction. Each of the metabolite mass
predictions may then be given a score and may be ranked in accordance with its
respective score. The ranked predictions may then be filtered by retainihg only the top-
scoring prediction for each peak-group.

[0061] In order that the invention may be readily understood and put into practical
effect, particular embodiments will now be described by way of the following non-
limiting examples.

Examples
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Sample Preparation, Analytical Method and Data Preprocessing

[0062] For the generation of experimental data used to validate the present method,
culture supernatant was obtained daily from duplicate fed-batch cultures of a Chinese
Hamster Ovary (CHO) cell line producing a recombinant antibody against the Rhesus D
antigen (Chusainow et al., Biotechnol. Bioeng., 2009, 102, 1182-1196). The cultures
were grown in an in-house proprietary protein-free, chemiéally defined (PFCD) media
and online sampling of glutamine/glutamate level was conducted every 1.5 hours to
determine the amount of protein-free feed, formulated based on a fortified 10x
DMEM/F12 (Hyclone, USA), required to maintain cultures at a pre-set glutamine level
of 0.6 mM. The supernatant samples were filtered fhrough a 10 kDa molecular weight
cut-off device (Vivaspin 500 PES membrane, Sartorius AG, Germany) by centrifugation
at 4°C for 30 min. The filtered samples were diluted 1:1 with sample buffer comprising
of 20% (v/v) methanol (Optima grade, Fisher Scientific, USA) in water prior to
analysis.

[0063] Each sample was analyzed in replicate using an ultra-performance liquid
chromatography (UPLC) system (Acquity, Waters Corp., USA) coupled to a mass
spectrometer (LTQ-Orbitrap, Thermo Scientific, USA). A reversed phase (C18) UPLC
column with polar end-capping (Acquity UPLC HSS T3 column, 2.1 x 100 mm, 1.7
um, Waters Corp.) was used with two solvents: ‘A’ being water with 0.1% formic acid
(Merck, USA), and ‘B’ being methanol (Optima grade, Fisher Scientific) with 0.1%
formic acid. The UPLC program was as follows: the column was first equilibrated for
0.5 min at 0.1% B. The gradient was then increased from 0.1% B to 50% B over 8 min
before being held at 98% B for 3 min. The column was washed for é further 3 min with
98% acetonitrile (Optima grade, Fisher Scientific) with 0.1% formic acid and finally

equilibrated with 0.1% B for 1.5 min. The solvent flow rate was set at 400 plmin’; a
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column temperature of 30°C was used. The eluent from the UPLC system was directed
into the mass spectrometer (MS). Electrospray ionization (ESI) was conducted in both
positive and negative modes in full scan with a mass range of 80 to 1000 m/z at a
resolution of 15000. Sheath and auxiliary gas flow was set at 40.0 and 15.0 (arbitrary
units) respectively, with a capillary temperature of 400°C. The ESI source and capillary
voltages were 4.5 kV and 40 V respectively, for positive mode ionization, and 3.2 kV
and -15 V, respectively, for negative mode jonization. Mass calibration was performed
using standard LTQ-Orbitrap calibration solution (Thermo Scientific) prior to injection
of the samples.

[0064] The raw LC-MS data obtained was then converted to the generic mzXML
format. Peak detection was then performed using the preprocessing software XCMS,
where the “matchedFilter” algorithm was used with parameters: snthresh = 2, step =
0.05, mzdiff = 0.1, and fwhm = 3. Lastly, the entire list of detected peaks was saved as a
tab-delimited text file for input.

Results and Discussion

[0065] The performance of present method was evaluated on a dataset generated from
Chinese Hamster Ovary (CHO) cell culture supernatant samples. These were analyzed
using an ultra-performance liquid chromatography (UPLC) system coupled to an LTQ-
Orbitrap MS, in both positive and negative ion modes. For each modé, a total of 119
chromatographic runs from the same analytical batch were included for analysis. Four
replicate runs were produced for each culture sample, along with eighteen replicate runs
for a chemically defined media which were distributed throughout the analytical batch.
For quality control, eighteen runs from a pooled sample, similarly distributed
throughout the batch, as well as one blank run (pure water) were also included.

Peak Matching Comparison

24



Yes Yes Yes Myo-lnositol No Yes Yes No N aci nam de Yes No Yes

WO 2012/125121 PCT/SG2012/000079

[0066] The present peak matching step (a) was evaluated by comparing with XCMS’s
method. This was done in the positive mode dataset. A common set of 574816 peaks
(4830 peaks per run on average) was generated using XCMS’s peak detection and used
for the comparison. The peak list was exported and input for peak matching. After one
round of RT alignment as well as an inbuilt peak-group filter, a total of 5895 peak-
groups was produced. The inbuilt filter requires peak-groups to have: (1) peaks present
in all replicates of at least one sample, and (2) mean signal-to-noise ratio (s/n) of
replicate peaks to be > 3 for at least one sample. For XCMS, one round of RT alignment
was similarly executed using the following peak matching settings: “mzwid” at 0.05 and
“bw” at 4. The peak-groups were subjected to the same filter as above, resulting in a
total of 5195 peak-groups remaining. These peak-groups were then matched to those of
the present method at an m/z tolerance of + 10 parts-per-million (ppm) and RT tolerance
of + 5 seconds (s). 91% (4745) of the XCMS peak-groups matched, indicating that both
methods gave very similar peak matching results. Most of those XCMS peak-groups
that did not match had weak constituent peak signals, with only 37% of peaks present
on average and with mean s/n of 5, compared to the overall figures of 73% and 8
respectively.

[0067] Many of the XCMS peak-groups consisted of more peaks (86 peaks present on
average in XCMS versus 76 in the present method). This is likely due to the present
method’s ability to partition peaks with very similar m/z and RT, using the clustering
step adopted to separate peaks from the same run. It is observed that many XCMS peak-
groups contained extra peaks from the same run, while these were accurately separated
in the present method’s case. For instance, there were 8 XCMS peék-groups that each
contained 236 peaks, whereas with the present method, these were evenly split into

peak-groups containing 118 peaks, each forming tight clusters in the m/z and RT
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dimensions. The presence of extra peaks appears to skew the m/z of the XCMS peak-
groups, thus contributing to some of the mismatches with the present method.

Identification of Media Metabolites

[0068] In an attempt to validate the present identification method, the ability of the
present method to predict the masses of metabolites found in the culture media was
assessed. A total of 33 known components of the media were included in the analysis,
where these metabolites had been previously investigated in-house and determined to be
detectable by the present inventors’ instruments.

[0069] After peak matching, three additional filtering steps were incorporated to
remove noise and instrument artifacts. First, pcak-groups were removed if they did not
contain any peak with s/n that was more than 1.5 times that of peaks from the pure
water runs. Second, by analyzing replicate runs of the pooled sample, peak-groups that
did not have consistently reproducible intensities were removed. A 15% cutoff on the
CV of intensities across these replicate runs was used as the filter. Third, all peak-
groups with RT > 9 min were removed. These steps significantly reduced the number of
features for identification, with the number of peak-groups decreasing by 70% (5895 to
1748) in the positive ion mode and 53% (2752 to 1291) in the negative mode.

[0070] The remaining peak-groups were thén processed by the present method’s IP
clustering and metabolite mass prediction steps. Only the top-scoﬁng predictions,
obtained after filtering based on prediction score, were considered. These were then
assigned putative metabolite identities by matching their predicted masses (within a
mass tolerance of = 10 ppm) to a combined database of KEGG and HMDB entries. The
mass predictions were also similarly matched against the massés of the 33 media

metabolites to determine how many of those could be correctly identified.
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[0071] The distributions of cluster and prediction sizes are plotted in Figure 5. In each
mode, the size distributions remain largely similar, although there are generally higher
proportions of IP-clusters with sizes greater than one, when compared to predictions. It
can be seen that most of the IP-clusters in both modes have relatively small sizes,
suggesting that the present method was able to partition the features into clusters of
manageable sizes. Since each cluster can be analyzed independently, the small cluster
sizes facilitate improved metabolite identification. In the positive mode, the average
sizes of IP-clusters and total predictions are 3.8 and 1.7 respectively, while these are 2.4
and 1.3 respectively in the negative mode. Comparing both modes, the higher average
sizes in the positive mode agrees with previous observations that more IPs tend to form
in this mode.

[0072] Out of the 33 media metabolites studied, 28 (85%) were correctly identified by

predictions made using the present method (Table 1).

Media Metabolite Identified in Identified in {Identified in|Identified in
Positive Mode | Negative Mode either both
L-Alanine Yes No Yes No
L-Arginine Yes Yes Yes Yes
L-Asparagine Yes No Yes No
L-Aspartic Acid No Yes Yes No
L-Cysteine No Yes Yes No
L-Cystine Yes No Yes No
L-Glutamic Acid No Yes Yes No
L-Glutamine Yes Yes Yes Yes
L-Histidine No Yes Yes No
L-Isoleucine Yes Yes Yes Yes
L-Leucine No Yes Yes No
L-Lysine No Yes Yes No
L-Methionine Yes Yes Yes Yes
L-Phenylalanine Yes Yes Yes Yes
L-Proline Yes Yes Yes Yes
L-Serine No Yes Yes No
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L-Threonine No Yes Yes No
L-Tryptophan Yes Yes Yes Yes
L-Tyrosine Yes Yes Yes Yes
L-Valine Yes No Yes No
Pantothenate Yes Yes Yes Yes
Choline No No No No
Folic Acid Yes Yes Yes Yes
Myo-Inositol No Yes Yes No
Niacinamide Yes No Yes No
Riboflavin Yes Yes "~ Yes Yes
Thiamine No No No No
Vitamin B12 ~ Yes No Yes No
D-Glucose No No No No
Hypoxanthine Yes Yes Yes Yes
Pyruvate No No No No
Thymidine No No No No
Ferric Citrate No Yes Yes No
Total 18 22 28 12

Table 1. List of 33 media metabolites studied.

[0073] In the positive mode, 18 media metabolites were identified while in the negative
mode, this was 22 (there were 12 identified in both modes). It could not be identified
any additional metabolites when all peak-groups were used to directly search for media
metabolites based on the pseudo-molecular ions ([M+H]"" and [M-H]"). This indicates
that the present predictions did not leave out metabolites that could be identified by
traditional means. By manually searching the filtered list of peak-groups for ions of the
five metabolites that were not identified, it was only able to find the ions for two of
them. One of them is glucose, which forms only the sodium adduct ([M+Na]"") in the
positive mode. The other metabolite, choline, is a positively charged ion (IM]'. For
glucose, the present method was not able to generate a matching mass prediction
because no other known type of IP was formed. As such, the mass prediction step could
not pair the mass candidate of the sodium adduct with any other candidate, hence the

prediction defaulted to the mass calculated based on the [M+H]" ion. Similarly for
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choline, no other known IP was detected so the prediction used the default [M+H]"" ion.
Examining the IP-clusters for these two metabolites, it was found that choline only had
two peak-groups in its cluster and these were isotopic peaks. The IP-cluster for glucose
had three peak-groups, two of them were the sodium adduct and its isotopic peak, while
the third ion could not be identified. Next, the raw MS data for the ions of the remaining
three unidentified metabolites was searched and only the sodium adduct signal for one
of them could be found. This signal was very weak and thus was filtered from the peak-
group list used for identification.

[0074] In the positive mode, the average size of correct media metabolite predictions
was 4.1, with the size distribution skewed towards higher numbers compared to IP-
clusters and all predictions (Figure S5). This could possibly be due to more IPs
detectable as a result of higher concentrations of media metabolites as compared to
other metabolites from the culture. The average size of media metabolite predictions in
the negative mode is smaller at 2.5.

[0075] Because the present predictions are generated from a combination of IPs instead
of simply relying on the pseﬁdo-molecular ions, it was able to identify metabolites even
when these ions are in low abundance. In the positive mode, the present method
correctly identified two additional metabolites whose [M+H]" ion was not detected.
Additionally, there were several cases where the [M+H]"" was not the strongest signal
produced by the metabolite, with another IP having much higher abundance. This is
important because the more abundant ion would be more informative as the
representative feature for the metabolite in global metabolic profile analyses.

[0076] Figure 6 illustrates an example of a correctly identified media metabolite whose
[M+H]'" ion was not detected, yet the present method was able to predict its metabolite

mass from other IPs. Four peak-groups were found to conform to a particular
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required or mandatory, and that no other el enents nmay be present. [0083]
The i nveiit theretitd listshaybe falke-postvasi thetdcdnebe prevertyd dyithelpreseitempthadt i ced i n
t he absence of any elenent or elenents, limtation or Iimtations, not
speci fi CHehde Hicak|Rs®en tharthé Metddis, afloto @xduEplcgrontd\s leedssnd' atepd) si ng”,
"including"”, "containing", etc. shall be read expansively and w t hout

limtati g&era?ggjo}é tldes idbdiRy bRIGioafd expressions enpl oyed herein have
been used as terns of descrip¥|on and not of limtation, and there is no

i ntenti op hﬁu%&? use of such ternms and expressions of excluding any
equi val e e features shown and descri bed or portions thereof, but it

IS recogy hat var.i ou di fications e.possible.within t pe of
the + nvolOrBATES Brestd m Rl Bive rhGided S dhfe BT mBhS L oo SR he
present invention has been. specifically disclgsed, by preferred enbodi nents
and opt i 634l andegensrating H’iﬁ’aiqlf”ésatf?ro RUtaH¥e \Fé‘?ti’%??ﬁt% ﬁd#ﬁ‘Fﬁtéor}' n’[‘llépntn?

enbodi ed therein herein disclosed may be resorted to by those skilled in
the art, indelligentlatinieratesrrpeliiplesaticenatl mfrmatien 4 saEtamore eendidsat kads o be
within the scope of this invention. [0084] By "about"” in relation to a

gi ven nuthaecdandsd used bsigtarting poings for oesoterpateesi va éefoutivegdentdtatén.t i ne, it is
meant to include nunerical values within 10% of the specified value. [0085]
The i nve[yo7on Thasndikan fa@salignb athrdimstaglaphiendingeniigi ealovyl pedkeimatchiich of
the narrower species and sub-generic groupings falling within the generic
di scl osupgoaisP thar ) Rfdrbd Gbr hifh hRYEsoRition TS dnBCk UdBEstt 3CI8RNRT C
description of the invention with a proviso or negative limtation renoving

any subj gcf, Rkt ﬁ][elx% ;mr}spgctigg er%’f haél?g%%_k dh eSSty frelm{sﬂfpg, RrsopRiktildi& exci sed

material TS speci ecl

algorithm groups features into clusters of ions that potentially originate from the same

metabolite. From these clusters, the method intelligently generates metabolite mass

31



[0086] Ot her enbodinents are within the followng clains and non- limting
exanples. In addition, where features or aspects of the invention are
descri beawpreoterfe1of Mar kush groups, those skilled in POE/S&RO12600079
recogni ze that the invention is also thereby described in ternms of any

I ndi vi dual nenber or subgroup of nenbers of the Markush group. dains 1. A

met hod f@rsgécti&%t w{éggg?s%@b&%}ch ﬁfr%%el'tibn@hi;_@tbeazeeaaﬁaﬁ@é, of R met hod

conpri si ng a plturality of peak-groups, wherein each

peak-group c ri sgs.Imss. peaks_ repraesentativ b1 C. [N, each
chr omat oﬁag‘écpﬁfqgerr unose pre%“'%f) 83 %?noﬁiraﬁnﬁbge %stegltﬁ rsg?ri%{’yfg%ﬁﬁ gﬁ%tﬁﬁsét x(¢=i\erc gl%g\khe% rein
each cluster conprises at. ] east one peak-group of (a) each having simlar
chr onat oéar‘éi?ﬁ?%glﬁp%?}l‘iagg? idgpaies. (c) generating a list of netabolite
predi ctions, wherein each netabolite prediction is selected fromthe

pl ur al i t [P086] The presens msthqddyas been validaas yoeprdying iitfp experimentaliastabelitor i si ng
generating a list of mass peaks prior to formng the plurality of

peak- gr oprilesfof (call culdure Bhpernaamtauialyzed hisingnUP LChvbaarpddchtot dneOtbiitsap MS. dtass
peaks conprises data selected fromthe group consisting of mass-to-charge
rati o (mMa)beeh de@bhdtaared thaethé pesentinidthet Rtabit tordoerestly predict fegnassed of noi se
ratio (s/n), run nunber, and conbi nation thereof 4. The nethod of any one

of cl ai NBiodtoF theREdveh heliR Bhpenddieinthe sathpleY. CSmpRak il Asnat RIBRIISES
(a) sorting the nmass peaks in accordance with their respective RT; (b)

:S: 2& LSﬁlte%r%%{l/tgﬁet‘g%@g%%rﬁg%@i%?ﬁ@arﬁw ﬁ@e%&ﬂoli%&ﬁiﬂbﬁs%ﬂﬁ;’u& ﬁﬁss‘fﬂgdt his
ge o ,

out valid ones, thus reducing data complexity and false-positive database matches.
Because each prediction consists of multiple features that are in agreement with a
specific combination of ions known to form, improved confidence of identification is
achieved. By carefully clustering features that are potentially derived from the same
metabolite, the method greatly simplifies the data for the user in situations when the
features need to be manually investigated. In summary, the present method improves the
accuracy, confidence and efficiency of the putative identification process, thus
providing crucial savings on time, resources and manual work.
[0081] By "comprising” it is meant including, but not limited to, whatever follows the
word "comprising”. Thus, use of the term "comprising"” indicates that the listed elements
are required or mandatory, but that other elements are optional and may or may not be
present.
[0082] By "consisting of" is meant including, and limited to, whatever follows the
phrase "consisting of". Thus, the phrase "consisting of" indicates that the listed elements
are required or mandatory, and that no other elementé may be presenf.

[0083] The inventions illustratively described herein may suitably be practiced in the

absence of any element or elements, limitation or limitations, not specifically disclosed
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(c) nmoving the slice wi ndow across the sorted nmass peaks, wherein the start
of the slice windowis positioned at a first ungrouped nass peak within the
slice w niowsiI2aserei n the first ungrouped nmass peak i s PETrSCRER/WWHe a
target peak; (d) sorting within the slice window the nass peaks in
accordance with their respective nmass-charge ratio (mz); and (e)

g;gEPi nghérgﬂe{l“ﬂ@g fépéc%?‘ff)g%lfﬁe &gﬁﬁb C\%ﬂrﬁsﬁﬁ@%uﬁ&uﬁin 8 &rchitalidr, fc. 5 target

e nefhod o alm rting the nmass peaks conprises
sorting fhe mass peaks in an increasing ofder of the RT. .JIhe .net hod of
claima 3 r@g,gamﬁ%y Yn%lai ‘th‘f‘ﬁg““&@?&" \ﬁrdrrﬁ‘ﬂb%a@%n%‘ﬁ tgyns ﬁ%‘gie’ﬁ re?ﬁ'ln(gi%sl i ce
w ndow acr 0ss e sqrted mass peaks in a direction of_ increasing RT. 7.
The net h@apleve%velaﬁ@% o) WioHhaS KIS ONAEEPHOR Pg PRfPIRItO, e T
w ndow the mass peaks conprises sorting within the slice w ndow the nass
peaks i nisae inteatiemis thg use gbsuchfteryszand egprestenned exetdiig anyeayhalests f ai s
4-7, wherein grouping together nmass peaks conprises grouping together nass
peaks hathierfgatntez shavmianad fdasdribad) onipbttions ahqreafd bukeit is needgmized that geripusom t he

target peak. 9. The nethod of any one of clains 4-7, wherein grouping

t oget her mgaiFRatiaRlase OS¢ S4Ein the scdpR)ofté BiveatidmgaiGiuds Thay) itkshoull bedensi ty
estimate of each nass peak; (b) obtaining the difference in Gaussi an

kernel —dgQfelddode tidt "BHBuSL IHE §ResBARC IhvEREsh M eaA dpbliichlf ARlIReR (¢)
conparing the difference with a predeterm ned threshold for the difference

in Gaussf)r%ﬁnléﬁr Bfabodifiahtst 3$n§s5ﬂt%516;feﬂ‘ﬁ'r%s, modification and variation of the

inventions embodied therein herein disclosed may be resorted to by those skilled in the
art, and that such modifications and variations are considered to be within the scope of
this invention.

[0084] By "about" in relation to a given numberical value, such as for temperature and
period of time, it is meant to include numerical values within 10% of the specified
value.

[0085] The invention has been described broadly and generically herein. Each of the
narrower species and sub-generic groupings falling within the generic disclosure also
form part of the invention. This includes the generic description of the invention with a
proviso or negative limitation removing any subject matter from the genus, regardless of
whether or not the excised material is specifically recited herein.

[0086] Other embodiments are within the following claims and non- limiting examples.
In addition, where features or aspects of the invention are described in terms of
Markush groups, those skilled in the art will recognize that the invention is also thereby

described in terms of any individual member or subgroup of membérs of the Markush

group.
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(d) grouping together the mass peaks whose difference in Gaussian kernel
density estimate is bel ow the predeterm ned threshold for the difference in
Gaussi an wonaey128msity estimate. 10. The net hod of anyPORSGeé1200@79s 4- 7,
wher ei n groupi ng toget her nmass peaks having mz values close to that of the

target peak conpri ses: (a) obtaining the difference in mz val ues
bet ween adj acent mass peaks; (b pparing the difference with a
predeterm ned threshold for the dif ce in mz values; and (c)

Phe.pr oabt cRnPRGd: K JETBRHRE chopRa e AEFHRECS W SURIGodt S ebhe

nmet hod of any one of clains 8-10, further conprising performng a k-neans
clustering GWNARE in the RT and ml z di nensions after grouping together
the mass peaks. 12. The nethod of any one of clains 4-11, conprising
repeat i ng t he(agfarming a purality gf perk- goupsamiherein aghamwkk-graweempyisesmsss ect i ng
the slice wwdth of the slice wndow. 13. The nethod of claim 12, wherein
prior t opeaks sepresentatige dfwesprbificéominttaeh ohronfatoghphierun; ndow, t he RT of peaks
are corrected and the formng of the plurality of peak-groups is perforned

based on the @Yrfb@ehed fllralityl 4f clhibersiahbash eichaclistoneorprises at astlork3,
wherein formng the plurality of clusters conprises grouping together peak

groups eg‘%iz-g?@uﬂ 6'9(a§EJ@h'lﬁ(Iin%Q{ﬁ%tcﬂﬂ{rﬁ‘ﬁb%&pl%%i‘oﬁ"l&é}ﬁﬁé and | ocati ons

correspondi ng to one anot he 15. The method of claim 14, wherein grouping

together of p&?kg(g{epzﬂﬁﬁ Eaalisd io?‘af%:etabolite predictions, wherein each metabolite

prediction is selected from the plurality of clusters of (b).

2. The method of claim 1, further comprising generating a list of mass peaks prior to

forming the plurality of peak-groups of (a).

3. The method of claim 2, wherein the list of mass peaks comprises data selected from
the group consisting of mass-to-charge ratio (m/z), retention time (RT), integrated

intensities, signal-to-noise ratio (s/n), run number, and combination thereof.

4. The method of any one of claims 1-3, wherein forming the plurality of peak-groups
comprises:

(a) sorting the mass peaks in accordance with their respective RT;

(b) selecting a slice window having a slice width, wherein the slice width is
selected to cover a range of RT;

(c) moving the slice window across the sorted mass peaks, whérein the start of the
slice window is positioned at a first ungrouped mass peak within the slice window,

wherein the first ungrouped mass peak is selected to be a target peak;
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(a) quantifying the degree of simlarity between two nmass peaks for each
chr omat ogr aphi ¢ run; (b) quantifying the degree of simlarity between
two peak-yoaopsi2berded on the degree of simlarity bet we@OTISGR012HYW Deaks;
(c) conparing the degree of simlarity between two peak-groups with a
predeterm ned threshold for the degree of simlarity; and (d) grouping

oget her PR HBPTiNNRRE, I60 Shndthy ShOTHAS ok Sy AheuRpsdie whhetigler m ned

threshol d f e degree of simlarit thod of claim 15, wherein

peak- groups ose deqgree of simlarity is above the predeterm ned threshold
for the f&%ﬁ%"*%‘?“ﬁ%ﬁ‘*&?ﬁ?Wﬁeﬁ@r ouped together by using a nodified
Quality Threshold (Qr) clustering,technique. 7. Th thod of claiml16,
wher ei n t helehBgPpingdogsthes mpss emkﬁ&a‘(l@gHﬁgdal@e%éﬁﬁtpgﬁ%,&gélwetf*%ﬁer P%a 1ist of

candi date I P-clusters by: (i) formng a first candidate |P-cluster
containing a first peak-group and addi ng subsequent peak-groups having
degrees of simlarity above a predeterm ned threshold; and (i)

repeati ny tHe methpd of clainh 4t whewimsstibs deusass peakscdongirses sdrong thermassi ng
peak-groups. 18. The nmethod of any one of clains 15-17, further conprising
ref i ni NGk igcre@dnt bider PRAKRAY. oups whose degree of sinmilarity is above
the predeterm ned threshold for the degree of simlarity. 19. The nethod of
claim 18, wherein refining conprises: . (a) obtaining a first intensity
ratio of two correspondi ng nass peaks of a first chromatographic run in
each pea&- It Bethod of claim 4 or 5, wherein moving the slice window comprises moving

the slice window across the sorted mass peaks in a direction of increasing RT.

7. The method of any one of claims 4-6, wherein sorting within the slice window the
mass peaks comprises sorting within the slice window the mass peaks in an increasing

order of m/z.

8. The method of any one of claims 4-7, wherein grouping together mass peaks
comprises grouping together mass peaks having m/z values falling within a

predetermined m/z range from the target peak.

9. The method of any one of claims 4-7, wherein grouping together mass peaks
comprises:

(a) calculating Gaussian kernel density estimate of each mass peak;

(b) obtaining the difference in Gaussian kernel density estimate between each mass
peak and the target peak;

(c) comparing the difference with a predetermined threshold for the difference in

Gaussian kernel density estimate; and
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(b)repeating the step of (a) to obtain a subsequent intensity ratio of a
subsequent chr omat ographi c run; (c) quantifying the coefficient of

vari ati onwoh2yeseity ratios; (d) conparing the coebptirsicant2/006079
variation with a predeterm ned threshold for the coefficient of variation;
and (e) grouping together peak- groups whose coefficient of variation of
intensity r |os h S; i ci ent
of variatio gtouprﬂg getﬁy trnat%rl agg%@%%%@%@ffyﬁﬁ% 15}]% %]r?%ﬁ%rlt(teegg QQIFS&&WB 1 16,
wherein eneratrn S tabolite drc i ONS cCopprise

i dent i fﬁgﬂﬁlar?oﬁol? %‘t’& Fd’r?f{@ tg‘% }“ e@gh ¢ [diffqrepce m-Gayssy anslo%ﬂtr ng for
each nonoi sot opi ¢ peak- group the respective candi date netabolite nmasses
based ordeasity efimate.possi bl e adducts, fragments and conpl exes fornul ae for
the netabolite; (c) grouping together candi date nasses that are highly
simlar to formnetabolite nmass predictions; and (d) matching the

net abol ite mass predictions with a database of known netabolites to

i dent i f y10. HEhovRERBO bT ir8S0rRy cfBAdins T, Wherehe pronpingaogdties. mas? peakbihavimgt hod of
claim 20, wherein identifying nonoi sotopic peak-peak-groups in each cluster

conpri Seﬁ/zd@atlt%'sm&bWthhﬁ@ﬁtﬁ@%ge%@@al@&ﬂﬁﬁﬁ}%s based on the differences in mz
val ues. 22. The net hod of clarm 21, nonoi sotopic peak-groups are

i dentified (8)’ dlﬁgi%f gfegér}cmﬁg‘g% {/%lﬁé Sent {dceRf RaRRebts; 1 for

si ngl y- charge bl'y-char ge ons.
(b) comparing the difference with a predetermined threshold for the difference in

m/z values; and
(c) grouping together the mass peaks whose difference in m/z values is below the

predetermined threshold for the difference in m/z values.

11. The method of any one of claims 8-10, further comprising performing a k-means
clustering analysis in the RT and m/z dimensions after grouping together the mass

peaks.

12. The method of any one of claims 4-11, comprising repeating the step of forming the

plurality of peak-groups by re-selecting the slice width of the slice window.
13. The method of claim 12, wherein prior to re-selecting the slice width of the slice

window, the RT of peaks are corrected and the forming of the plurality of peak-groups

is performed based on the corrected RT.
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23. The nethod of claim 22, wherein conputing for each nonoi sotopic
peak-group the respective candi date netabolite masses conprises cal cul ating
t he candivateixesrbol ite mass fromthe nmlz of a peak-gr @Gp/Seasiedo@ot he
chem cal fornula of an ionization product. 24. The nethod of claim 23,
wher ei n groupi ng together candidate masses to form netabolite mass

predi ct i PSTHROMMHASSTE dangrone((sﬁ ﬁ%@r FA5NGhERIn FRMEHL B TRABLSS El@htbfsng

within a predeterm ne ror threshol (11) grouping together
candi dat es_havi n masse eshol d
(o't orm PGS ARl B phl° gthubS) e?%‘%?c IR%ES%*IS’ bRl b S
score to _eac tabolite ctio iv) ranking the net abol ite
pr edi ctlﬁﬁgeﬁﬁg‘éﬂc%‘ﬁnf F@Terl% %’t‘iﬁ?%g’ ongr?ﬁ(’the‘( (v) retaining highly-ranked
nmetabolite predictions. 25. An apparatus for identifying netabolites
present in a set of sanples, the apparatus conprising: (i) at |east one
processor; and (i) at Ieast one nenory including conputer program
code; whis.eTle mbthod bf tlaas il 4 omkerepraoypingthgether eipaokigsoupscompassscode ar e
bei ng configured with the at | east one processor to cause the apparatus to
perform at (apaqiantifiéng athé oddgng: of simflaityf betwerg tw@lmasal peaksoforpeadh- gr oups,
wher ei n each peak-group conprises mass peaks representative of a specific
ion in eagbmatdcripaicaghaphi ¢ run;
(b) quantifying the degree of similarity between two peak-groups based on the
degree of similarity between two mass peaks;
(¢) comparing the degree of similarity between two peak-groups with a
predetermined threshold for the degree of similarity; and
(d) grouping together peak-groups whose degree of similarity is above the

predetermined threshold for the degree of similarity.

16. The method of claim 15, wherein peak-groups whose degree of similarity is above
the predetermined threshold for the degree of similarity are grouped together by using a

modified Quality Threshold (QT) clustering technique.

17. The method of claim 16, wherein the modified QT clustering technique comprises
generating a list of candidate IP-clusters by:

(i) forming a first candidate IP-cluster containing a first peak-group and adding
subsequent peak-groups having degrees of similarity above a predetermined threshold;
and

(i1) repéating the step of (i) to form subsequent IP-clusters for remaining peak-

groups.
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(b) forming a plurality of clusters, wherein each cluster conprises at

| east one peak-group of (a) each having simlar chromatographic profiles;
and (W 20iefrti ng a |ist of netabolite predictionsPCRISGReI2006962 h
metabolite prediction is selected fromthe plurality of clusters of (b).

26. A conputer program product for identifying netabolites present in a set
of sanples, the conputer program product conprising at |east one

conput er -r eadabl e storage medi um havi ng conput er - execut abl e program code

i nstruct stored therein, t conput.er «execut abl e. pr ogr -

i nstr uctiég)ﬁhecmq sP apy one ?a?elalﬁl?sgg!rsl'aﬁ’i C rt(grfcc())%’ glr ﬁe%in%@p%ﬁﬁﬁmgt y of
peak- groups, wherein each peak-grau onpr.i ses SS aks .representative of
a speci f OBEPEPGaK-LAYR ‘eﬂqsa r%fpﬁﬁmﬁarrﬂ@d,s a OVe"?f'S)Prgf%aPﬁ?ﬁf@af‘é Pl
formng a plurality of clusters, wherein each cluster conprises at |east
one peakfogtheudegese of simidastyy havi ng si milar chromat ographic profiles; and

(c) program code for generating a |list of nmetabolite predictions, wherein
each netabolite prediction is selected fromthe plurality of clusters of

() 19. The method of claim 18, wherein refining comprises:

(a) obtaining a first intensity ratio of two corresponding mass peaks of a first
chromatographic run in each peak-group;

(b)repeating the step of (a) to obtain a subsequent intensity ratio of a subsequent
chromatographic run;

(c) quantifying the coefficient of variation ofintensity ratios;

(d) comparing the coefficient of variation with a predetermined threshold for the
coefficient of variation; and

(e) grouping together peak-groups whose coefficient of variation of intensity ratios

is below the predetermined threshold for the coefficient of variation of intensity ratios.

20. The method of any one of claims 1-16, wherein generating the list of metabolite
predictions comprises:

(a) identifying monoisotopic peak-groups in each cluster;

(b) computing for each monoisotopic peak-group the respective candidate
metabolite masses based on a list of possible adducts, fragments and complexes
formulae for the metabolite;

(c) grouping together candidate masses that are highly similarlto form metabolite

mass predictions; and
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(d) matching the metabolite mass predictions with a database of known metabolites

to identify the metabolites present in the set of samples.

21. The method of claim 20, wherein identifying monoisotopic peak-peak-groups in
each cluster comprises determining isotopes and charges based on the differences in m/z

values.

22. The method of claim 21, monoisotopic peak-groups are identified by searching for

m/z differences that are about 1 for singly-charged ions or 0.5 for doubly-charged ions.

23. The method of claim 22, wherein computing for each monoisotopic peak-group the
respective candidate metabolite masses comprises calculating the candidate metabolite
mass from the m/z of a peak-group based on the chemical formula of an ionization

product.

24. The method of claim 23, wherein grouping together candidate masses to form
metabolite mass predictions comprises:

(1) searching for candidate masses falling within a predetermined error threshold;

(ii) grouping together candidates having masses falling within the predetermined
error threshold to form a respective metabolite mass prediction;

(iii) allocating a score to each metabolite prediction;

(iv) ranking the metabolite predictions based on their scores; and

(v) retaining highly-ranked metabolite predictions.
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25. An apparatus for identifying metabolites present in a set of samples, the apparatus
comprising:

(1) at least one processor; and

(ii) at least one memory including computer program code; wherein the at least one
memory and the computer program code are being configured with the at least one
processor to cause the apparatus to perform at least the following:

(a) forming a plurality of peak-groups, wherein each peak-group comprises mass
peaks representative of a specific ion in each chromatographic run;

(b) forming a plurality of clusters, wherein each cluster comprises at least one peak-
group of (a) each having similar chromatographic pfoﬁles; and

(c) generating a list of metabolite predictions, wherein each metabolite prediction is

selected from the plurality of clusters of (b).

26. A computer program product for identifying metabolites present in a set of samples,
the computer program product comprising at least one computer-readable storage
medium having computer-executable program code instructions stored therein, the
computer-executable program code instructions comprising:

(a) program code for forming a plurality of peak-groups, wherein each peak-group
comprises mass peaks representative of a specific ion in each chromatographic run;

(b) program code for forming a plurality of clusters, wherein each cluster comprises
at least one peak-group of (a) each having similar chromatographic profiles; and

(¢) program code for generating a list of metabolite predictions, wherein each

metabolite prediction is selected from the plurality of clusters of (b).
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