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DETERMINATION OF MOLECULAR
STRUCTURES USING TANDEM MASS
SPECTROMETRY

CROSS REFERENCE TO RELATED
APPLICATIONS

N/A

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

N/A
BACKGROUND OF THE INVENTION

Determining the structure of unknown compounds is of
prime importance to practioners of analytical chemistry. In
particular, mass spectrometry has been and continues to be
a widely employed structure characterization technique in
the chemical, biological and medical sciences. The chemical
structure of interest can range from very simple diatomic
arrangements to very complex protein or DNA macromol-
ecules. Considerable effort has been invested into hardware
and software systems capable of efficient structure determi-
nation of unknown compounds by means of mass spectrom-
etry.

Widely used library search systems are designed to iden-
tify compounds represented in the reference library that
might have generated the submitted single stage or tandem
mass spectrometry spectra from the unknown compound.
These systems are based on an assumption that a chemical
entity exhibits a unique spectral fingerprint that should have
a counterpart in a reference library (McLafferty and Stauffer
1985; Stein and Scot 1994; Sander 1999; Gross et al. 2002;
Alfassi 2003). When the unknown compound is not repre-
sented in the library, the compound cannot be identified by
this means. To overcome this shortcoming, various “inter-
pretative” library search techniques have been developed to
derive at least partial structural information by estimating
the probability of substructure occurrence and absence in a
single stage mass spectrum using a predefined set of sub-
structures (Damen et al. 1978; Warr 1993; Stein 1994). The
identification of a substructure from a given mass spectrum
using such a method can be difficult or even impossible
because its success will depend on the relative rates of
competitive processes that depend, in turn, on other struc-
tural features of the molecule. Even for substructures that
commonly produce characteristic patterns, the actual “sig-
natures” can be highly variable (Stein 1994).

Statistical pattern recognition methods have been applied
for the selective detection of compound classes or individual
functional groups from mass spectra. Most of these methods
are based on the presumption that common structural moi-
eties exhibit identical or similar fragmentation patterns
(Scsibrany and Varmuza 1992; Drablos 1992; Lohminger
1994; Lebedev and Cabrol-Bass 1998; Klagkou 2003). To
achieve statistically relevant results, a relatively large num-
ber of suitable spectra of compounds with common struc-
tural properties must be processed. Multivariate statistical
methods have been successfully employed in the determi-
nation of certain structural features in selected data sets,
usually in the range of 70-90% correct identifications;
however, erroneous classification cannot be avoided. Since
the mass spectrum reflects not only the relative rates of
competitive processes but also complex gaseous ion ther-
mochemistry, the dynamics of the reaction are highly vari-
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able. Even structurally highly similar compounds often do
not exhibit a uniform fragmentation pattern. As a conse-
quence, multivariate statistics and related methods cannot
alone be considered as general purpose and reliable inter-
pretation approachs.

Various methods for the interpretation of mass spectra
based on expert systems or artificial intelligence have been
developed (Lindsay et al. 1980; Warr 1993 Part 2). These
methods employ a variety of advanced mathematical algo-
rithms to derive structural information from spectra using
individual or a combination of pattern recognition methods,
decision trees, empirical rule-based systems, knowledge
bases, exploratory techmques and other heuristic systems. A
central problem when dealing with expert systems and
artificial intelligence methods is their narrow application
range in terms of structural variety. These methods need to
be selectively trained for each chemical class of interest. In
order to perform satisfactorily, these methods require, in the
training phase, a statistically relevant number of spectral
representatives for each structural class or group, which may
pose a serious problem if no such spectra are available. On
the other hand, specific applications that do not require
universal substructure determination capabilities can benefit
from the inherent selectivity of these methods, which allows
the achievement of high probabilities of correct identifica-
tion.

In the past, there have been several attempts to design
algorithms for structure elucidation based on substructure
identification from tandem mass spectra (Enke et al. 1987;
Wade et al. 1988; Palmer et al. 1989). Although these
systems include some expert system features, they are very
similar to the interpretative techniques of single stage library
search methods mentioned above. These method try to
derive substructural information from a comparison of cal-
culated m/z value ratios and/or neutral loses of predefined
single- or diatomic substructures stored in a library with
correspondingly calculated parameters from analyzed tan-
dem spectra. Owing to the immense structural variability
and the huge number of structurally different isobaric ions,
the m/z ratios and neutral lose values, even with exact mass
precision, are usually not distinct enough to provide rules for
unambiguous identification of the predefined fragment
structures because of the immense combinatorial cardinality
of structures or fragments with identical molecular mass.

With the advent of proteomic research, a full variety of
new structure characterization techmques for linear mol-
ecules has emerged. One method compares an experimental
product mass spectrum with theoretical spectra calculated
from amino acid sequences of database proteins and iden-
tifies the sequence that best fits the tandem mass spectrum
(Yates III et al. 1995; Perkins et al. 1999; Sadygov et al.
2002; Anderson et al. 2003). An alternative approach,
termed “de novo sequencing,” converts the fragment ion
mass values derived from spectra into a ranked list of most
probable amino acid sequences (Shevchenko et al. 1997;
Fernandez-de-Cossio et al. 1998; Dancik et al. 1999; Horn
et al. 2000). The major limitation of these methods is the
fragmentation model which considers that peptides fragment
in a uniform manner. A considerable number of routinely
observed peptide spectra do not exhibit a contiguous series
of backbone cleavage sequence ions because of the vast
variability of dissociations patterns. This becomes even
more prevalent in non-linear molecules, preventing the
adoption of proteomic methods for the interpretation of a
majority of organic compounds.

There has been a rapid expansion in the use of tandem
mass spectrometry for the structural elucidation of organic
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compounds. In tandem mass spectrometry, the ions that
emerge from the ionization process (precursor ions) can be
further isolated and fragmented by means of collision
induced dissociation or various other ion activation tech-
niques that give rise to second stage spectra called product
spectra. Given the appropriate hardware, the isolation and
activation procedures can be successively repeated in sev-
eral stages. Resulting product spectra exhibit fragmentation
peaks from isolated ions, providing an added dimension to
the overall fragmentation pattern. Although tandem mass
spectra along with the masses of their precursor ions contain
important portions of structural information of the eluci-
dated molecule, the structural arrangement remains ciphered
through the set of product fragment masses. Accurate mass
measurements can greatly reduce the number of possible
elemental compositions for a given fragment mass. Still, the
immense variability of dissociation patterns obscures struc-
tural determination.

With the introduction of atmospheric pressure ionization
techniques in combination with tandem mass spectrometry
to analytical chemistry, library techniques for tandem spec-
tra have been developed (Dheandhanoo 1988; Martinez and
Ganguli 1989; Martinez 1991; Bristow et al. 2004; Joseph
and Sanders 2004; Pittenauer et al. 2004). There are, how-
ever, several potential difficulties of obtaining standard
library searchable spectra. As different types of analyzers
favor different fragmentation pathways for the same com-
pound due to different kinetic energies of the precursors,
different collision energy regimes, few or multiple collisions
and unimolecular or consecutive decays, data from different
types of analyzers cannot be easily incorporated in one
database. Although, despite the inherent variability of
sample preparation, experimental conditions and instrumen-
tation designs, attempts have been made to create libraries
applicable to a wide range of possible “real-life” situations
and to automate the structure identification process,
improved systems still are needed (Sander 1999; Mistrik et
al. 2003; U.S. Pat. Nos. 6,624,408, 6,623,935, 5,072,115,
4,008,388).

BRIEF SUMMARY OF THE INVENTION

The methods of the invention are directed to elucidating
the molecular structures of completely unknown or partially
structurally characterized compounds by identifying the
structures of ions generated from those unknowns through
the use of tandem mass spectrometry and (multiple-stage
mass spectrometry) and subsequently conducting a library
search of tandem product-ion spectra (product-ion spectra)
of structurally known precursor ions for specific matches.
The collective structural information and/or alternative
structural candidates are then constructed from the deter-
mined ion structures and/or other structural characteristics
using a structure generator and/or a structure assembly
and/or a structure reduction system. The structure or sub-
structure determination process can be continuously
improved by adding additional data, e.g., information
obtained from molecules previously structurally character-
ized using this method.

Specifically, the invention provides an effective method
for interpretation of mass spectral data and allows the
generation of a single or a limited set of possible structures
or substructure proposals for the analyzed molecule. The
method of the invention uses a library of structurally char-
acterized product-ion spectra acquired by tandem mass
spectrometry to derive the molecular structure of the
unknown or partially structurally defined molecule to be
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analyzed. Given the analogous spectral fingerprints of struc-
turally equivalent fragment ions, the individual pieces of
structural information (fragment structures) can be obtained
by a search of analogous product-ion spectra from various
tandem stages of previously analyzed, known molecules
contained in a library of structurally characterized product-
ion spectra. Once the search results are obtained, the iden-
tified fragment structures can be translated into substructures
of the analyzed molecule and listed, and/or the overall
structural arrangement of the analyzed molecule can be
reconstructed in a structure generator using the obtained
substructural information, and/or supplementary informa-
tion such as the exact molecular mass, molecular formula, a
priori known functional groups, isotopic pattern, mass
defect, nitrogen rule, rings plus double-bonds, neutral losses,
and/or physico-chemical properties of the analyzed struc-
ture.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

Other features and advantages of the invention will be
apparent from the following description of the preferred
embodiments thereof and from the claims, taken in conjunc-
tion with the accompanying drawings, in which:

FIG. 1 is a schematic view of the method for the deter-
mination of molecular structures using tandem mass spec-
trometry in accordance with the present invention; and

FIG. 2 depicts an example of the interpretation of product-
ion spectra of Ampicillin utilizing the method of the present
invention.

DETAILED DESCRIPTION OF THE
INVENTION

As implied by quasi-equilibrium theory, the probabilities
of'the various possible decomposition product-ions of an ion
depend only on its structure and internal energy and not on
the method used for the ionization, or on the structure of the
precursor for, or formation mechanism of, the ion undergo-
ing decomposition (McLafferty and Turecek, 1993). Thus,
the spectra resulting from the isolation, activation and sub-
sequent dissociation of structurally equivalent ions exhibit
analogous fragmentation patterns, predominantly indepen-
dent of tandem stage. The degree of spectral analogy
between the product-ions of two structurally equivalent ions
undergoing decomposition is dependent on the differences in
sample preparation and experimental conditions. Analogous
spectra can be defined as two spectra that closely reflect the
correspondence of m/z values and their relative intensity
ratios in observed spectral peaks. The spectral analogy is
usually quantitatively expressed as a single value termed the
match factor. The threshold value of the match factor for
positive identification can be set individually. If the spectral
acquisition process follows a standardized experimental
protocol, highly reproducible, transferable and library
searchable tandem product-ion spectra can be acquired
(Bristow et el. 2004; Pittenauer et al. 2004).

If the standardized criteria cannot be met completely or if
differences in internal energies are expected, several prod-
uct-ion spectra for the same precursor ion can be acquired
using various sample preparation processes (pH, solvent,
buffer, salt content etc.) and experimental condition options
(instrument design, ionization energies, activation energies,
collision energies, collision gas, collision gas pressure, iso-
lation width, accumulation cut-off, fragmentation amplitude,
chromatographic system, etc.) to cover a number of possible
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variations in spectra appearances. In addition, various math-
ematical methods can be used to harness the spectral dis-
similarities and allow correct identification of fragment
structures. One example of such a method consists of
obtaining parameter matching values that are calculated by
weighting each acquisition parameter for its effect on a mass
spectrum. Parameter matching values are then used for the
calculation of a match factor, which is used for compound
identification (Sander 1999)

It is the idea of this invention to identify structures of ions
generated by mass spectrometry by searching analogous
product-ion spectra of precursor ions of analyzed molecules
in a library of product-ion spectra with previously deter-
mined structures of precursor ions (a library of structurally
characterized product-ion spectra). FIG. 1 is a schematic
view of the method of the present invention. As shown in
FIG. 1, tandem product-ion spectra 10 and/or mass spectra
of an elucidated molecule are acquired and searched against
a library of structurally characterized product-ion spectra 12.
Fragment structures 14 associated with retrieved library
product-ion spectra indicate the presence of identical or
structurally equivalent fragment structures in the elucidated
molecule. Identified fragment structures and/or substruc-
tures can be listed or processed by a structure generator 16
that reconstructs the structural arrangement of the elucidated
molecule 18 using optional supplementary molecular infor-
mation 20. The determined structure or structures or sub-
structure or substructures are assumed to correspond to the
elucidated molecule.

Prior to or during the determination of molecular struc-
ture, a library of structurally characterized product-ion spec-
tra must be established. Product spectra can be acquired
from any compound of known structure existing as a pure
substance or present in a well defined mixture. The com-
pound of known structure can be a molecule with an exactly
definable chemical structure with a finite number of atoms,
or it can be a polymer structure with a variable or unknown
number of atoms with a fully or partially known atomic
arrangement. Product spectra can be acquired using various
ionization, ion separation or activation mass spectrometric
techniques. Product spectra can be acquired from various
tandem stages (MS.sup.n). MS.sup.n is a technique where
ion formation/fragmentation and subsequent decomposition
of'the original ions is carried out “in tandem” and n>1. Using
multiple m/z analyzers and an ion beam results in “tandem
in space” (e.g. triple-quadrupole and quadrupole-TOF mass
spectrometers). Using ion-trap mass spectrometers (quadru-
pole or magnetic) results in “tandem in time” (Sparkman
2000).

A structurally characterized product-ion spectrum should
contain the molecular mass and/or m/z value of the precur-
sor ion, a list of m/z values along with relative and/or
absolute intensities of product-ion ions, ion polarity, charge
state, the structure of the precursor ion and/or the structure
of the primary (parent) molecule. The isolation width used
to isolate the precursor ion is optional; however, this infor-
mation can enhance the reliability of correct fragment iden-
tification. Product-ion spectra are acquired by isolation,
activation and subsequent decomposition of single or mul-
tiple, positively or negatively charged ions arising from
ionization, decomposition, dimerization, charge buildup,
adduct or cluster formation processes.

For the purpose of library creation, precursor ions (iso-
lated, activated and dissociated ions) can be selected using
various criteria, but, generally, the more product-ion spectra
that are generated, the more comprehensive a library can be
built. However, product-ion spectra that exhibit large chemi-
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cal, electronic or other noise or low to moderate signal to
noise ratios should be considered for inclusion into the
library only after manual or automatic examination and/or
employing noise reduction or compensation methods. There
are several mathematical or experimental methods available
for extracting useful spectral information from noisy signals
that can be applied. Since the reference compound used for
creation of a library of product-ion spectra is usually avail-
able in sufficient amount in pure form or is present in a
well-characterized mixture, a number of repeated acquisi-
tions of product-ion spectra are possible using various
sample preparation and experimental options. This allows
also acquisition of replicate product-ion spectra (scans) of
identical precursor ions and identical settings so as to
compute average, composite autocorrelation or other trans-
formed spectra to obtain representative spectra with reduced
artifact or random fluctuations. When a reference library of
structurally characterized product-ion spectra is created for
the purpose of carrying out the method of this invention, the
sample preparation and experimental conditions should be
consistent with conditions expected in the spectra acquisi-
tion process of the molecule whose structure is to be
elucidated, or single or multiple mathematical methods
should be applied to harness the inconsistency. The structure
of the precursor ion (fragment structure) can be obtained by
various means: manually proposed by a mass spectrometrist,
automatically proposed by fragmentation prediction algo-
rithms using general fragmentation rules (Mistrik, 2001)
and/or a fragmentation library (Mistrik, 2004) and/or by
comparative analysis of structural patterns of molecules
exhibiting single or multiple comparable product-ion spectra
and/or by using any procedure able to assign fragment
structure to a precursor ion.

The product-ion spectra acquisition can be accomplished
using low or high resolution and/or accuracy mass spectro-
metric equipment. High resolution is often inherently
accompanied with high accuracy, and single term “high
resolution” is a synonym for both capabilities. For the
purpose of this invention, low or high resolution product-ion
spectra or their combination can be used. For the assignment
of fragment structure to a precursor ion, in the process of
creating structurally characterized product-ion spectra, it is
extremely beneficial to have high resolution spectra since
the accurate m/z values of precursor and product-ion ions
greatly reduce the number of possible molecular formulas
for fragment structures. Also, the determination of the
structural arrangement for the elucidated molecule can profit
from exact mass measurements by constraining the elemen-
tal composition of the elucidated molecule and by consis-
tently checking between the calculated mass of recognized
fragment structures and accurate m/z values of precursor and
product-ion ions. However, the high resolution spectra are
not necessary for the methods of this invention, and low
resolution spectra can be used as well. Also, the combination
of low and high resolution spectra in library creation and
structure determination is possible.

Once a structurally characterized product-ion spectrum
with optional complementary data has been obtained, it can
be stored in a database and/or computer program or any
appropriate readable form to provide access to the informa-
tion at any desirable time. Since the individual pieces of the
stored information for a single record may be accessed at
different times, the corresponding data can be independently
compartmentalized. It is preferred that such data collection
and database manipulation be achieved through the use of'a
digital computer. An exemplary database has been created
using appropriate database technology. The library of struc-
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turally characterized product-ion spectra serves as a knowl-
edge base for determining the structural or substructural
arrangement of the elucidated molecule, as described further
below.

To start the determination of the structural or substructural
arrangement of the elucidated molecule, product-ion spectra
of various tandem stages (MS.sup.n; n>1) of the molecule
are acquired. The elucidated molecule can be a molecule
with an exactly definable chemical structure with a finite
number of atoms or it can be a polymer structure with a finite
or variable number of atoms. The selection of precursor ions
and tandem stage can be accomplished automatically by the
mass spectrometer or manually by an operator and can be
performed before, or even interactively during, the structure
determination process. The criterion for automated selection
of precursor ions can be absolute or relative peak intensity;
mass range; a predefined list of desired or disallowed m/z
values; expected pseudomolecular, multiply charged, cluster
or adduct ion m/z values; and/or any appropriate algorithmic
or database method for ion selection. If the product-ion
spectra of second and higher stages (MS.sup.n; n>1) are
generated from multiple precursor peaks corresponding to
the set isolation width, the m/z value of the precursor ion can
be calculated from the overall decomposition pattern, or it
can be determined according to already recognized fragment
structures. If interactive precursor ion selection is intended,
communication between processing software and mass
spectrometric equipment would be required. This feature is
also one point of the invention. The processing software can
continuously perform a quick precursor ion m/z value search
or a more time consuming full or partial spectra search in the
library of structurally characterized product-ion spectra or in
its subset, depending on the available time window and
speed of the search, to determine if a sufficient number of
generated product-ion spectra are potentially or in fact
represented in the library. If not, the processing software can
proceed with the selection of other available precursor ions
of the elucidated molecule at various stages, if the signal to
noise ratio, ion current and/or other parameters of precursor
peeks are at acceptable levels. In addition to the wide
ranging screening, the precursor ion selection process can
also be directed to confirm or reject specific structural or
substructural information in the elucidated molecule by
selecting precursor ions that are related to the investigated
structural/substructural information.

The methodology for the acquisition of library product-
ion spectra, describe above, is applicable to the acquisition
of product-ion spectra of elucidated molecules. Once the
product-ion spectra of various tandem stages have been
acquired and a compatible library of structurally character-
ized product-ion spectra is available, the spectra can be
searched against the library. The library search process is
based on a comparison of product-ion spectra of an eluci-
dated molecule and spectrally characterized product-ion
spectra in a library. Unlike other methods, in this invention
the fragment structures are unambiguously determined by
retrieving library product-ion spectra that are analogous to
product-ion spectra of the elucidated molecule. As previ-
ously explained, tandem stage disparity is allowed so that,
for example, MS.sup.2 product-ion spectra can be compared
with MS.sup.3 spectra, as shown in FIG. 2. If the spectral
comparison procedure reveals the required degree of anal-
ogy between a library product-ion spectrum and a product-
ion spectrum of the elucidated molecule, the fragment
structure assigned to the library product-ion spectrum is
assumed to be identical or structurally equivalent with the
precursor ion of the product-ion spectrum of the elucidated
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molecule. An identified fragment structure is added to a
newly created list or to an existing list of previously iden-
tified fragment structures.

Various spectra comparison methods (spectra search algo-
rithms) for single stage experiments have been developed in
the past (McLafferty and Stauffer 1985; Stein and Scot,
1994; Sander, 1999; Gross et al., 2002; Alfassi, 2003). Those
methods or their optimized derivitives can be utilized for
purpose of this invention. In contrast to single stage spectra
comparison methods, product-ion spectra offer a important
additional characteristic parameter or parameters that can
significantly contribute to correct fragment identification,
and this is the mass or m/z value of the precursor ion and/or
the isolation width. Prior to comparison of the spectra, these
parameters are checked for consistency, and if the library
precursor ion m/z value is distinct from its elucidated
counterpart or the isolation widths do not overlap, the
spectra should not be considered as a positive match. It is
highly recommended to deploy this feature in searching for
spectral analogies.

The identified fragment structures can be displayed or can
be further processed. The fragment structures may not
necessarily reflect directly any specific substructure of the
elucidated molecule because the fragment ions are product-
ions of complex decomposition reactions. If a non-reso-
nance, simple bond cleavage reaction has taken place, the
fragment structure is structurally identical (isomorph) with a
part of the primary (parent) structure or substructure. How-
ever, if rearrangement, chain shortening, ring closure, con-
traction or opening, or displacement or resonance reactions
are involved, the fragment structure may not exactly match
any part of the primary structure. Therefore, it could be
beneficial to translate fragment structures to substructures if
they are not isomorph. It is a further idea of the invention to
transform any identified fragment structure into a substruc-
ture that can be topologically matched with the primary
structure. This can be accomplished by maintaining a con-
nectivity link between fragment atoms/bonds and atoms/
bonds of the primary library structure during manual or
automatic fragment structure establishment processes or by
atom and/or bond mapping procedures that are able to
establish this link. The connectivity link earmarks substruc-
ture corresponding to fragment structure of the primary
structure. Since the course of the fragmentation and/or
rearrangement reactions is often dependent on the structural
environment adjacent to atoms and/or bonds involved in
decomposition reactions, the substructure corresponding to
fragment structure can be enlarged up to atoms/bonds
expected to have influence on the overall decomposition
process. The obtained substructures can be displayed or
further processed.

The collective structural information and/or alternative
structural candidates can be reconstructed from the identi-
fied fragments structures of substructures and/or additional
structural characteristics using a structure generator and/or a
structure assembly and/or structure reduction system. The
reconstruction approach is based on exhaustive generation
of structural isomers considering the structural characteristic
that may contain duplicate and/or overlapping information.
Such a system computes a complete set of connectivity
isomers free from duplicates. The additional structural char-
acteristics serve as selective restriction criteria since the
number of generated structural isomers can be immense if
no restrictions, or restrictions that are too general, are
applied. Substructures identified by means of this invention
are the most efficient restriction criteria that reduce the
potential structural space to a limited number of structures.
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The structural characteristic can comprise exact or integer,
average or monoisotopic molecular mass, molecular for-
mula, a priori known functional groups, isotopic pattern,
mass defect (which is the difference between the exact mass
of an atom, molecule, ion, or radical and its integer mass
(Sparkman 2000)), nitrogen rule (which means that an
odd-electron ion will be at an even mass number if it
contains an even number of nitrogen atoms (McLafferty,
1993)), rings plus double-bonds (which is an expression
used to describe a method of determining the number of
rings and/or double bonds in a neutral molecule or ion
(Sparkman, 2000)), neutral losses (which are neutral species
lost in the formation of the fragment ions, especially those
formed directly from the molecular or pseudomolecular ion
(McLafferty, 1993)), and/or physico-chemical properties of
the elucidated structure.

If more than one structure is proposed, they can be ranked
according to chemical relevance or can be manually sorted
by an operator. Generation of structural candidates can
precede calculations of possible, chemically relevant
molecular formulas (elemental composition) from integer or
exact monoisotopic molecular mass. A list of possible
molecular formulas along with other already mentioned
supplementary structural characteristics can effectively
reduce the number of possible structural arrangements in
structure generation process. In addition to determination of
the structure of unknowns, the method of the invention can
determine which structures or substructures cannot encom-
pass the analyzed molecule.

The performance of the method of the invention can be
continuously improved by adding additional structurally
characterized product-ion spectra to the library, which can
be obtained from molecules previously structurally charac-
terized using this method. If the method unambiguously
determines the molecular structure of the elucidated mol-
ecule and this compound exhibits product-ion spectra that
are not included in the library, their precursor ions can be
subsequently structurally characterized as described above.
In this way, structurally characterized product-ion spectra
can be added to the library to enhance the knowledge base.
This “self-improving” feature is also part of the invention.

Exemplary activation and dissociation methods for pre-
paring ion fragments include the following. Collisionally
activated dissociation (CAD), also known as collision
induced dissociation (CID), is a method by which analyte
ions are dissociated by energetic collisions with neutral or
charged species, resulting in fragment ions which can be
subsequently mass analyzed. Mass analysis of fragment ions
from a selected parent ion can provide certain sequence or
other structural information relating to the parent ion. Such
methods are generally referred to as tandem mass spectrom-
etry methods and are the basis of the some of MS based
biomolecular sequencing schemes being employed today.

Typically, tandem mass spectrometry, also termed “mul-
tiple-stage” mass spectrometry (MS.sup.n), involves the
coupled use of two or more stages of mass analysis where
both the separation and detection steps are based on mass
spectrometry. The first stage is used to select an ion or
component of a sample from which further structural infor-
mation is to be obtained. This selected ion is then activated
and subsequently fragmented by (CID), photodissociation,
electron-capture dissociation (ECD), post-source decay
(PSD) or other ion activation and dissociation techniques.
The second stage of mass analysis is then used to detect and
measure the mass or m/z value of the resulting fragments or
product ions. The advent of FTICR-MS has made a signifi-
cant impact on the utility of tandem, MS.sup.n procedures
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because of the ability of FTICR to select and trap specific
ions of interest and its high resolution and sensitivity when
detecting fragment ions. Such ion selection followed by
fragmentation routines can be performed multiple times so
as to essentially completely dissect the molecular structure
of a sample. A two-stage tandem MS experiment would be
called a MS-MS or MS/MS experiment while an n-stage
tandem MS experiment would be referred to as a MS.sup.n
experiment. Depending on the complexity of the sample and
the level of structural detail desired, MS.sup.n experiments
at values of n greater than 2 may be performed.

Ion trap-based mass spectrometers are particularly well
suited for such tandem experiments because the dissociation
and measurement steps are temporally rather than spatially
separated. For example, a common platform on which
tandem mass spectrometry is performed is a triple quadru-
pole mass spectrometer. The first and third quadrupoles
serve as mass filters while the second quadrupole serves as
a collision cell for CAD. In a trap based mass spectrometer,
parent ion selection and dissociation take place in the same
part of the vacuum chamber and are effected by control of
the radio frequency wavelengths applied to the trapping
elements and the collision gas pressure. Hence, while a triple
quadrupole mass analyzer is limited to two stages of mass
spectrometry (i.e. MS/MS), ion trap-based mass spectrom-
eters can perform MS.sup.n analysis in which the parent ion
is isolated, dissociated, mass analyzed and a fragment ion of
interest is isolated, further dissociated, and mass analyzed
and so on.

The following example is presented to illustrate the
advantages of the present invention and to assist one of
ordinary skill in making and using the same. This example
is not intended in any way otherwise to limit the scope of the
disclosure.

FIG. 2 depicts an example of interpretation of mass
spectra of Ampicillin utilizing method present in this inven-
tion.

Step 1: Tandem product-ion spectra 10 (MS.sup.3) of an
elucidated molecule are acquired from two selected precur-
sor ions (m/z 160 and m/z 191).

Step 2: The product-ion spectra of the elucidated mol-
ecule are then compared against the library 12 of structurally
characterized product-ion spectra. Four product-ion spectra
14 of four different compounds (PHENOXYMETHYL-
PENICILLIN, BENZYLPENICILLIN, CEFACLOR,
CEPHALEXIN), acquired at various tandem stages
(MS.sup2., MS.sup.3, MS.sup.4), are found in the library as
being analogous to product-ion spectra of the elucidated
molecule. The MS.sup.3 product-ion spectrum of the eluci-
dated molecule with precursor ion m/z 160 is analogous to
two library product-ion spectra (the MS.sup2. product-ion
spectrum of PHENOXYMETHYLPENICILLIN and the
MS.sup.4. product-ion spectrum of BENZYLPENICIL-
LIN), which are associated with identical fragment struc-
tures. The MS.sup.3 product-ion spectrum of the elucidated
molecule with precursor ion m/z 191 is also analogous to
two library product-ion spectra (the MS.sup.3. product-ion
spectrum of CEFACLOR and the MS.sup.3. product-ion
spectrum of CEPHALEXIN), which are associated with
identical fragment structures.

Step 3: Fragment structures (a,b) and (c,d) 16 associated
with retrieved library product-ion spectra are then assumed
to correspond to product-ion spectra of the elucidated mol-
ecule and, therefore, to be structurally related to the eluci-
dated molecule. The fragment structures can be listed or they
can continue to be processed further according to the meth-
ods of this invention.
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Step 4: Fragment structures (a,b) and (c,d) can be trans-
lated 18 into substructures using for example the connec-
tivity link between the original structure (for example
CEFACLOR) and its corresponding fragment (structure c).
The resulting substructures (e) and (f) 20 can be listed or
they can continue to be processed further according to the
methods of this invention.

Step 5: Substructures (e) and (f) 20 can then be processed
by a structure generator 22 to establish a structural proposal.
In this example, the structure generator is able to process
graphs that are not-connected.

Step 6: The structure generator reconstructs 24 the struc-
tural arrangement of the elucidated molecule shown in this
example, which turns out to be the well-known antibiotic
ampicillin 26.
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While the present invention has been described in con-
junction with a preferred embodiment, one of ordinary skill,
after reading the foregoing specification, will be able to
effect various changes, substitutions of equivalents, and
other alterations to the compositions and methods set forth
herein. It is therefore intended that the protection granted by
Letters Patent hereon be limited only by the definitions
contained in the appended claims and equivalents thereof.

What is claimed is:

1. A method for determining the structure of a molecule,
said method comprising the steps of:

choosing a molecule whose structure is to be determined;

carrying out tandem mass spectrometry on said molecule

to generate product-ion spectra of precursor ions of said
molecule;

comparing said product-ion spectra for said molecule to

structurally characterized product-ion spectra to iden-
tify chemical structures corresponding to structurally
equivalent precursor ions having said structurally char-
acterized product-ion spectra; and

translating the structural arrangements of structurally

equivalent precursor ions identified by said method into
substructures of said molecule.

2. The method of claim 1, wherein said molecule com-
prises a structurally definable chemical entity.

3. The method of claim 1, wherein said molecule com-
prises a polymer chemical entity of definable or undefinable
size.

4. The method of claim 1, wherein said molecule com-
prises a neutral entity.

10

15

20

25

30

35

40

45

50

14

5. The method of claim 1, wherein said molecule com-
prises a charged entity.

6. The method of claim 1, wherein said step of carrying
out tandem mass spectrometry comprises employing one or
more techniques selected from the group consisting of ion
formation, ion selection, ion isolation, ion activation, ion
separation and ion detection techniques.

7. The method of claim 1, wherein the structural arrange-
ments of structurally equivalent precursor ions identified by
said method are stored in a medium or are listed in readable
form.

8. The method of claim 1, wherein the structural arrange-
ments of structurally equivalent precursor ions identified by
said method are processed by a structure generator or a
structure assembly or a structure reduction system to recon-
struct partially or comprehensively the structural arrange-
ment of said molecule whose structure is to be determined.

9. The method of claim 1, wherein, in said comparing
step, said product-ion spectra for said molecule are com-
pared to a library of structurally characterized product-ion
spectra to identify chemical structures corresponding to
structurally equivalent precursor ions from said library.

10. A library of structurally characterized product-ion
spectra for identifying precursor ion structures or substruc-
tures or charged molecular species, said library comprising:

a storage medium comprising a plurality of separately

acquired product-ion spectra from a plurality of tandem
stages from tandem mass spectrometry, wherein said
product-ion spectra result from decomposition of pre-
cursor ions and include m/z values and the structural
arrangement of the precursor ions and/or isolation
width, and wherein, further, additional information
useful for the identification of structural arrangements
or substructures or any other charged molecular species
are stored along with said product-ion spectra.

11. The library of claim 10, wherein a plurality of struc-
tural arrangements of a given precursor ion can be stored.

12. The library of claim 10, wherein product-ion spectra
of singly or multiply charged precursor ions can be stored.

13. The library of claim 10, wherein experimental data or
sample preparation information or an acquisition protocol
can be stored along with said product-ion spectra.

14. The library of claim 10, wherein primary structural
arrangement information for an elucidated molecule prior to
decomposition in said mass spectrometer can be stored
along with said product-ion spectra.

15. The method of claim 9, wherein said library of
structurally characterized product-ion spectra is the library
of claim 10.
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