I  SYSTEM AND METHOD FOR MASS SPECTROMETRY DATA SEARCH
USI NG ADAPTED QUANTUM GROVER ALGORI THM Field of the

I nvention [0001] The present invention generally
relates to mass spectronmetry;technol ogies for
identification/verification of chem cal nvol ecules, and
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recent years, protein separation nethods coupled with

various mass spectronetry (Ms) technol ogi es have

evol ved as the domin ) he field of
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they pass through the nmass spectroneter, ordered from

low to high mlz ratios. The data is typically

di spl ayed as a pl oj,0f ao%&rmﬂeyw%m&n/z ratio.
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nost intense peptide peaks. In the second M5
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genera I ons erl ve
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energy, fragments, each of which differs by the mass _
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creating t rum an sequence
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mixfturrg%rg%ﬂ;tgms 13/ first rs]?paaﬁelug(? gy \{mquld Bjrrgr(rjl.l'slt%tglea%hy (ﬂ(l{) rf]ol?owed%y tandem
mass spectrometry (MS/MS). In this procedure, a mixture of charged peptides is separated
in the first MS according to their m/z ratios to create a list of the most intense peptide
peaks. In the second MS analysis, the instrument is adjusted so that only a specific m/z
species ts directed into a collision cell to generate “daughter” ions derived from the
“parent” species. Using the appropriate collision energy, fragments, each of which differs
by the mass of a single amino acid, is generated. The daughter fragments are separated
according to their m/z creating the MS/MS spectrum, and the sequence of the peptide can
then be deduced from the resulting fragments. By comparison with predicted sequences in

the databases, the identity of the peptide is revealed.



t he dat abases, the identity of the peptide is

reveal ed. 2 [0004] Mass spectronetry i s experiencing

a period of rapid growh based on applications in
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based matching that calculates a score based on the statistical significance of a match
between an observed peptide fragment and those calculated from a sequence search library
(see, e.g., Field, H.I,, et al. Proteomics 2: 36-47 (2002)). However, as shown in FIG 1,
using an experimental MS spectra to search a large database of theoretical MS spectra in
the protein identification process employing tandem MS/MS technique is still tedious and

time-consuming with current methods.



(see, e.qg., Field, HI1., et al. Proteomcs 2: 36-47
(2002)). However, as shown in FIG 1, wusing an
experimental M spectra to search a | arge dat abase of
theoretical M5 spectra in the protein identification
process enploying tandem M5/ MS technique is stil

t edi ous and tine-csnsuningHM%tP cu%rent met hods. 3
Summary of the | nveRFPSRFOYARS ISR UL0di ment of the
present invention provides a process executable
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Wit RS IR il B0 RO pbiRerS Rk TyBilinental mass
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generating theoretical mass spectronmetry spectra
masgapesitimert datebasermomprists gensfratingethesiptical memtseglectrometry spectra

em.cal identity, [0008] |n,yet .another enbodi nent of
oG5 BB R &Y besdprar S B S e 1y s a
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. the experinental nmass spectronetry spectrumdata is
is o pehyperiidfe m lves Jupec embedimsntapathss pgcesndharppeiimental mass
: retical _ ectronetr at abase ,cant ai ns .
spe o bl FRkohille IR BTEH JHE, ke PBhROFERSER S Wherin e
theqrelioad episk dpsctivarsinyodasabase anthib livedr&tab aits BpcirbAietr9 spectrum
of 2%@ experi nented pol ypeptide according to )
datay 0f by RAPHidRR dhav g splsaritadood sans mel rafinoehere experimented
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the dafa to make it N=2" aqg separating the )
exp%r%ag?tla RES PPrhogietry specfrum data of a chemical entity from experiments

comprises padding the data to make it N=2", and separating the experimental mass

spectrometry data into two states so that the experimental mass spectrometry spectrum data
can be searched by quantum Grover algorithm. In a further embodiment of the process, the
step of padding comprises adding spectrum points that are small enough so that they will
not be matched by any theorectical mass spectrometry points. In another further
embodiment of the process, the two states are noise mass spectra and fragment mass
spectra.

[0010] Another embodiment of the present invention provides a system

comprising: an electronic microprocessor embedded therein a set of computer programs



spectronetry data into two states so that the
experinmental nass spectronetry spectrumdata can be
searched by quantum Grover algorithm 1In a further
enbodi nent of the process, the step of padding
conpri ses addi ng spectrum points that are small enough
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expeomentahmagp splettrérthetoy édth eadording so sipedtmadehg yrigpecthesby when a

matgﬁtésaf&tg{ll@trtpﬁ%ggtgtrq% Ce;h&g%i%ﬁ%teg ggelmtg plrfgl%i{t:)glré(yc&%d}ac? with the one of

the BitRGel MRBtRcaN@RmisPerd,OMetry spectrumdata using
i ndi vi dual nmenber of the theoretical mass spectronetry

[00Yat abaseliase andhadditived dhitotees onleadremiares off theeinvention will

theoretical Ss,. spectronmetry, dat abase with th . .
bech 38 8Pz Mot B Eie ROt Hy ean 36 BUA sk diments thereof
in cBhRRabn WRdhahe A oBipahERE diaviiRgy eby when a match is

found, the identity of the experinented chen ca

entity is accorded with the one of the matched

t heoretical chemggal:£nti.t 1 These and

addi ti onal objecgﬁﬁggﬁghgp%%%éﬁgg3%?“8?g§he i nvention

will becone apparent fromthe foll ow ng detailed

description of preferred enbodi nents thereof in .
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[0013ho13] RI'E | tusirgfet hsrcesvenvendlwpech shasinapisreyaepmetal MS to
seaﬂéﬁkﬁ&th&%@ti&%% haeiMal Ms to search the theoretical

M5 dat abase.
[0014] FIG 2 illustrates the new approach of using each member of the theoretical
MS database to search the experimental MS spectra in accordance with one embodiment of

the present invention.

[0015] FIG 3 shows a graphic presentation of the overlay of experimental MS
spectra and theoretical MS spectra of the same peptide, MTDQEAIQDLWQWR.

[0016] FIG 4 shows the changes in the amplitude of the states at different iteration
I.

[0017] FIG 5 is a graphic presentation of the probability of success with respect to

the number of iteration.
[0018] FIG 6 is a panel of graphic presentations showing how the number of match

j affects the probability of success in the case where N=64, where the “--*--*--” plot is the



[0014] FIG 2 illustrates the new approach of using
each nenber of the theoretical M database to search
the experinmental MsS spectra in accordance with one
enbodi ment of the present igvention. [0015] FIG 3
shows a graphic present ati on of the overl ay of
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of dub&sghanges in the anpl |tude of the states at
different iteration %0017 FIG5 is a graphic
00 esent ati(oh sbews He pé@‘t@l@ bNuintbgr of ltgigt oe Ysrams tNumber of Matched
m/7€Rpect to the nunber of iteration. [0018] FIG6 is a
paneqJ of graphic presentati ons show ng how t he nunber
of match | affects the probability of success in the
case where N=64, where the "--*--*- plot is the 5
fidelity of theDefiled I%Qsﬁf*éﬁ‘%éﬁﬁm'@dell@ﬂlt he fi nal
states, and the "----- " plot is the probability of
success. [0019] FIG 7 shows the plots of r Nunber of
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e e R
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e e S S Pt DSRS0 285 e

pertalsO th| s application in order to nore fully describe
the state of art to which this invention pertains.
[002D022] THe presewninvemi@nipiondgr e\bydes: an@yscttbcmd amd identifies a

e e e P S eb L FsC MR 48 SheE S aeBec o search
a th8&RFicdl M8 s Esaarneﬁh@aésel\@ @1&ﬁﬁﬁlbmlﬁail@£%$@e&ﬂes&kith substantially
possi bl e chem cal nolecules with substantially the

the $ame w2 ratig.i of hlsrmpsroapbrro@kﬁs ﬁhakmlqhhsn@é)é-’r & quantum Grover
oGP i SREHD Lo BhRE! Gael b gt chemic
moleduled)étmiscialbe appreciated that the applications of the present invention is not so
limited.

[0023] A typical experimental mass spectrum E — MS contains two types of m/z
ratio data: experimental noise mass spectra n - MS and fragment mass spectra £~ MS. In
the conventional searches afore-described, £ - MS is used to search a big pool of possible
theoretical mass spectra as shown in FIG 1. However, the experimental noise mass spectra
n — MS component will be detrimental to the search because they are highly unlikely
matched with any theoretical mass spectrum.

[0024] In order to find a better method for searching MS spectra, the inventor of
the present invention discovered that it was feasible to use each member of a theoretical
MS spectrum database to search an experimental MS spectrum as shown in FIG 2, and it
can be implemented using quantum computation. This approach reduces the register size
needed to form the searchable database and it also allows distributed quantum computation

to be carried out in parallel, resulting in increased speeds for searches. More importantly,



nol ecules, it is to be appreciated that the
applications of the present invention is not so
limted. [0023] A typical experinmental mass spectrumE
- M5 contains two types of ngz ratio data:
experinmental noise mass spectra n - M5 and fragnent
SS spectra.f - . J.n the conventional se c_e .
as RS RuRE St brpinatier. g 19 SR Sl o8 i o it eppliation
of @lanRASStBIeRalgbRgRf etical mass spectra as shown in FIG
. However, the experinental noise mass spectra n -
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cle@%@g Wth@%gﬁ%@ eﬁe{cgl?ll?att I{M@ Iﬁgl&k Eoume %ge%élﬂgvmﬂén"? ﬁtli"; %%(? assumed
thaiThe® &y o &atetioe ﬁu ¢es; 0,he shegihat ﬁ# 19bzthe 1ﬂzﬁﬁ&£ dletr@nts, and /= 0
formthe searchabl e dat abase and it al so al |l ows

for thegiesti dihesgarghdon amrdsHslanmt beromes apsaighifey avelomentfar which /
= zmg's:oﬁn%otp[ aﬁid%){/e’&rpgsihgsd Q?xésgcﬁdz gg@%ﬁﬁ?ﬁﬁ . e8§ s RERVGNES 7 for each

eleengbmaby ene, vkl 8 ni@her sed isfanth Thahemavésgs WL abhRations of f
for the application of quantum G over, algorithm

are PEERPEYY he MG VETSCagRal EVAIAIORS @F¢ tSABBEd- t oh 4 guapgin computer,
h S6Ey Phys. Rev. Lett., 78:325

the 1%\5(9@5# Br |eeﬁa§1?é?({(:jocr?§?l§8g ‘a search space D cont ai ni ng

[0029] el enmrentver’assaurch Algotithat ubds= Ypewherf elnnanysommtlons and it can

e el enents re resente
Jocgifg otk FErisht EORE SR, G Ao antgacres ol it i gy faster
t
the, . o AP B LTS DLt T pIFBIIEEE, wE LR B d Bubl systom
havpreoiniteinstale of &g,atcsasja)ss yihed,) dfhatuliitbethe egisst $s subj ected to local
cIﬁunctmnf o Such that f =1 for the mark
Ha lwn&l@mfwtwns 617 seswhag ridse. lingarly eBReRPISSA a’fate of all
nt becones a search for an elenent for
COH%E%%H?@A&?H? To solve this problemusing a classical
[ooaypnputer, it needs to evaluate f for each elenent,
one by one, until a marked state is found. Thus on

r I\l/2 eval udt i are necessary and in the
31@}6)5 as Da%ﬁ ngTb}e requi red. Fdi)a quantum
the f una¥i on

conput er, can be eval uated coherently.
[0028] where
N
ff = —=
A |
v 1 -1
[0029] The state is then subjected to a series of inversion and diffusion processes

before measurement. During the inversion stage, the state undergoes the unitary

transformation /=1 - 23%.,,;. as |mi) (mi|, where M = {m1,m2, - - -} are the marked states, and



[0026] Grover's search algorithmuses a sequence of
unitary operations and it can |ocate a marked el enent
using only "N r) coherent queries off which is
indeed faster than the classical conputers. To
descri be the algorithm we consider a quantum system
. avig.initial, state of register _asji) = .0, ... i " .
in (35 0 e e e G e S s reld B iy o o s way,
ELaRd: Bl o b esW LY
the Fli%near |13° ﬁgfjeggfr%xggxggatfﬂgfgftgagl%ﬁs)ﬁ IW'5 cz(n'ém @?_T gﬁ all% basi s:
[00300027] 1THY $darh' dlQorithmO)am iXFfadt-beviéddd %5[ ngirm&rsfcﬁlaﬂproblem.
1 .v2 1 1. [002 The state is en subjected to a
If weedengte the ki‘\&ﬁg?ﬂ%‘ﬁs eV I §nf§) %%r%éggaéélect%éwrked states)
. [ i.Avernsi . t.e .
o o s SO PN o B RN A T TREuoh R IS,
oodtmi ) (ml, where M= (m,n2, - -) are the marked
states, and 7 in the diffusion stage, the state ]
under,gpes the transfo tjion D= -1+42]n) (t]i. In this
vvay,eii"r*"gfffec'%‘f'gtl‘@"}p‘f‘i“‘?‘&? W% Heasurenent after r (2
iterations is j yi,) = (D)" It?) -- Uc' j tl1). [0030]
[003;5518 sear &R g ffel h&'&ligﬁ‘ﬁhé %{?tfe\?)g&ap@s:v' ewed as a

wo- di mensi onal problem enote the k marked

states as veetor _Lm .and the orthogeonal wector :

(unn&‘?'k’éd si? ’aﬁk’éé) rJ?é\'&’sl@irri ]qﬁ'i"f“ﬁ TGt ﬁ‘é%&i' t'o show (4)
that the state at the end of r iterations is given by:

[0033h031] i¥hefe=: cc R*T [m) + sill 0. 1,1;7,.L [0032]
After another_iteration, the state becones: [0033]

where 7) RBafk(/{.Fh = N -- 2k [0034] The probability
of §&E@e§s‘m‘l‘l—l§rj‘eﬁﬁf —GjTem: be given by:
[0034] The probability of success will then be given by:
[0035]
P = {eos(f, — o)) (5)
[0036] Simply put, in the quantum search algorithm, the system s consists of two

distinct states, namely the marked state labeled as Im) and the unmarked state labeled as
[m*). The search algorithm iterates to amplify the probability of success of getting the
marked state from the system. There must be a special function £(s) such that it produces a
1 when it hit a marked state and 0 otherwise.

[0037] The function f'(5) is formed such that if the experimental mass spectrum
matches one of the theoretical mass specirum within a acceptable tolerance of As, then the
function returns 1, 0 otherwise. For very accurate machine, a As of 0.3 Dalton can be used.
[0038] In view of the requirement of two states (marked/unmarked) of a system by
the Grover’s quantum search algorithm, a typical experimental mass spectrum £ — MS with
experimental noise mass spectra # - MS and fragment mass spectra f— MS as discussed

above satisfies this requirement perfectly. In one embodiment, the fragment mass spectra f



[0035] [0036] Sinply put, in the quantum search

algorithm the systems consists of two distinct

states, nanely the marked state | abeled as I n) and

the unmarked state | abeled a Im). The search

algorithmiterates to an‘pl ify the probability of

ccess o tti t he rked state fromthe system
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as di scussed above Satisfies this requlremen

tovmrkf ectly. In one enbodi nent, the fragmsnt mass

ectra ned a ked state
00 *ana. PhPISEbERCHRI RN ot & Eriv i B e royg, which
are WYRrAQdo shatie ifbnkity Ee%pt@&tvtewel T’ablc{ @@ﬁ@d/s tl@w@ fnas$ HRctrum in
G over's quantum search algorithmstill cannot be

plaigt ey t‘jmrfabr wake lystappl isedwort thespreetrsotie Pfﬁldlldeowamf)alton The
sec@&?ldﬁ ;& FAlE%hé mr/]Q ?a dogtlggagtslfrrigtfsegnrcélgaq or Ctll% a—s%,@ shown in

Tabd:@mﬁis M\ﬂld\?hl d‘l fﬁ’lﬁteh ecﬁlh pepa@sirgfmert e @k lf@i&iwﬁ@%ﬁinﬁ@amd sequence:
t he C{Nantum register is formed with equal
MT&QE&EQIDH QWRensity and equal quantum bit distance

[oowger eas tetb?e TBAS gﬁ%m sgeac\!r%gldfnfﬂtﬁtta&%Hta?ns' ties

and different there is

[Q0AGKAA X ypi cal experinmental mass spectrumE - MSis
gt}}\qun]lpggm rows, which are the niz ratio and the
ﬁt\qgﬁﬂ ty 1 6§spect ively. Table 1 shows a sinple nass

ctr.u _plain text format. The first rowis
%ES\H g tgnw ecursor's peptide mass Dal ton. The

§éédr—1~d'4r:oi3\ﬂt}hwar ds are the mz ratios in an
BRHGridmam abgorder. The E - MS shown in Table 1 is

K@g\q/qgt;o:, mgeh to a peptide fragment with the
f,)% }Q%ngl%g no aci d sequence:
361208535714
$76,2550 §.1429
4892569 148571
5125115 33333
5452774 6.0476
S82.2336 2.1905
STO2354 2,1905

[0042] The theoretical mass spectrum can be predicted using some of the known
tools or through simple calculation. For example, tools from InsilicoSpectro

(http://insilicospectro. vital-it.ch/) provide perl scripts fragmentatorHome.pl to predict the




MIDQEAI QDLWQANR. [ 0041] 'fable 1. A sinple nmass
spectrumin plain text format 1818.96312 . 86.1121.

2.2857 175.1481 8.19055 205.1 1.97 2.1905 244.1234
5.3333 347.1403 3.1905 34&31497 3.1905 356.1350
3.1905 36 1,21.055 3.5714 476.2550 8.1429 489. 2869

N STRCERTEER M R ——

prefiiog@s.eti cal mass spectrum can be predicted using some
of the known tools or through sinple calculation. For
0043t anpl e, Talde|2s Prediptetl HsidnewBpecmass spectra of the peptide sequence:

L Rr AL Qsidicospectro. vital -it.ch/) provide perl

N”§g§¢§¥é6#9§% tatorHonme.pl to predict the 9

[ooddpeoreti cal fragnentation spectra. Table 2 shows the
result of such fragnentation prediction. [0043] Table

2. Predicted fragnentation mass_spectra of the peptide
R B TN S L

seq,enge: MT

Lo fypny ' B . R
§%=1313, ' 35705F T O ® T B

S TIZIN FABAL AR s051E MDE TER3D DITM0 103243 114551 135150 1480 .45 184573

y L6BEE0 5B T0 1475 13 67 121563 114450 103151 S0345 TEEAD £75 43006 10 1790
[0045] The predicted spectra for b and y types ions are put together and sorted in

ascending order and for the theoretical mass spectra (a total of 25 of tem) as shown in
Table 3.

[0046] Table 3. List of predicted spectra in ascending order of
MTDQEAIQDLWQWR

[0047]



Eon iln T, Lei 7 19 47 L+ Al <9 1) L \1r QwR 11
233.74 343.12 476.15 6u5.2'2 676.226 2& 35

9)7.4011: 3243 11:55113. 1. _? 1459 AS1EA 23 v 1688.5')
15871 147;1.73 1X14.67 1215.,63 1144.59 123151 ?5345
72842 67534 40926 361. 20 17gl12' [ 0045] The predicted
spectra for b and y types_j are put together and

sorted in ascending ordg¢r1andl for the theoretica
mass spectra (a total of |2540f ten) as shown in Table
3. [0046] Table 3. List ¢f ¢ icted spectra in
ascendi ng order of NWDCEA? [0047] 10 175.1
233.1 348.1 361.2 476)|236U&9.3 605.2 675.3 676.3
788.4 789.4 903.5 917}447d@32 1032 1145 1146
1216 48093
G60R 2
6753
G763
7884
789.4
903.6
917.4
1032
1032
1145
1146
1216
1332
1345
1460
1473
1688
1646
1669
[0048] The mass spectra from a real mass spectrometry for
MTDQEAIQDLWQWR contain 60 peaks as shown in Table 4.
[0049] Table 4 shows the real spectra readings from a mass spectrometry,
[0050]
I 1618.9631 2
1 861121 22867
2 175.1481  8.1908
3 2051197 2.1905
4 2441234 53333
& 3471403  3.1908
B 348.1497 318908
7 356,135  3.1908
8 361.20655 35714
g A7B.266  8.1429
1a 489 2859 148571



1332 1345 1460 1473 1588 1646 1689 [0048] The
mass spectra froma real mass spectronetry for
MIDQEAI QDLWQAR cont ai n 60 peaks as shown in Table 4.
[ 0049] Table 4 shows the rea1 spectra readi ngs froma
mass spectronetry. [0050] 6)1818. 9631 2 1 86.1121
2.2857 2 175.1481 8.1905 3 205. 1197 2.1905 4
(005444, 1234 5.3333 5 347.1403 3.1905 6 348.1497 3.1905

7 356 135 <2055 3.5714 9 476.255 8. 1429
10 459 2868511223 1di‘§%5[ 0051] 11 512.3115 3.3333 12

545. 7774 6. BT %1368%752336 2.1905 14 570.2354
2. 19b% 5E223368 21808
14 E70.2354 2.1905
15 571.2495 31905
16 RAT.21684 H.28R7
17 BAR 3609 14288
18 GOR.2498 G.2857
13 G41.2842 5.0475
20 B44 3386 209572
21 BEA.3338 58571
29 EED.2545 3.1906
23 BTE4128  9.1429
24 E78.3542 13,0952
25 577.3266 3.1905
26 TES.37E6  2.381
27 7a5.4037 31005 M 92504 1.1429
£8 7884521 41905 45 9155162 2.1905
28 7aa 6041 12 7R19 4 1014 0447 B.1806
30 7003947 34782 W 1031.6252 14,3333
31 701421 21005 98 1032.65607 128571
32 901.6813 28571 49 1033.6262 7
23 an3.4973  sanag o0 1033.8372 24285
24 an4.56272 97819 B 11447045 10.1905
35 500,9626 876815 52 1145516  3.1905
S 9101725 102857 B3 1146.6868  7.1429
37 910.4973 612857 94 1148651  2.1905
38 910.9582 45381 55 1190.7378  2.1905
39 9114802 374286 o6 12166304 4.2887
40 911 7208 79048 &7 1216.6634 T.0852
4 911853 60952 5O 12184341 21429
42 12 005 17 58 12367608 2.1905
43 9123878 45048 G0 13448064 40952
[0052] The data shown in Tables 3 and 4 are plotted in one graphic as shown in

FIG 3. From here, we can observe visually the matched m/z ratio and the unmatched m/z
ratio. There are in fact only 17 matched m/z ratios, these ratio are listed in Table 5.

[0053] As seen from the data of Tables 3 and 4, the real mass spectra fail to match
the predicted mass spectra perfectly. The discrepancy may be derived from many factors

including instrumentation and the peptide itself. Therefore, the function f(s) is formed



15 571. 2495 3.1905 16 587.2164 5.2857 17 588. 3699

14288 18 805. 2498 8.2857 19 641.2842 5.0476 20

648. 3386 2.0952 21 85%.3339 5.8571 22 859. 2545

3.1905 23 675.4128 9. 1429 %4 876. 3542 13.0952 25

677.3265 3.1905 26 756.375672.381 27 786.4037 3.1905

44 9%%.504 1,1429 28 788.4521 4.1905 4 915.516F
such theg githe sypergyenip amasy spesrign wgtepes anasof the ghepagitral rgss spectrum

(s 3 7 . 7 . ! 1

witfH St dpcinld 16%rdhle b BER%NS dyndidy et D ord diherwise. In this

exalPB3 23367 073 D3BorP93stD73 5. 9048 50 1033. 8372 2. 4288
34 904.5272 9.7619 51 1144,7045 10.1905 35 909. 9626
[005385. 7619 &9 distussed 1aboze.1thgsGrayer’s Kantps sqgch gbpprghm requires a

bGP ON 7085 63 e S AU D R 4 g0 Tabl 4 has

onl P40 sAR02. I6.f4288 dalbAse ke GB0H=2", ABSTnallt Akibe? 206 is 6, then N =
2.9048 57, 1216.6534 7.0952 41 911.863 6.0952 58 |,
64, poneg upidling afxbgioryspegitp IpPpligd tsge 1D 34057 pregably Mg values that

are smaller then the smallest amino acid, in the range less than 50 Dalton. That forms the
first “database” to be scarched by the theoretical m/z ratio f - MS, which has a maximum of
25 spectra.

[0055] For simplicity, we now form a vector consisting the first 4 padding spectra
and the 60 experimental spectra, as shown below:

[0056]

Iﬁf} 2 [ S S S5 ]

[0057] In our simulation, we also know that by applying f (s), the following
theoretical spectra are found (with ID from the F - MS identified) within the As set earlier,
New IDs are created using spectra found in Table 4, with additional 4 zero-padding spectra
inserted at the beginning of the list, making the first E - MS starts at ID = 4 and the last ID
be 63. The simulated search results are shown in Table 5.

[0058] Table 5. Theoretical mass spectra with matching ID, giving the f(s) = 1 for

the simulated search



43 912. 3879 4.9048 60 1344.8964 4.0952 [0052] The data
shown in Tables 3 and 4 are plotted in one graphic as
shown in FIG 3. From here, we can observe visually
the matched nmz ratio and thg unmatched nfz ratio.
There are in fact only 17 matched niz ratios, these
ratio are listed |n Tabl e 5. [0053] As seen fron1the
dat es 3 any 21 to

eo’bﬁ"r’fﬂ/' TR 1@55 erived from nﬁf\@ factors
i ncludi Mg st runment ati on and the peptide itself.
Thert of & 1 he3’r1%gt| on 1 (s) I's gekymed 12 such tjhat

ift i _ ) he

t ol eran‘b@ A& 148/ en the functi d? Beturns 1. or 0
ot hefy Wi g odin {ilesg 1) exanple, a Aszefi0.3 Dalton ig

used TAISE SCUSSEd aboVeE, of M. OVer ' s quarit um
As for &1 i ' b 23 in
Table 45 dBlEEBI0 spectra. To2f ¢24h a dat abase di ze
of N = #ZgdiRe s,n@ggest nunber fotqppdis 6, then N =
64, [eng 'Y O 2 NOT € SPELT 'S applTead 110

t he r

t hen an
50 O

search%¢w1 the Jagoretical nfz ga 47(;3 t - M5, wnigh
has EE" T |||1 e spectTa {0 . STTpTTCT Y,

V\B aa vilava - a¥aVala - a¥a g
speci r Hl 4ol t"ﬁé'gié_e&ar_mm.alﬁmw

beI 0 cnm. 2 &0 s= Ia',,s,,...ssg@@]_[OOS?] | n jour
foI | m vve4 f“E.g?"k_now that E’VEQ@QV' ng 1 (s), P?om
t he muw dent i i i i New

Mlod) within the As sot earlior |
| Ds lar 88467t ed.096%Ing spectra foGReBIn Table 4_ with
addi |m_5 zer o-paddi ng spectra _inserted at thg
begi NIAG AT tne THST, nakrng the TTTSt E - VB Stgrts

at | |pes—d—eihe—t-tre—tfest—-B—be—63—Fhe—sH-ated—sdar ch
res M houn S0 Tabhle 5 [ 00581 "Tahle 5

Thedr etd4daly nass sPlectra with nat chi ng I D, giving|the
NE B i

[0059] Now there is provided a more detailed description of the application of the
Grover’s quantum search algorithm to the search of mass spectra using the databases
constructed according to the principles discussed above.

[0060] The basic operation of the Grover’s quantum search algorithm has been
described earlier. The probability of success is then measured using the final state, where
the sum of the probabilities of the experimental spectra matching IDs is calculated. A
threshold can then be set by users to accept the search results or reject them. In an ideal

case, the probability of success is equal to one at the optimal r iteration. Theoretically, the

Al'
sy

optimal iteration to achieve the best search result is given by , where j refers to the



the sinulated search 13 M Intensi New ID Q0 i lal ID
176.12 8.190E 5(2) 233.1 0 - 348.1 3.190 E 9(6) 361.
3.5714 11 (8 476.181 8.1429 12(9) 489.2 14.8571
13(10) 605.2'" 6.2857 21 (1%% 675.3 9.142 26(23)
676.2 13. 0952 27(24) 788.4 4.1906 31 (28) 789.3E

2.7 903, 4
ke S8 hro 25 BB i B 23be St e

siaiééc(a’i_’x]a)lso ge]é%uﬂecf’us]r@é)th%%iwm %%&a%o% 4. 2857 59(56)
4.0952 63 6 1459.6:. O -

1472}272%_,0( |q5f3@)7 5 0., 164F. l|tfﬁ )(g,;esfs 81 0
(6)

[0061] FIG 4 shows the changes in the amplitude of the states at different iteration
T (N
r. Knowing that N = 64 and j=17, the optimum r is equal to 1 according to Y , hence

it is the best iteration to look at the states. The probability of success with respect to the
number of iteration is shown in FIG 5. It is observed that the maximum value is about 0.8
for j=17 (17 matched out of 25 theoretical spectra).

{0062] Now we look into how the number of match j would affect the probability
of success in the case where N=64. Plot the probability of success versus the number of
mass spectra match as shown in FIG 6. The “--*--*--" plot is the fidelity of the input states
compared to the final states. The “-----"" plot is the probability of success.

[0063] If the probability of success of a qubit is measured to be near certainty (=1)
after the first iteration, then we know that there are at least 12 matches (j=12) in the case
where N=64. This can be used as criterion to accept the query spectra as the good matched
spectra, and rejected those where the probability of success is less than 0.75 at the first
iteration, i.e., we only need one iteration of the quantum search.

[0064] Now we investigate the effect in changing in the database size N, to the
number of match j and the number of minimum iteration needed in each case based on
ro= 7 Jlf: Ina typical tandem mass spectrometry, the number of database N varies from
below 100 spectra to above 1000 spectra. FIG 7 shows the plots of r Number of Iteration
Versus Number of Matched m/z Ratio j. It is observed that the number of iteration needed
decreases as the number of matched m/z ratio j increases.

[0085] While the present invention has been described with reference to particular
embodiments, it will be undersiood that the embodiments are illustrative and that the
invention scope is not so limited. Alternative embodiments of the present invention will
become apparent to those having ordinary skill in the art to which the present invention

pertains. Such alternate embodiments are considered to be encompassed within the spirit



[0059] Now there is provided a nore detail ed
description of the application of the Gover's
guantum search algorithmto the search of nmass spectra
usi ng the dat abases constry ted according to the
princi pl es di scussed above. FOOGO] The basi c operation

of the Grover's quantum search al gorithm has been o

andeeps ohdle BEsEHRVENtivE. pRePEBNELY: Jhcofcopr Of dig Piasertrigpention is
redusi I-nal t t R

deSg}r?o aé’?l t|1'ltléi 2 g%ig?h%élg%p%r(% ?rge%%l g#m g%d:é? r{epll%rr{;ﬁ1l g%cﬁ&% c{&%%“p tion.

is calculated. A threshold can then be set by users

to accept the search results or reject them In an

i deal case, the probability of success is equal to

one at the optimal r iteration. Theoretically, the 71

N optimal iteration to achieve the best search result

is given by , where | refers to the 14 nunber of

mat ched spectra. The fidelity of between the input

spectra states and the final states can also be

cal cul ated using the followi ng equation: F = (e |~

e~jj , Wiere '",1 =1 VrXYrr y (6) [0061] FIG 4

shows the changes in the anplitude of the states at

different iteration ' J r. Knowng that N = 64 and

j =17, the optimumr is equal to 1 according to hence

it is the best iteration to ook at the states. The

probability of success with respect to the nunber of

iteration is shown in FIG5. It is observed that the

maxi mum val ue is about 0.8 forj=17 (17 matched out of

25 theoretical spectra). [0062] Now we | ook into how

t he nunber of match j would affect the probability of

success in the case where N=64. Plot the probability

of success versus the nunber of nass spectra nmatch as

shown in FIG 6. The "--*--*--" plot is the fidelity of

the input states conpared to the final states. The

"----" plot is the probability of success. [0063] If

the probability of success of a qubit is neasured to

be near certainty (=1) after the first iteration,

then we know that there are at |east 12 matches (j=12)

in the case where N=64. This can be used as criterion

to accept the query spectra as the good mat ched



spectra, and rejected those where the probability of
success is less than 0.75 at the first iteration,
i.e., we only need one iteration of the quantum
search. [0064] Now we investigate the effect in
changing in the database size N, to the nunber of
match j and the nunber of m nmumiteration needed in
each case based on r = N. In a typical tandem nmass
spectronetry, the nunber eff g@ajqbase N varies from 4
j below 100 spectra to above 1000 spectra. FIG 7 shows
the plots of r Nunmber of Iteration Versus Nunber of
1 I\/Iat‘ghedcrrsiz R%t%lolja. | 1 é}s observed .that the nunber, of £
C it P RITEH RECHAY® P SHRENEL PSSl SHE RSSO HEPEIRHC Stops of:
M ZoBt@hing 4 schRGrRRAQH meORRRal Widig il B iPiASeR, which represents
i nvention has been described with reference to
an gygetimenabinassepBOHIMETt data pat ofie lcherhisalendién st ood t hat
| AT OB T b BB YAt b Bt e e
stat€ b ehipresaitingof tlidoectiRnesestspbdidadtiyodntad]  becone
apparept to those having ordinary skill in the art to
whi tERstorB I B8 s7arch AvaIR srechpipd! Sy siem foyp sheainitial satedo a final

) . ‘ dovi L hi
staufe % gg%l?ﬁé: zrc'(i%fn?uanﬁ] gﬂ%hgﬁ&ﬁ %4&0?%1%% tﬁ&&%%laﬁ? E&—d%@%rﬁl{l& number of

cope o e present ven
timedccordi ngly, the scope of the present invention is

descri bed by the ended cl.ai and i s supported hy

t haorsr g6t EsE N roReg oA The WHER skuset Yach targe
quaBLC te8Rineeal Yy ferfl W R RED 6 8S T O, mS@alichl 8588 F at the final state;

conprising the steps of: obtaining a search quantum

andprechani cal systemin an initial state, which

represents n _experimental .nass spectr tr at g, set

o 5 e P el R Gt e piRGS sE R aRrey | pit S Fomputed
protbiity eRed¥Re haRd-gatmiNat ®dhol@ach defining a target

state and representing a theoretical mass spectronetry

data set; transform ng the search quantum nmechani ca

2. 2 ggh}%{%g&g%&%??h%% nél%Lm §t g&éll%regrﬁ) éh% sfeifi{]&ﬁ:qtuﬁlztﬁlgt %e%}licgl system

uan ant orl
at ther Bndl ataes poadledd theitdrget sefte of iateget G@INAMA inf@hanical system, when at
respectively the probahility of reaching the target
leastpng %lexélpnteﬂa%the pyipeég@entai mass spectrometry data set matches one element of
the theoretical mass spectrometry data set corresponding to said target guantum

mechanical system, with a pre-determined tolerance.

3. The process according to claim 1, wherein the quantum mechanical algorithm is

Grover’s iteration,

4. The process according to claim 3, wherein the process further comprises the step
of:
padding the experimental mass spectrometry data set with extra spectra so that the

total number of spectra therein equals to 2", wherein n is an integer.



guant um nechani cal system by the search quantum

mechani cal systemat the final state; and selecting

any target quantum nmechanical systemin relation to

whi ch the conmputed probability exceeds a

pre-determ ned threshold. 2. The process according to

claim1l, wherein the search guantum nechani cal system

at the final state reaches the target state of a
5. targgd F%@é&t HOABEDANIGRL ASYHERI SR, Blios bEAR! @B pectra are

el enent of the experinmental mass spectronetry data set
confiigtiidde beter shahennhatoh any kgectriososfahé thabretied snass spectrometry data
Setsspe(:trorretry data set corresponding to said target

guantum mnechani cal system w th a pre-determn ned

tol erance. 3. The process according to claiml,

wherei n the quantum nechanical algorithmis Gover's
6. i t el prvgessqpccadimgpioadassS.avberci thg n/a refics ofi Xfra spectra are less

eln the.process further conprises the step of:
tha%&%&?%%etsﬁl@u XTI al mass spectronetry data set
Wth extra spectra so that the total nunber of

spectra therein equals to 2", wherein n is an integer.
7. 17 The propess peesedivs (@ elabn di wheretn GF gkparimenii arass spectiemetry data

has Beén f‘iﬁ&lje?%o %fmm%ﬁ%tsé&usdpectra are configured to be
too small 't ch any s

o mat pectrum of the theoretica

mass spectronetry data sets. 6. The process according

to.gclaimb5, wherein the z ratjos of extra spectra . .
8. ar elhorgcesspasPrmgrio slalind WhatprgBe Pairisigrypsqnumbergfdimes is
oneProcess according to claim3, wherein the experinental

mass spectrometry data has been filtered to renove

noi se spectra. 8. The process according to claim 3,

wherein the presdetermneqd nunber. of tines.is,  one. 9.
9. Thel 5 BobSs BiEURGI GRS o1 HhEmh® prret bR resRold s at least
0.7pre-determned threshold is at least 0.75. 10. The

process according to any one of the preceding clains,

wherein the chem cal

10.  The process according to any one of the preceding claims, wherein the chemical

entity is polypeptide.

11. A quantum processor readable storage medium containing instructions executable
by a quantum processor, the instructions when executed performing the process according

to any one of the preceding claims.

12. A system comprising:

a quantum processor; and

a storage medium containing instructions readable and executable by the quantum
processor, wherein the instructions when executed, are operable to perform the process

according to any one of Claims 1-10.



entity is polypeptide. 11. A quantum processor
readabl e storage nmedi um contai ni ng instructions
execut able by a quantum processor, the instructions
when executed perform ng the process according to any
one of the preceding clains. 12. A system conpri sing:
a quantum processor; and a ¥t orage nedi um cont ai ni ng
i nstructions readabl e and executabl e by the quantum
SYISNTaRMSSEND, MBTIH@DIF ORMIASSI SRICC TROMBITRY BACCAISEARGHEUSING
operable to erforn1the Erocess according to any one
of C ains M
SPECTROVETRY DATA SEARCH USI NG ADAPTED QUANTUM GROVER
ALGORI THM ABSTRACT The present invention provides a
system and net hod for seABSHIRWCEN experi nental mass
spectronetry spectrumof a chemcal entity using
i ndi vi dual nenbers of a theoretical mnass spectronetry
dat aRasR s dvenoy hf&vﬁfé@%@g&e&%d%&gg F(ﬁ"@ 3 an experimental
spectrumof the <chemcal éntity so that t % 9
magyf spedieora¢tenspeatrue i iatchemanl bﬂitjf deng ilridleduiiynamlmdns of a theoretical

esent invention further proyides the
mag e lameln SRR Bateenll SoRatn HeapsoBiey 5 Phrimm of the
cheb@cdl Ratigemrdht thEldensity of the chemical entity can be identified by such search.
The present invention further provides the application of the adapted quantum Grover

algorithm to the search.

FIG 2



