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ABSTRACT
A METHOD OF DETERMINING PEPTIDE SEQUENCES BY MASS

SPECTROMETRY

—

A method of determining the sequence of amino acids

that constitute peptides, polypeptides or proteilns by
mass spectrometry and especially by tandem mass
spectrometry is disclosed without the use of any
additional data concerning the nature of the peptide and
without any limit to the number of possible sequences

considered. The method can be implemented on a personal

computer typically used for data acquisition on the

randem mass spectrometer even in the case of peptides

{1

comprising 10 or more amino acids. The method does nof

rely on exhaustive comparison of the spectra predicted

from every possible amino acid sequence with any

molecular weight constraint, but instead uses

nathematical techniques to simulate the effect of such a
complete search without actually carrying 1t out.
[Fig. 1]
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A method of determining Peptide Sequences by Mass Spectrometry

This invention relates to methods of determining the sequence of amino acids that
constitute peptides, polypeptides or proteins by mass spectrometry and especially by
tandem mass spectrometry or MS/MS. In particular it relates to methods whereby the
sequence can be determined from the mass spectral data alone and which do not
require the use of existing libraries of protein sequence information. Methods
according to the invention require no information concerning the nature of the peptide
other than a library of the amino acid residues that may occur in proteins weighted

according to natural abundance.

Although several well-established chemical methods for the sequencing of peptides,
polypeptides and proteins are known (for example, the Edman degradation), mass
spectrometric methods are becoming increasingly important in view of their speed and
ease of use. Mass spectrometric methods have been developed to the point at which
they are capable of sequencing peptides in a mixture without any prior chemical
purification or separation, typically using electrospray ionization and tandem mass
spectrometry (MS/MS). For example, see Yates Il (J. Mass Spectrom, 1998 vol. 33
pp. 1-19), Papayannopoulos {(Mass Spectrom. Rev. 1995, vol. 14 pp. 49-73), and Yates
I, McCormack, and Eng (Anal. Chem. 1996 vol. 68 (17) pp. 934A-540A). Thus, in a
typical MS/MS sequencing experiment, molecular ions of a particular peptide are
selected by the first mass analyzer and fragmented by collisions with neutral gas
molecules in a collision cell. The second mass analyzer is then used to record the
fragment ion spectrum that generally contains enough information to allow at least a

partial, and often the complete, sequence to be determined.

Unfortunately, however, the interpretation of the fragment spectra is not
straightforward. Manual interpretation (see, for example, Hunt, Yates Ili. et al. Proc.
Nat. Acad. Sci. USA, 1986, vol. 83 pp 6233-6237 and Papayannc)poulos\, ibid) requires
considerable experience and is time consuming. Consequently, many workers have
developed algorithms and computer programs to automate the process, at least in part.
The nature of the problem, however, is such that none of those so far developed are
able to provide in reasonable time complete sequence information without either
requiring some prior knowledge of the chemical structure of the peptide or merely
identifying likely candidate sequences in existing protein structure databases. The
reason for this will be understood from the following discussion of the nature of the

fragment spectra produced.
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Typically, the fragment spectrum of a peptide comprises peaks belonging to about half
a dozen different ion series each of which correspond to different modes of
fragmentation of the peptide parent ion. Each typically (but not invariably) comprises
peaks representing the loss of successive amino acid residues from the original
peptide ion. Because all but two of the 20 amino acids from which most naturally
occurring proteins are comprised have different masses, it is therefore possible to
establish the sequence of amino acids from the difference in mass of peaks in any
given series which correspond to the successive loss of an amino acid residue from the
original peptide. However, difficulties arise in identifying to which series an ion belongs
and from a variety of ambiguities that can arrive in assigning the peaks, particularly
when certain peaks are either missing or unrecognized. Moreover, other peaks are
typically present in a spectrum due to various more complicated fragmentation or
rearrangement routes, so that direct assignment of ions is fraught with difficulty.
Further, electrospray ionization tends to produce multiply charged ions that appear at
correspondingly rescaled masses, which further complicates the Interpretation of the
spectra. Isotopic clusters also lead to proliferation of peaks in the observed spectra.
Thus, the direct transformation of a mass spectrum to a sequence is only possible in

trivially small peptides.

The reverse route, transforming trial sequences to predicted spectra for comparison
with the observed spectrum, should be easier, but has not been fully developed. The
number of possible sequences for any peptide (20", where n is the number of amino
acids comprised in the peptide) is very large, so the difficuity of finding the correct
sequence for, say, a peptide of a mere 10 amino acids (20" = 10" possible
sequences) will be appreciated. The number of potential sequences increases very
rapidly both with the size of the peptide and with the number (at least 20) of the

residues being considered.

Details of the first computer programs for predicting probable amino acid sequences
from mass spectral data appeared in 1984 (Sakurai, Matsuo, Matsuda. Katakuse,
Biomed. Mass Spectrom, 1984, vol. 11 (8) pp 397-399). This program (PAAS3)
searched through all the amino acid sequences whose molecular weights coincided
with that of the peptide being examined and identified the most probable sequences
with the experimentally observed spectra. Hamm, Wilson and Harvan (CABIOS, 1986

vol. 2 (2) pp 115-118) also developed a similar program.
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However, as pointed out by Ishikawa and Niwa (Biomed. and Environ. Mass Spectrom.
1986, vol. 13 pp 373-380), this approach is limited to peptides not exceeding 800
daltons in view of the computer time required to carry out the search. Parekh et al in
UK patent application 2,325,465 (published November 1998) have resurrected this idea
and give an example of the sequencing of a peptide of 1000 daltons which required 2 x
10° possible Sequences to be searched, but do not specify the computer time required.
Nevertheless, despite the increase in the processing speed of computers between
1984 and 1999, a simple search of all possible sequences for a peptide of molecular
weights greater than 1200 daltons is still impractical in a reasonable time using the
personal computer typically supplied for data processing with most commercial mass
spectrometers.

This problem has long been recognized and many attempts have been made to render
the problem more tractable. For example, the MS/MS spectrum may be correlated with
amino acid sequences derived from a protein database rather than every possible
sequence. Such methods are taught in PCT patent application 95/25281, by Taylor
and Johnson (Rapid Commun. in Mass Spectrom. 1997 vol. 11 pp 1067-1075. by Eng.
McCormack, Yates in J. Am. Mass Spectrom. 1994 vol. 5 pp 976-989. by Figeys, Lock
et al. (Rapid Commun. in Mass Spectrom. 1998 vol. 12 pp 1435-1444), and by Mortz,
O’Connor et al (Proc. Nat. Acid Sci. USA 1996 vol. 93 pp 8264-8267). Alternatively,
MS/MS experiments can be carried out on both the original peptide and a derivative of
it, and the results from both experiments combined to establish at least a partial
sequence without reference to a database. (See, for example, the isotopic labeling
method taught by Shevchenko, Chernushevich et al in Rapid Commun. in Mass
Spectrom, 1997 vol. 11 pp 1015-24. or the esterification method taught by Yates IlI,
Griffin and Hood in Techniques in Protein Chem. I, ch 46 (1991) pp 477-485), and the
Ho/D, exchange method taught by Septov, Issakova et al in Rapid Commun. in Mass
Spectrom. 1993 vol. 7 pp 58-62. Johnson and Walsh (Protein Science, 1992 vol. | pp
1083-1091) teach a similar method. combining Edman degradation data and MS/M3S

data.

Of the prior programs which attempt to predict sequence information using only MS/MS
data and without reference to existing databases, a variety of methods have been
suggested to facilitate the prediction of sequence information. Siegel and Bauman
(Blomed. Environ. Mass Spectrom. 1998 vol. 15 pp 333-343) describe an algorithm
which builds up the sequence information stepwise from the mass difference between

neighbouring ions in ion series recognized in the spectrum, but good resuits were
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obtained only with peptides of a few amino acids. Zidarov, Thibault et al. (Biomed. and
Environ. Mass Spectrom, 1990 vol. 19 pp 13-26) proposed an algorithm which first
attempted to derive the amino acid composition of the peptide from molecular weight
and isotopic ratio data, and subsequently to sequence the peptide using a stepwise
approach considering all possible sequences for the amino acids so identified. The
program SEQPEP (Johnson and Biemann, Biomed and Environ. Mass Spectros. 1989
vol. 18 pp 945-957) identified short sub-sequences of amino acids in a peptide and
then extended the sequence outwards from the ends of the sequence, attempting to
correlate other peaks in the spectra with more amino acid residues, until the molecular
weight of the peptide was reached. Bartels (Biomed. and Environ. Mass Spectrom,
1990 vol. 19 pp 363-368) recognized this search strategy as a problem in graph theory,
and the method was further developed by Fernandez-de-Cossio et al (CABIOS, 1995
vol. 11 (4) pp 427-434). These methods calculated a score for trial sequences based
on the number of peaks in the experimental spectrum that they fit. Unfortunately,
peptides fragment in idiosyncratic fashion, and global scores such as theirs do not
perform well. Hines, Falik, et al (J. Am. Soc. Mass Spectrom 1992 vol. 3 pp 326-336)
have described a sequencing program which uses pattern recognition techniques to
identify groups of peaks in an observed spectrum and subsequently to predict the
amino acid sequence. Delgada and Pulfer (J. Chem. Inf. Computer Sci. 1993 vol. 33 pp
332-337) describe a similar pattern recognition algorithm which uses learning machine
techniques, also applied to observed spectra. Scarberry, Zhang and Knapp (J. Am.
Soc. Mass Spectrom, 1995 vol. 6 pp 936-946) report the application of artificial neural
networks to classify the peaks in observed peptide MS/MS spectra followed by

sequence determination of the series of peaks so identified.

The following difficulties are inherent in these prior sequencing algorithms. Those that
are limited to searching existing databases to identify a peptide or protein will clearly
fail if the sequence is in fact unknown at the time. Those that attempt to sequence in a
stepwise manner will fail if the spectrum does not contain a significant peak at a mass
corresponding to a particular amino acid loss, and the likelihood of this increases
rapidly as the number of amino acids comprised in the peptide increases. Those that
require the analysis of derivatives of the peptides to resolve ambiguities are clearly less
desirable than those which purport to provide the sequence without such derivatives.
Those that eliminate groups of possible sequences early on in the sequencing process
on the basis of a single test in order to rapidly reduce the number of possibilities to a
more manageable level frequently fail to suggest even a low probability for the correct

sequence because it has been incorrectly eliminated due to failure of that test. This

.....................
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may arise due to an incorrect assignment of a peak to a series. a smaller than
expected peak intensity, or slightly inaccurate mass measurement. Those that require
additional information, such as a partial sequence, will fail if that information is in fact
incorrect or unavailable. Those that attempt to recognize patterns in the observed data
are heavily dependent on a precise understanding of the fragmentation mechanisms
which determine the nature of the spectrum, and the complexity of the processes
involved is such that universally applicabie rules cannot at present be formulated.
Thus, the resurrection in GB 2,325,465 of the “de-novo” approach of Sakurai et al.
Ishikawa, et al and Hamm et al (ibid.) whereby all possible sequences are compared
with the observed data without eliminating any possibilities nor relying on a machine
interpretation of chemical rules is clearly desirable. However, GB 2,325,465 does not

advance the art in practice and merely restates the earlier techniques.

Thus, there is no prior teaching of a “de-novo” peptide sequencing method for MS/MS
spectra which is capable of handling the data from peptides of more than about ten
amino acids. Full searches take too long on the computer typically used to process

data generated by the mass spectrometer used to obtain the MS/MS data

It is an object of the present invention to provide a method of sequencing a peptide
either individually or comprised in a mixture of peptides, by tandem mass spectrometry
without the use of any additional data concerning the nature of the peptide and without
any imit to the number of possible sequences considered. Itis a further object to
provide such a method which can be implemented on a personal computer typically
used for data acquisition on the tandem mass spectrometer, even in the case of
peptides comprising 10 or more amino acids. It is another object to provide such a
method which does not rely on exhaustive comparison of the spectra predicted from
every possible amino acid sequence consistent with any molecular weight constraint,
but instead uses mathematical techniques to simulate the effect of such a complete

search without actually carrying it out.

In accordance with these objectives the invention provides a method of identifying the
most likely amino acid sequences which would account for a mass spectrum obtained
from a peptide of unknown sequence, said method comprising the steps of

a) Producing a processable mass spectrum from said peptide;

b) Choosing a limited number of trial amino-acid sequences which are consistent with

a prior probability distribution:

........
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c) lteratively modifying said trial sequences through a terminated Markov Chain Monte
Carlo (MCMC) algorithm to generate new trial sequences, using at each stage
modifications which lie within said prior probability distribution, Calculating the
probability of each of said trial sequences accounting for said processable mass
spectrum, and accepting or rejecting each of said trial sequences according to said
probability and the mathematical principle of detailed balance.

In preferred methods, the probability of a particular trial sequence accounting for the
processable mass spectrum is estimated using Bayes’ theorem. A prior probability is
assigned to the sequence and is multiplied by a likelihood factor that reflects the
degree of agreement between a spectrum predicted for that sequence and the

processable mass spectrum. This process is represented by the equation

Probability (trial sequence AND processable spectrum) =
Prior (trial sequence) x Probability (processable spectrum GIVEN trial sequence)

Conveniently, the term

Prior (trial sequence)

may be determined from the natural (or other) abundance of each of the amino acid

residues comprised in the trial sequence. The term

Probability (processable spectrum GIVEN trial sequence)

Is the likelihood factor and may be determined using a fragmentation model that sums
probabilistically over all the ways in which a trial sequence might fragment and give rise

to peaks in the processable mass spectrum.

In one preferred embodiment, the limited number of trial amino-acid sequences chaosen
In step b) may comprise about 100 members chosen pseudo-randomly from the prior
probability distribution. This distribution may comprise sequences based on a library of
the 20 most common amino acid residues, but it is within the scope of the invention to
Include less common or presently unknown residues. The distribution embodies rough
preliminary information about the nature of the unknown peptide sample, but its
determination may require only minimal information about the sample. For example, it
may be sufficient that trial sequences chosen from it are chemically plausible and not of

such length that they obviously could not represent the sample. The amino acid
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composition of the sample, if known, may also suffice. In preferred methods, however
the distribution may be constrained by the approximate molecular weight of the sample,

for example within 15 daltons, or most preferably within +0.5 daltons if it is Known

sufficiently accurately. In general, the more constraints that can be placed on the prior
probability distribution, the faster will be the computation and the more tightly
constrained will be the most probable sequences for the unknown peptide.

It will be understood that in the initial stages of the process the trial sequences may
bear little resemblance to the actual sequence of the unknown peptide. In order to
ensure a gentle convergence to the most probable sequences, in further preferred
methods the contribution of the likelihood factor to the probability score may be

controlled by simulated annealing. Typically, the likelihood factor may be raised to a

fractional power which is initially zero and is gradually increased as the algorithm

progresses so that the experimental data is given gradually increasing significance.

A further advantage in the use of simulated annealing is that the algorithm employed
can indicate when a sufficient number of trial sequences have been tested, so that the
generation of trial sequences may be terminated automatically. The simulated
annealing algorithm may itself, on the basis of the probabilities assigned to previously
tested sequences, determine the fractional power to be currently applied to the
likelihood factors of the current trial sequences. Thus in further preferred embodiments
of the invention the generation and testing of new trial sequences is continued until the
simulated annealing algorithm sets to the correct value (unity) the power to which the

likelihood factors are raised.

According to the invention, a Markov Chain Monte Carlo algorithm generates new trial
amino-acid sequences. Use of such an algorithm allows the most probable sequences
to be identified without the need to test every possible sequence of amino acids that

might, for example, account for the observed molecular weight range of the unknown

peptide. In order to achieve maximum efficiency, the changes made to the trial

sequences should preferably be made in a chemically meaningful manner, rather than

purely randomly. Thus, in further preferred embodiments of invention, the Markov

Chain Monte Carlo algorithm may modify a trial sequence in at least some, and

preterably all, of the following ways:
a) Reversing a contiguous sub-sequence with randomly chosen end points, for

example a sequence ... ARQEIK ... may be changed to .. KIEQRA. ..
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b) Cycling a contiguous sub-sequence with randomly chosen end points, for example
...ARQEIK ... may be changed to ...QEIKAR. ..

¢) Permuting a contiguous sub-sequence with randomly chosen end points, for
example a sequence ... ARQEIK ... may be changed to ...IQRKAE. ..

d) Replacing a contiguous sub-sequence with randomly chosen end points with
another sub-sequence of approximately the same nominal mass, for example
...NEQ... may be replaced by .. EKGG...

e) Exchanging the C-terminus and N-terminus ends of two sequences to preserve
nominal mass, for example the sequences EKGG-DQCYKR and NEH-YKDQCR
may be changed to NEH-DQCYKR and EKGG-YKDQCR.

It will be appreciated that this list of possible mutations is not exclusive and many
others may be included in the Markov Chain Monte Carlo algorithm. However, to
minimize the danger of the algorithm failing to explore all the regions of high probability
of the trial sequences accounting for the processable mass spectrum, it is desirable
that at least one “genetic algorithm”, as exemplified by the mutation e) above, is
Included. In accordance with the Markov Chain Monte Carlo method. the choice of
which mutations to make to a particular sequence may be determined by a pseudo-
random number generator.

In still further preferred methods, a novel fragmentation model, which sums
probabilistically over all the ways in which a trial sequence might fragment to give rise

to peaks in the processable mass spectrum, is employed. Such a model may be based

on the production of at least two series of ions, the b series (which comprises ions

representing the N-terminal residue of the trial sequence and the loss of C-terminal

amino acid residues), and the y" series (which comprises ions representing the C-

terminal residue and the loss of N-terminal amino acid residues). Each family of ions
behaves as a coherent series, with neighbouring ions likely to be either both present or
both absent. This behaviour may be described by a Markov chain, in which the
probability of an ion being observed is influenced by whether or not its predecessor
was observed. The parameters of the chain may be adjusted to take account of the

proton affinities of the residues and their physical bond strengths. The fragmentation

model may be refined by including other ion series, particularly the a series (b ions
which have lost CO), the z" series (" ions which have lost NH5), and the more

general loss of NH; or H,0, again taking account of the probability of the chemical
processes involved. Immonium ions equivalent to the loss of CO and H from the

various amino acid residues may also be included. Further, the fragmentation model
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may comprise the generation of sub-sequences of amino acids, that is, sequences that
begin and end at amino acid residues internal to the unknown peptide. It will be
appreciated that the more realistic is the fragmentation model, the better will be the
accuracy and speed of the computation of the most probable sequences. It is therefore
envisaged that different fragmentation models may be employed if advances are made
In understanding the chemical mechanism by which the mass spectrum of the peptide
IS produced.

Using Markov chains to model the fragmentation process allows the sum over all the
possible fragmentation patterns to be calculated in linear time (ie, in a time proportional
to the number of amino acid residues in the peptide) rather than in a time proportional
to the exponentially large number of fragmentation patterns themselves. This allows
the time taken for the prediction of the most probable sequences to be reduced to a
practical value (that is, a minute or so), even for peptides of 10 or more amino acids,
using a typical personal computer. However. it will be appreciated that the invention is
not limited to the particular fragmentation model described above. but includes any
probabilistic fragmentation model that can be integrated computationally in polynomial

time. The result of applying such a model is a probabilistic likelihood factor

Probability(processable spectrum GIVEN trial sequence)

that can be used in the Markov Chain Monte Carlo algorithm.

Although in certain simple cases the processable mass spectrum may simply be the
observed mass spectrum, it is generally preferable to convert the observed spectrum
into a more suitable form before attempting to sequence the peptide. Preferably, the
processable spectrum is obtained by converting multiply-charged ions and Isotopic
clusters of ions to a single intensity value at the mass-to-charge ratio corresponding to
a singly-charged ion of the lowest mass isotope, and calculating an uncertainty value
for the actual mass and the probability that a peak at that mass-to-charge ratio has
actually been observed. Conveniently, the uncertainty value of a peak may be based
on the standard deviation of a Gaussian peak representing the processed peak and the
probability that a peak is actually observed may be related to the signal-to-noise ratio of
the peak in the observed spectrum. The program “MaxEnt3™” available from
Micromass UK Ltd. may be used to produce the processable spectrum from an

observed spectrum.
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It will be appreciated that a fragmentation model as described may be used to calculate
the probability of any trial sequence of amino acids accounting for a given mass
spectrum, irrespective of how that trial sequence has been derived. Viewed from
another aspect, therefore, the invention comprises a method of calculating the
probability that an experimentally determined mass spectrum of a peptlide or a similar
molecule may be accounted for by a given sequence of amino acids by the use of a
fragmentation model which sums probabilistically over all the ways that said given
sequence might fragment. Preferably, the fragmentation model may model the
fragmentation of the sequence by means of Markov chains in the manner described
above. Also preferably, the experimentally determined mass spectrum is a

processable spectrum, obtained in the manner described above.. For example, a
fragmentation model according to the invention may be used to calculate the probability
of amino acid sequences comprised in an existing protein or peptide database
accounting for an experimentally observed mass spectrum of a peptide. In this way the
peptide, and/or the protein from which it is derived, may be identified. Conveniently, in

such a method, only sequences or partial sequences having a molecular weight in a

given range are selected from the database for input to the fragmentation model.

In order to carry out the methods of the invention a sample comprising one or more
unknown peptides may be introduced into a tandem mass spectrometer and ionized
using electrospray ionization. The molecular weights of the unknown peptides may
typically be determined by observing the molecular ion groups of peaks in a mass
spectrum of the sample. The first analyzer of the tandem mass spectrometer may then
be set to transmit the molecular ion group of peaks corresponding to one of the
unknown peptides to a collision cell, in which the molecular ions are fragmented by
collision with neutral gas molecules. The second mass analyzer of the tandem mass

spectrometer may then be used to record an observed fragmentation mass spectrum of

- the peptide. A processable mass spectrum may then be derived from the observed

spectrum using suitable computer software, as explained. If the sample comprises a
mixture of peptides, for example as might be produced by a tryptic digest of a protein,
further peptides may be analyzed by selecting the appropriate molecular ion group

using the first mass analyzer.

Viewed from another aspect the invention provides apparatus for identifying the most
likely sequences of amino acids in an unknown peptide, said apparatus comprising 4
mass spectrometer for generating a mass spectrum of a said unknown peptide and

data processing means programmed to:
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a) Process data generated by said mass spectrometer to produce a processable mass

spectrum;

b) Choose a limited number of trial amino acid sequences that are consistent with 3
prior probability distribution:

c) lteratively modify said trial sequences through a terminated Markov Chain Monte
Carlo algorithm to generate further trial sequences which are consistent with said
prior probability distribution, to calculate the probability of each of said trial
sequences accounting for said processable mass spectrum and to accept or reject

each of said trial sequences according to said probability and the mathematical
principle of detailed balance.

In preferred embodiments, apparatus according to the invention comprises a tandem
mass spectrometer, and most preferably a tandem mass spectrometer that comprises
a Time-of-Flight mass analyzer at least as its final stage. A Time-of-Flight mass
analyzer is preferred because it is generally capable of greater mass measurement
accuracy than a quadrupole analyzer. Preferably also the mass spectrometer

comprises an electrospray ionization source into which an unknown peptide sample
may be introduced.

A preferred method of the invention will now be described in greater detail by reference
to the figures, wherein:

Figure 1 is a schematic drawing of a tandem TOF mass spectrometer suitable for
generating a mass spectrum from an unknown peptide sample;

Figure 2 is a flow chart representing the operation of a method according to the
Invention,;

Figure 3 is a mass spectrum of a tryptic digest of Human Transferrin Precursor
Protein;

Figure 4 Is a fragmentation mass spectrum of the m/z = 864.4 peak in the spectrum
of Figure 3;

Figure S is the spectrum of figure 4 after processing with the program “MaxEnt3™";

Figure 6 is a fragmentation spectrum of the m/z = 815.4 peak in the spectrum of
Figure 3; and

Figure 7 is the spectrum of figure 6 after processing with the program “MaxEnt3™".
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Referring first to figure 1, the principal components of a tandem time-of-flight mass
spectrometer suitable for carrying out methods according to the invention are shown in
schematic form. An unknown peptide sample, or a mixture of such samples, is
Introduced into a capillary 17 comprised in an electrospray ion source generally
indicated by 1. A jet 18 comprising ions characteristic of said peptide is generated in
the source 1, and at least some of these ions pass through an aperture in a sampling
cone 2 into a first evacuated chamber 3. From the chamber 3 the ions pass through an
aperture in a skimmer cone 4 into a second evacuated chamber 5, and are then
transported by means of a hexapole ion quide 6 into a quadrupole mass analyzer 7
disposed in a third evacuated chamber 8.

In a spectrometer of the kind illustrated in figure 1, the molecular weight of 'the peptide
may be determined by using the mass analyzer 7 in a non mass-selective mode while
a mass spectrum of the sample is acquired. Preferably, the molecular weight is
determined to within + 0.5 daltons.

In order to record a fragmentation spectrum of an unknown peptide, the mass analyzer
/ may be set to transmit only the molecular ions of the unknown peptide (or a selected
one of several peptides, if more than one is present in the sample). Molecular ions of
the unknown peptide then pass from the mass analyzer 7 into a hexapole collision cell
9 which contains a collision gas (typically helium or argon) at a pressure between 102
and 10” torr and are fragmented to produce fragment ions which are indicative of the
sequence of the unknown peptide. Typically, these fragment ions include ions formed
by various losses of the amino acid residues from both the C and N termini of the

peptide molecule, as discussed In more detail below.

The fragment ions formed in the collision cell 9 pass into a time-of-flight mass analyzer
generally indicated by 10 via an electrostatic lens 11. In the time-of-flight analyzer 10,
the ions are received Dy an ion-pusher 12 which causes bunches of ions to travel
through a drift region 13 from the pusher to an ion-reflector 14, then back to an ion
detector 15, as shown in figure 1. The mass of the ions is then determined by
measuring the time taken for them to reach the detector 15 relative to the time they
were ejected from the ion-pusher 12. A data acquisition system 16 controls this
process and is programmed to carry out a method of the Invention as discussed below.
The mass range of the entire spectrometer should be at least 2500 daltons and it

should preferably be capable of determining the masses of the fragment ions to at least
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+ 0.5, and preferably + 0.05 daltons. A suitable mass spectrometer is obtainable from
Micromass UK Ltd as the “Q-Tof”.

Referring next to Figure 2, a preferred method according to the invention begins by
acquiring fragmentation mass spectrum of the unknown, peptide using the tandem

mass spectrometer of Figure 1.

The fragmentation spectrum is in practice complicated by the occurrence of multiply-
charged ions and isotopic clusters (that is, several peaks associated with a single ion of
a particular nominal mass consequent upon the natural abundance of different carbon.
hydrogen, oxygen, nitrogen, and sulphur isotopes comprised in the ion). The method is
therefore facilitated by conversion of the raw fragmentation spectrum to a
“processable” spectrum. In such a spectrum, the multiply-charged ions may be
converted to a corresponding singly charged ion at the appropriate nominal mass and
the minor peaks comprised in each isotopic cluster are subsumed into the main peak
representing the parent isotopic variant (i.e. that comprising '?C, '°0, N, 'H, 32S). The
program "MaxEnt3™" available from Micromass UK Ltd. may be used for this purpose,

but other software capable of these operations may be employed.

Itis also preferable to represent each peak in the processable mass spectrum as a
single nominal mass value together with an uncertainty value, for example 512.30
0.05 daltons, rather than as a series of real data points forming an approximately

Gaussian peak as it would appear in the raw spectrum. The program “MaxEnt3™” also

carries out this conversion, but any suitable peak recognition software could be
employed. However, it has been found that the fidelity of the final most probable
sequences predicted by methods according to the invention in strongly dependent on

the range of the masses assigned to the constituent peaks in the processable mass

spectrum. Consequently, both the calibration of the mass scale of the tandem mass

spectrometer and the conversion of the raw peaks to their normal masses and their
uncertainties must be carried out carefully and rigorously. It has been found that the
intensities of the peaks in the fragmentation spectrum have little value in predicting the
sequence of an unknown peptide. Instead of intensities, therefore, the peak
recognition software should calculate a probability that each peak actually has been
detected in the fragmentation spectrum, rather than being due to noise or an interfering

background. The program “MaxEnt3™" is also capable of this operation.
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In order to predict the sequence of the unknown peptide, an initial set of approximately
100 trial sequences is first generated by building them pseudo-randomly according to
the constraints imposed by the prior probability distribution. The sequences comprised
in this initial set are based on pseudo-random combinations of the amino acid residues
comprised in a library and may be assigned probabilities that reflect the natural
abundance of the amino acids concerned. The ibrary typically comprises the 20 most
common amino acids or chemical modifications to the most common acids if desired.

Table 1 lists those amino acids along with their molecular weights.

TABLE 1 - 20 most commonly occurring amino acid residues

Monoisotopic | Natural Abundance

Symbo} _ltlrame Molecular formula MAss (%)
A Alanine CsHsNO 71.037 7.58

R Arginine " CeHioNLO 156.101 516

N T HAsparagir;Le C4H6N2(jz 114.043T 4.45

‘D | Aspartic Acid C4HsNO, 115.027 5.28

C Cysteine CsHsNOS 103.009 1.66

Q | Glutamine | CsHsNO, 128.059 3.97

E Glutamic Acid | CsH/NO;, 129.043 6.37

G | Glycine f  CHNO 57.021 6.84

H Histidine CeH7N,O 137.059 2.25

| Isoleucine CeH1;,NO 113.084 5.81

’ L Leucine CeH41NO 113.084 942
K Lysine CeHioN,0 128.095 5.95
M Methionine CsHgNOS 131.040 2.37
F Phenylalanine |  CgH,NO 147.068 4.09
P | Proine | CsH,NO 97.053 4.90
S | Serine C3HsNO, 87.032 7.12
T Threonine CaHNO, 101.048 5.67
W Tryptophan C11H;0NO 186.079 1.23
Y Tyrosine CoHoNO, 163.063 3.18
Y, Valine CsHoNO 99.068 6.58

The prior probability that is assigned to each trial sequence is calculated by multiplying

the probabilities (which must always lie in the range 0 <p < 1) of each of the amino
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acids in the sequences, for example, the sequence ETDDCQ would be assigned a
prior probability of

0.0637 x 0.0567 x 0.0528 x 0.0528 x 0.166 x 0.0397 = 6.63 x 10°°
on the basis of the natural abundance shown in table 1.

The initial set of the trial sequences is additionally constrained by the molecular weight
of the peptide that is known from the mass spectrum produced by the first mass
analyzer (Figure 1). In order to limit the trial sequences to a given molecular weight
window (typically + 0.5 daltons), a sub-library of pre-computed partial sequences
having different molecular weights < 700 daltons is first prepared and indexed
according to the molecular weight. Trial sequences are then randomly built up residue
by residue until the sum of the molecular weights differs by less then 700 daltons from
molecular weight of the unknown peptide. The trial sequence is then completed by one
of the pre-computed sequences whose molecular weight is approximately equal to the
difference between the partially completed sequence and that of the peptide. As a
further refinement, the entire trial sequence may then be pseudo-randomly permuted in

order to minimize bias against a heavy residue such as tryptophan at the end of the

sequence.

The next stage of the method is to compare each of the trial sequences with the

processable spectrum and calculate a probability that each sequence accounts for the

spectrum using Bayes’ theorem. As explained, this is done by multiplying the prior

probability as calculated above by a likelihood factor which reflects the actual degree of

' agreement between a spectrum predicted from the trial sequence and the processable

spectrum, that is:

Probability (trial sequence, processable spectrum) =

Prior (trial sequence) x Probability (processable spectrum GIVEN trial sequence)

The latter term is the likelihood factor. Estimation of likelihood factors is discussed in
detall below. New trial sequences are then generated using a Markov Chain Monte
Carlo (MCMC) algorithm and the probability of these sequences is calculated as

described.

The application of MCMC algorithms to experimental scientific data is reviewed by
Skilling in J. Microscopy 1998 vol. 190 (1/2) pp 28-36. In the present invention, use of

such an algorithm simulates the exploration of huge numbers of possible sequences by
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taking the trial sequences and altering them in a pseudo-random manner to generate
new trial sequences. Each of the new sequences so generated must of course fall
within the constraints imposed by the prior probability distribution discussed previously,
particularly as regards molecular weight. A new sequence is accepted if the probability
of a match between a spectrum predicted from it is thereby increased. or possibly
accepted if it is decreased, in accordance with the mathematical principle of detailed
balance which is inherent in all suitable algorithms. Trial sequences with the lowest
probabilities progressively disappear from the computations so that as the algorithm
progresses the probability of particular sequences appearing in the computation
evolves to mirror the probability assigned to them by the Bayesian approach outlined
above. The most probable sequences predicted at any stage while the algorithm is
running can be determined by causing the computer running the algorithm to output a
ist of the sequences presently undergoing changes at that time.

The most probable sequences thus identified will eventually correspond to the most
probable sequences for the unknown peptide based on its tandem mass spectrum, and
the algorithm may then be terminated. A more precise way of terminating the MCMC

algorithm is discussed below.

Put another way, as it progresses the algorithm learns to avoid domains of potential
sequences which have low probabilities and comes to diffuse amongst a relatively few
plausible sequences which have high probabilities. MCMC algorithms achieve this
without specifically testing all possible sequences because changes which lead in the
direction of new sequences with lower probabilities are eventually rejected before
extensive modifications to those lower probability sequences (which would result in
sequences of even lower probability) are made. In the present preferred method,
Markov Chains are started from each of the initial set of 100 trial sequences and the
total number of sequences available for alteration is maintained around the 100 figure,
rejecting the lowest probability sequences so generated and concentrating on those of
the highest probability. As the algorithm progresses, therefore, it tends to lose all

memory of the initial set of sequences.

The mathematical details of suitable MCMC algorithms have been given by Hastings,
in Biometrika 1970 vol. 57 pp 97-109, Gelfand and Smith in J. Am. Statis. Assoc. 1990
vol. 85 pp 398-409, Smith in Philos. Trans. R. Soc. London A, 1991 vol. 337 pp 369-
386, Smith and Roberts in J. Royal Statis. Soc. B, 1993 vol. 55 pp 3-23, and Besag
and Green in J. Royal. Statis. Soc. B 1993 vol. 55 pp 25-37.
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In particular, MCMC algorithms incorporating a Metropolis algorithm (Metropolis,
Rosenbluth, Rosenbluth, Teller and Teller, J. Chem. Phys., 1953, vol. 21 pp 1087-
1091) has been found most suitable for use in methods according to the present

invention.

Itis very important for efficient exploration of plausible sequences that the changes
made by the MCMC algorithm are appropriate. Meaningful ways in which a sequence
can be modified have been discussed above. Incorporating these mutations in the
MCMC algorithm has been found to give accurate sequence predictions in most of the
cases tested with less than 5 minutes computation time, but it is within the Scope of the
Invention to incorporate other chemically plausible mutations either to replace some of
the proposed mutations or in addition to them.

In the preferred method, simulated annealing (see, for example, Kirkpatrick, Gelatt,
Vecchi, Science, 1983, vol. 220, pp 671-680 and Aarts, Kost in Simulated Annealing
and Boltzmann Machines, Wiley, New York, 1989) is used to ensure that the MCMC
algorithm converges properly to the most probable sequences. As explained, in
calculating the probability of a trial sequence the likelihood factor is raised to a power
which is initially set to zero and gradually increased to unity as the MCMC algorithm
progresses, thereby gradually increasing the importance of the experimental data from

no significance to maximum significance. The schedule for increasing the fractional

power A Is as follows. Given a current set of N trial sequences with likelihood values

L,....L, , acentral likelihood value L, and an exponent y are defined according to the

equations:-

N
F, =1 where P =max(L - L 0)
=

]

and
N
> Q. =1 where @, =max(L - I ,0)
1=}

After each iterative step of the complete set of N members, one trial sequence Is
deleted from the less likely subset according to the probability () and one sequence

from the more likely subset is duplicated according to probability P . This process is

equivalent to re-weighting the sequences of the original set by factors L7, so that the

parameter A is thereby increased by y to A + y, without further ad hoc device.
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The annealing terminates when A = 1, at which point the experimental data is being

given full significance. The MCMC algorithm may then be terminated and the tria!
sequences under consideration, along with their probabilities, will represent the most

probable sequences for the unknown peptide sample.

In order to calculate the likelihood factors required in the determination of the
probabilities of each trial sequence, a fragmentation model is used which sums
probabilistically over all the ways in which a trial sequence might fragment and give rise
to peaks in the processable mass spectrum. This model should Incorporate as much
chemical knowledge concerning the fragmentation of peptides in the tandem mass
spectrometer as is available at the time it is constructed. A preferred model

Incorporates the production of the following series of ions:-

a) The b series, (ions representing the N-terminal amino acid residues and the loss of

C-terminal amino acid residues);

b) The y” series, (ions representing the C-terminal amino acid residues and the loss
of N-terminal amino acid residues);

c) The a series, (b ions which have lost CO); and

d) =z series, ( y"ions which have lost NH;) ;

e) more general loss of NH; or H,O.

The two main series of ions ( y” and b ) are represented in the preferred fragmentation

model by Markov Chains, one for each series. In each chain. the probability that a

particular ion is observed is dependent on the probability of its predecessor. For

example, principally because of charge location, the observed y” ions in a
fragmentation spectrum tend to form a coherent series starting with y, and usually

continuing for some way with y, , y,....._, perhaps fading out for a time but likely

appearing again towards y_ . and finally the full molecule. A Markov chain models this

behaviour by setting up the probability (P)of y ions being present as a recurrence

relation:-

P(yl):pl

P()/r) — prp(yr-l)+ qr(l o P(yr~l))
for r =23.4..... nwhere P(y,)is the probability of y _ being present and the probability

of y being absent is 1 - P(y,). The coefficients p and g are transition probabilities

that determine how likely the series is to begin, to end, and to (re-)start. Their values
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can be set according to the charge affinity of the residues allied to physical bond

strengths. For example, ay series is likely to start and be present at and after 3

proline residue so that p would be assigned a higher value if the residue r were proline

then if it were another residue.

A similar Markov Chain may be set up to represent the 4 ions, incorporating the

observation that the b, ion is usually absent.

These Markov Chains are supplemented by introducing probabilities that the b series

lons may also suffer loss of CO to form ions in the a series, and that y" series ions

can lose NH; to form z" series ions and there may be more general loss of NH; or
H,O. The possibility that any fragment ion may lose either NH; or H,O is also
incorporated into the model. Each possible process is assigned a probability which
depends on the chemistry involved, for example, the probability of water loss increases

with the number of hydroxyl groups on the fragment’s side chains and would be zero if
there are no such hydroxy! groups that could be lost.

The formation of Immonium ions (which are equivalent to the loss of CO and H from a
single residue) is also incorporated in the fragmentation model. Only certain residues
can generate these ions, and for those that do, appropriate probabilities are set. For
example, histidine residues generally result in the formation of an immonium ion at
mass 110.072 daltons, and the probability of this process is therefore set close to
100%. Finally, the fragmentation model allows for the formation of internal sequences
starting at any residue, according to a probability appropriate for that particular residue.
Internal sequences are often observed starting at proline residues, so that the

probability of one starting at a proline residue is therefore set high.

It will be appreciated that the more realistic is the fragmentation model the faster and
more faithful will be the inference of the sequence of the unknown peptide.
Consequently, as the understanding of the chemical processes involved in the
formation of the fragmentation specira of peptides advances. it is within the scope of

the invention to adjust the fragmentation model accordingly.

The fragmentation model is explicitly probabilistic, meantng that it produces a
probability distribution over all the ways that a trial sequence might fragment (based on
the fragmentation model) rather than a list of possible masses in a predicted spectrum.

Thus, the likelihood factor is computed as the sum over all these many fragmentation
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possibilities, so that the fragmentation pattern for a trial sequence is automatically and

Individually adapted to the data comprised in the processable spectrum. In terms of

probability theory, the likelihood factor of the processable spectrum D, given a

particular trial sequence § is

P(DGIVENS) = ) P (DGIVEN f) P(f GIVENS)
) 4

where Z represents the sum over all the permitted fragmentation patterns £,
/

P(D GIVEN f) is the probability of the processable spectrum assuming the particular
fragmentation pattern f/, and P(f GIVEN S) is the probability of having

fragmentation /* from the trial sequence S. As explained, this sum can be integrated

computationally in polynomial time rather than in a time proportional to the
exponentially large number of fragmentation patterns themselves, which results in
practical computational times of a minute or so for the whole MCMC process while

providing a mathematically rigorous approach without limiting the triat sequences being
considered.

As explained, the invention includes the use of such a probabilistic fragmentation
model to calculate the probability that any given amino acid sequence could account
for an experimentally observed peptide mass spectrum, irrespective of the origin of the
sequence itself. In order to identify an unknown peptide or protein, therefore, trial
sequences of appropriate molecular weight may be obtained from a database of known
peptides and proteins. An experimental processable spectrum and molecular weight of
the unknown peptide is first obtained as explained above. Trial sequences or, partial
sequences are then pseudo-randomly selected from the database according to the

criteria that they should have the molecular weight (within experimental error) of the

unknown peptide. The fragmentation model (described above) is then used to

calculate the probability that each trial sequence would account for the processable
spectrum. The most probable trial sequences thus identified should then enable the
unknown peptide to be identified, providing that its sequence is in fact comprised in the
database. Because the fragmentation model is explicitly probabilistic, it requires no ad
hoc scoring method to compare the processable spectrum with a spectrum predicted
for a tnal sequence, unlike the prior sequencing methods that are used in conjunction
with existing databases. Not only is a meaningful probability figure calculated for a
given trial sequence, but the probability of the assignment of each peak in the
processable spectrum to a given amino acid residue loss is also inherently calculated.

This leads greater confidence in the identification of the peptide and indicates the
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regions in a sequence about which some doubt may exist if a single match of very high

probability cannot be achieved.

Example

A sample of human transferrin precursor in which the cysteine groups were protected
by carboxymethylation was digested using trypsin to generate a mixture of peptides
which was analyzed by a method according to the invention. Figure 3 shows the
electrospray mass spectrum of the digest produced by using the first stage quadrupole
mass analyzer 7 in the spectrometer of Figure 1 in a non mass-selective mode. The
analyzer 7 was then tuned to transmit ions of mass-to-charge ratio 864.4 (actually a
doubly charged ion) into the collision cell 9 (Figure 1) and the resultant fragmentation
spectrum is shown in Figure 4. A processable mass spectrum (Figure 5) was then
produced in accordance with the invention using the program "MaxEnt3™” as
discussed above. The data on which the spectrum of Figure 5 was based was then
processed by the preferred method of the invention and the most probable sequences
shown in Table 2 were predicted. Thus, the sequence LECVSAETTEDCLAK is by far
the most likely sequence. Because the method of the invention is fully probabilistic, the
probability of the assignment of each amino acid comprised in the proposed sequences
Is automatically predicted, as shown in Table 3 for the most probable sequence. In

Table 3, the rows labeled a, b, y, and z are the predicted mass-to-charge ratios for the
a,b,y"and z" series for the sequence, and underlined entries indicate the ions which

are well detected in the processable spectrum.

TABLE 2 — Most probable sequences for m/c 864 .4

[ No ] Sequence % probability |
1 |  LECVSAETTEDCLAK 97.76
| 2 | ELCVSAETTEDCLAK | 171 .
3 LECVSAETTELEDCK | 0.35
4 LECVSAETTEDLCAK [ 0.07 1
5 LECVSAETTEELDCK 0.05
6 |  LECVSAETTEDLCEK | 0.01
7 LECVSAETTEDVDMK | <001
E-tc. |

It can be seen that most of the predicted ions comprised in the y”and b series have

been detected in the processable spectrum, so that the probabilities assigned to the
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amino acid residues comprised in the most probable sequence are very high. The
second most probable sequence, which differs from the most probable sequence
merely by the inversion of the first two residues, is assigned a probability of only 1.7%,
to be compared with the probability of 97.6% for the most probable sequence. In fact,
the 864.4"" ion represents the known T42 fragment in the digest of the protein (see
Table 4) and the most probable sequence is the correct one. (In Table 4, the symbol B
s used to represent the carboxymethylated cysteine residues which are listed as C in
the above. Also, the residues leucine (L) and isoleucine (1) have identical molecular
weights and so cannot be distinguished by mass spectrometry. Both are represented
by L in Table 2, but are distinguished in Table 4.) The position of the T42 fragment in
the complete protein sequence is shown underlined in Table 5. '

The fragmentation spectrum of a second peak (815.4) in the mass spectrum of figure 3
was also determined and is shown in Figure 6. A processable mass spectrum (Figure
7) was then produced from the data comprising the figure 6 mass spectrum using the

program "MaxEnt3™”". The data so produced was then processed according to the

method of the invention and the most probable sequences shown in Table 6 were
predicted. In this case, there are two sequences predicted with similar probabilities,
and many others with very small probabilities. The fragment is in fact the known T11
fragment of the protein digest (see Table 4), and the actual sequence has in fact been
correctly predicted as the most probable sequence in Table 6 by a significant margin.

Table 6- Most Probable Sequences for m/z 815.4

No. Sequence % Probability

1 EDPQTFYYAVAVVK 57.95

2 DEPQTFYYAVAVVK 42.03
| 3 EDPQTFYYAVVAVK < 0.001 |
| 4 | EDPQTFYYAAVVVK < 0.001 |

5 [ DEPQTFYYALVVK < 0.001

6 EDPQTFYYALVVK < 0.001

] Etc.

The position of the T11 fragment is shown by double underlining in the complete
sequence listed in Table 5. The second most probable sequence in Table 6 differs
only from the most probable one by the inversion of the first two residues, and it can be
seen from the individual probability assignments to the various predicted residues

(Table 7) that there is much less certainty about the assignment of the first two

LA L S RYINLS ] 3 R i vl i L it (MR IR DA M CRIIIN D MY AS I Uit ety e e e sl e AR -

O NI - wrorrrild e skl s H A B 1= < A AN | md s ey BRATES A0 aaa |



CA 02303761 2000-07-05

23

residues than there is about the assignment of the others. This example clearly shows
the advantage of a rigorous application of probability calculus in comparison with the
ad hoc methods of predicting sequences from mass spectral data described in the prior
art. From the figures in table 7 it is possible to be certain about the sequence of the
5  central part of the peptide for which very high probabilities are reported, and any doubt

that may linger about the complete sequence can be shown to be limited to the first two
residues. Further, the degree of certainty of the assignment of each residue can be
quantified from the figures in Tables 3 and 7, greatly improving the confidence that can

be placed in sequences predicted by methods according to the invention.
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TABLE 4

HUMAN TRANSFERRIN PRECURSOR PROTEIN

m“Wmura.-u- Sadewedanr * .. ..
T T M A N ML . § To ol SR eyt 2l \

FRo— -y R S U ) B R S T T S
o — e P S LY | At 1 il - A

' Frag # | Res. Sequence Theor. (M+H)

[ T61 [ 565-571 | (KINPDPWAK(N) 826.40 }827.41
T33 |316-323 | (K\DSAHGFUC(V) 873.43 874.44
T25 [252-258 | (R)KPVDEYK(D) 877.45 | 878.46
T50 |468-475 | (K)SBHTAVGR(T) 887.39 888.40
T16 | 136-143 [ (K)SBHTGLGR(S) 887.39 888.40
T73 |652-659 | (R)DDTVBLAK(L) 921.41 922.42
765 |601-609 | (R)APNHAWTR(K) 963.53 964.53
T21 [ 216-225 | (K)DGAGDVAFVK(H) 977.48 978.49

- T9 62-69 (K)ASYLDBIR(A) 097 .45 998.46 .
T76 |669-676 | (K)YLGEEYVK(A) 099 .49 1000.50 | 500.75

l T60 |554-564 | (K)HQTVPQNTGGK(N) 1165.58 | 1166.59 | 583.80
T13 ’ 123-132 | (K)DSGFQNNQLR(G) 119455 [ 119555 | 59828

| T39 [ 363-371 | (K)\WBALSHHER(L) 1195.52 Jr1196.53 598.77 i
T47 | 454-464 | (K)SASDLTWDNUC(G) 1248.60 | 1249.61 | 625.31
T22 | 226-236 | (K)HSTIFENLANK(A) 1272.65 |1273.65 | 637.33
T31 [ 300-310 | (K)EFQLFSSPHGK(D) 1275.62 | 1276.63 | 638.82

| T41 1374-384 (K)BDEWSVNSVGK(I) 1280.53 | 1281.54 | 641.28
T57 | 531-541 | (K)[EGYYGYTGAFR(B) 1282.56 | 1283.57 |642.29
T4 L 2737 (R)WBAVSEHEATK(B) 1317.57 | 1318.57 | 650.70

763 | 577-587 | (KDYELLBLGTR(K) 135461 | 135562 |678.31
T7 47-60 (K)BVIPSDGPSVABVK(K) 141570 | 1416.70 | 708.86

| T44 1421433 [ (K)BGLVPVLAENYNK(S) 1476.73 | 1477.74 | 739.37
T36 |332-343 | (KIMYLGYEYVTAIR(N) 147773 | 147874 | 739.87
T79 | 684-696 | (K)BSTSSLLEABTFR(R) | 153265 | 1533.66 | 767.33
T24  [240-251 | (R)IDQYELLBLDNTR(K) 1539.69 | 1540.70 | 770.85
TS1 |476-489 | (R)TAGWNIPMGLLYNK(I) 1576.81 | 1577.82 | 789.41
T53 | 495-508 | (R)FDEFFSEGBAPGSK(K) 1577.63 | 1578.64 | 78983

| T64 | 588-600 | (R)KPVEEYANBHLAR(A) 1586.75 1587.76 | 794.38
T11 | 108-121 | (K)EDPQTFYYAVAVVK(K) | 1628.81 |[1629.82 | 815.41

| T26 | 259273 | (K)DBHLAQVPSHTVAR(S) 1 1689.83 [ 169083 | 84592
T56 | 516-530 | (K)LBMGSGLNLBEPNNK(E) 1707.73 1708.73 | 854.87
T42 | 385-399 | (K)IEBVSAETTEDBIAK(I) 1726.73 | 1727.74 | 864.37
T38 | 347-362 | (RIEGTBPEAPTDEBKPVK(W) | 1818.77 1819.77 | 910.39
T28 | 279~295 | (K)EDLIWELLNQAQEHFGK(D) |2069.02 | 2070.03 | 1035.52

| T45 | 434-452 i(K)SDNBEDTPEAGYFAVAV ~ 12071.90 12072.91 | 1036.96
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70032 .351
Claims
1. A method of i1dentifying the most likely amino acid

sequence which would account for a mass spectrum

I

obtained from a peptide having an unknown sequence of
amino acids, sald method comprising the steps of:
producing a processable mass spectrum from the
peptide;
choosing a limited number of trial sequences of
amino aclds which are consistent with a prior

probability distribution; and

lteratively modifying said trial sequences through
a terminated Markov Chain Monte Carlo algorithm to

generate new trial sequences of amino acids consistent

with sailid prior probability distribution, using at each

stage modifications which lie within said prior

probability distribution, calculating the probability of

o

ecach of said trial sequences accounting for said

processable mass spectrum, and accepting or rejecting

each of said trial sequences according to said

calculated probability and the mathematical principle o:

detalled balance.

2. A method as claimed in claim 1, wherein the

probability of a particular trial sequence accounting

for said processable mass spectrum i1s calculated using

Bayes' theorem wherein said prior probability

distribution 1s multiplied by a likelihood factor which

reflects the degree of agreement between a spectrum

predicted for a said trial sequence and the processable

mass spectrum.

1)

[}
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3. A method as claimed in claim 2, wherein said

likelihood factor 1is determined using a fragmentation

model which sums probabilistically over all the ways in

which a trial sequence might fragment and give rise to

peaks 1n sald processable mass spectrum.

4 A method as claimed 1n claim 3, wherein said
fragmentation model sums over all the ways in which a

trial sequence might fragment in a time proportional to

the number of amino acid residues 1n the peptide.

5. A method as claimed in claim 3 or 4, wherein said

fragmentation model models the fragmentation of a trial

sequence by means of Markov chains.

6. A method as claimed i1n claim 3, 4 or 5, wherein

sald fragmentation model includes the production of at

Pr—w

least the b and y" series of 1ons, wherein said b series

1s defined as comprising 1ons representing the N-

gr—

terminal residue of the trial sequence and the loss of

C-terminal amino acid residues and said y" series 1is

defined as comprising 1ons representing the C-terminal

P

residue and the loss of N-terminal amino acid residues.

7 . A method as claimed in claim 6, wherein said

fragmentation model 1includes the production of the a

ﬁ

series of ions, wherein sald a series 1s defined as

comprising b serles 1ons which have lost CO.

8 . A method as claimed in claim 6 or 7, wherein said

fragmentation model 1ncludes the production of the z"
series of 1ons, wherein said z" seriles 1s defined as

comprising y" series 1ons which have lost NH,.

9. A method as claimed 1n claim 6, 7 or 8, wherein

sald fragmentation model 1ncludes the production of ions

which have lost NH, and/or H.O.

e cenmaee e A 4 d 4 A e A AoV} S SOV PO T Sk it v -
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10. A method as claimed any of claim 6-9, wherein said

fragmentation model 1ncludes the production of immonium
ilons equivalent to the loss of CO and H from amino acid

regsidues.

11. A method as claimed 1n any of claims 6-10, wherein
sald fragmentation model 1ncludes the generation of sub-
sequences of amino acids which begin and end at amino

acid residues 1nternal to the unknown peptide.

12. A method as claimed in any of claims 2-11, wherein
sald likelihood factor 1s controlled by a simulated
annealing algorithm wherein said likelihood factor is

ralsed to a fractional power which 1s 1nitially zero and

which 1s gradually i1ncreased.

13. A method as claimed in claim 12, wherein the
generation and testing of new trial sequences 1is
continued until sailid simulated annealing algorithm

raises the likelihood factor to the power of one.

14. A method as claimed 1n any preceding claim, wherein
the number of trial sequences 1s limited to

approximately 100.

15. A method as claimed 1in any preceding claim, wherein
sald trial sequences are chosen pseudo-randomly from

sald prior probability distribution.

16. A method as claimed i1n any preceding claim, wherein

sald prior probability distribution is determined from

the natural abundance of each of the amino acid regidues

comprised in the trial sequence.

17. A method as claimed 1n any preceding claim, whereiln

sald prior probability distribution comprises seguences
of amino acids based on the twenty most common amino

acld residues.
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18. A method as claimed in any preceding claim, wherein

sald prior probability distribution comprises seqguences

of amino acids having a molecular weight within a
predetermined range of the approximate molecular weight

of the sample.

19. A method as claimed in claim 18, wherein said

predetermined range 1s + 5 Daltons.

20. A method as claimed in claim 18, wherein said

predetermined range 18 + 0.5 Daltons.

21. A method as claimed in any preceding claim, wherein
saird Markov Chain Monte Carlo algorithm generates new
trial sequences by reversing a contiguous sub-sequence

with randomly chosen end points.

22. A method as claimed in any preceding claim, wherein
said Markov Chain Monte Carlo algorithm generates new
trial sequences by cycling a contiguous sub-seguence

with randomly chosen end points.

23. A method as claimed i1in any preceding claim, wherein

sald Markov Chain Monte Carlo algorithm generates new
trial sequences by permuting a contiguous sub-sequence

with randomly chosen end points.

24. A method as claimed 1n any preceding claim, wherein
sald Markov Chain Monte Carlo algorithm generates new
trial sequences by replacing a contiguous sub-sequence

with randomly chosen end points with another sub-

sequence of approximately the same nominal mass.

25. A method as claimed in any preceding claim, wherein
sald Markov Chain Monte Carlo algorithm generates new
trial sequences by exchanging the C-terminus and N-

terminus ends of two sequences to preserve nominal mass.
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26. A method as claimed 1in any preceding claim, wherein

sald processable mass spectrum comprises the observed

mass gspectrum.

27. A method as claimed 1n any of claims 1-25, wherein
salid processable mass spectrum 1s obtalined by converting
multiply-charged 1ons and 1sotopic clusters of ions to a
single intensity wvalue at the mass-to-charge ratio

corresponding to a singly-charged i1on of the lowest mass

1sotope.

28. A method as claimed 1in claim 27, further comprising
the step of calculating an uncertainty value for the
actual mass and the probability that a peak at that

mass-to-charge ratio has actually been observed.

29. A method as claimed in claim 28, wherein the
uncertainty value of a peak may be based on the standard
deviation of a Gaussian peak representing the processed
peak and the probability that a peak is actually
observed may be based on the signal-to-noise ratio of
the peak 1n the observed spectrum.

P

30. A method of calculating the probability that an

experimentally determined mass spectrum of a peptide or

similar molecule may be accounted for by a given

ﬁ

sequence of amino acids, comprising the step of:

using a fragmentation model which sums
probabilistically over all the ways that said given
sequence might fragment, said fragmentation model
modelling the fragmentation of a trial sequence by means

F

of Markov chains.

31. A method as claimed 1n claim 30, wherein the

experimentally determined mass spectrum 1s a processable

spectrum.
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32. A method as claimed in c¢laim 31, wherein sgaid
processable mass spectrum 1s obtained by converting
multiply-charged i1ons and 1sotopic clusters of iong to a
single intensity value at the mass-to-charge ratio
corresponding to a singly-charged 1on of the lowest mass

1sotope.

33. Apparatus for identifying the most likely sequences

pra——
=

of amino acids 1n an unknown peptide, saild apparatus

comprlising a mass spectrometer for generating a mass

spectrum of said unknown peptide and data processing

means programmed to:

(a) process data generated by said mass spectrometer to
produce a processable mass spectrum;

(b) choose a limited number of trial amino acid

sequences that are consistent with a prior

probability distribution; and

(c) 1teratively modify said trial sequences through a
terminated Markov Chain Monte Carlo algorithm to
generate new trial sequences consistent with said
prior probability distribution, using at each stage
modifications which lie within said prior

probability distribution, calculate the probability

r—- p.

- each of said trial sequences accounting for said

| -

O
processable mass spectrum, and accept or reject
each of said trial sequences according to said
calculated probability and the mathematical

principle of detailed balance.

34. Apparatus as claimed in claim 33, whereilin said mass

spectrometer comprises a tandem mass spectrometer.

35. Apparatus as claimed in any of claims 33 or 34,

wherein said mass spectrometer comprises a time of

flight mass analyzer.




L LA _asapam amas a_a

CA 02303761 2000-07-05

- 34 -

36. Apparatus as claimed 1n claim 33, 34 or 35, further
comprising an electrospray 1onlzation source 1nto which

an unknown peptide sample may be introduced.
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