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1
Polypeptide Fingerprinting Methods, Metabolic Profiling, and
Bioinformatics Database
Field of the Invention
This invention relates to the fields of protein separation and proteomics, metabolite
profiling, bioinformatics, medicine, and computer databases.
Background of the Invention
A goal of genomics research and differential gene expression analysis is to develop
correlations between gene expression and particular cellular states (e.g., disease states,
particular developmental stages, states resulting from exposure to certain environmental
stimuli and states associated with therapeutic treatments). Such correlations have the
potential to provide significant insight into the mechanism of disease, cellular
development and differentiation, as well as in the identification of new therapeutics, drug
targets, and disease markers. Correlations of patterns of gene expression can also be used

to provide similar insights into disease and organism
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metabolism that can be used to speed the development of agricultural products, transgenic
species, and for metabolic engineering of organisms to increase bioproduct yields or
desirable metabolic activities.

Many functional genomic studies focus on changes in mRNA levels as
being indicative of a cellular response to a particular condition or state. Recent research,
however, has demonstrated that often there is a poor correlation between gene expression
as measured by mRNA levels and actual active gene product formed (i.e., protein encoded
by the mRNA). [4] This finding is not surprising since many factors—including
differences in translational efficiency, turnover rates, extracellular expression or
compartmentalization, and post-translational modification—affect protein levels
independently of transcriptional controls. Thus, the evidence indicates that functional
genomics is best accomplished by measuring actual protein levels (i.e., utilizing
proteomic methods) rather than with nucleic acid based methods. The successful use of
proteins for functional genomic analyses, however, requires reproducible quantification
and identification of individual proteins expressed in cell or tissue samples.

It is at the protein level that metabolic control is exercised in cells and
tissues. Comparison of the levels of proteif) expression between healthy and diseased
tissues, or between pathogenic and nonpathogenic microbial strains, can speed the
discovery and development of new drug compounds or agricultural products. Analysis of
the protein expression pattern in diseased tissues or in tissues excised from organisms
undergoing treatment can also serve as diagnostics of disease states or the efficacy of
treatment straiegies, as well as provide prognostic information regarding suitable
treatment modalities and therapeutic options for individual patients.

Many proteins are expressed at varying levels in different cells. Proteins
extracted from tissue or cell samples, using conventional techniques, must first be
separated into individual proteins by gel or capillary electrophoresis or affinity
techniqués, before the individual proteins levels can be compared both within a sample
and across samples obtained from different tissue sources. Because of tﬁe number of
proteins expressed by a cell at any given time, multiple electrophoretic techniqueé (e.8.,
isoelectric focussing followed by electroporation through a polyacrylamide gel) are often

applied to isolate all the individual proteins contained in a given sample.
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Several techniques have been used to quantify the relative amounts of each
protein present after the separation, including: staining proteins separated in a
polyacrylamide gel with dyes (e.g., Brilliant Blue and Fast Green), with colloidial metals
(e.g., gold or silver staining), or by prior labelling of the proteins during cellular synthesis
by the addition of radioactive compounds (e.g., with 35S-methionine or 14C-amino acids,
or 3H-leucine). Staining techniques yield poorly quantitative results because varying
amounts of stain are incorporated into each protein and the stained protein must be
resolved against the stained background of the gel or electroblotting substrate. Since
radioactive labels are applied only to the proteins prior to separation, they overcome the
background problem of staining techniques. However, feeding radioactive compounds to
human subje.cts or handling radioactive materials in an uncontrolled field environment
(e.g., crop plants) restricts the usefulness of this approach. Both staining and
radiolabelling techniques also require inordinately long times to achieve detection.
Staining and destaining of gels is a diffusion limited process requiring hours. Radiolabels
must be quantified by exposing the labelled gel to photographic film or a phosphor screen
for several hours to days while waiting for the radioactive decay process to produce a
quantitative image. Direct infrared spectrophotometric interrogation of the proteins in a -
gel has also been used previously as a method for providing quantitative protein
expression data. However, this quantitative resolution possible from this approach is
adversely affected by variations in gel thickness and differential spreading of the protein
spot between gels (changing the local concentration). Furthermore, the comparatively low
absorption cross-section of proteins in the infrared limits the detection sensitivity.
Analysis of the protein expression pattern does not provide sufficient information for
many applications. ‘ |

Several methods have also been proposed for the identification of proteins
once they are resolved. The most common methods involve referencing the separation
coordinates of individual proteins (e.g., isoelectric point and apparent molecular weight)
to those obtained from archived separation coordinate data (e.g., annotated 2-D gel image
databases) or control samples, performing a chemilytic or enzymatic digestion of a
protein coupled with determination of the mass of the resulting peptide fragments and
correiating this peptide mass fingerprint with that predicted to arrise from the predicted

genetic sequence of a set of known proteins (see James, P., M. Quandroni, E. Carafoli,
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and G. Gonnet, Biochem. Biophys. Res. Commun., 195:58-64 (1993); Yates, J.R., S.
Speicher, P.R. Griffin, and T. Hunkapiller, Anal. Biochem., 214:397-408 (1993)), the
generation of a partial protein sequence that is compared to the predicted sequences
obtained from a genomic database (see Mann, M., paper presented at the IBC Proteomics
conference, Boston, MA (Nov 10-11, 1997); Wilm, M., A. Shevchenko, T. Houthaeve, S.
Breit, L. Schweiger, T. Fotsis and M. Mann, Nature, 379:466-469 (1996); Chait, B.T, R.
Wang, R.C. Beavis and S.B.H. Kent, Science, 262:89-92 (1993)), or combinations of
these methods (see Mann, M., paper presented at the IBC Proteomics confereﬁce, Boston,
MA (Nov 10-11, 1997); Wilm, M., A. Shevchenko, T. Houthaeve, S. Breit, L. Schweiger,
T. Fotsis and M. Mann, Nature, 379:466-469 (1996), Chéit, B.T, R. Wang, R.C. Beavis
and S.B.H. Kent, Science, 262:89-92 (1993)). Recent work indicates that proteins can
only be unambiguously identified through the determination of a partial sequence, called
a protein sequence tag (PST), that allows reference to the theoretical sequences
determined from genomic databases (see Clauser, K.R., S. C. Hall, D. M. Smith, J.W.
Webb, L.E. Andrews, H. M. Tran, L.B. Epstein, and A.L. Burlingame, " Proc. Natl. Acad.
Sci, (USA), 92:5072-5076 (1995); Li, G., M. Walthan, N. L. Anderson, E. Unworth, A.
Treston and J. N. Weinstein, Electrophoresis, 18:391-402 (1997)). However, between 8
to 18 hours is currently required to generate a PST for a single protein sample by
conventional techniques, with a substantial fraction of this time devoted to recovery of the
protein sample from the separation method in a form suitable for subsequent sequencing
(see Shevchenko, A., et al., Proc. Natl. Acad. Sci. (USA), 93:14440-14445 (1996); Mark, .
J., paper presented at the PE/Sciex Seminar Series, Protein Characterization and
Proteomics: Automated high throughput technologies for drug discovery, Foster City,
CA (March, 1998). This makes the identification of all separated proteins from a tissue a
time and cost prohibitive endeavour. This has restricted more widespread use of
proteomic methods, despite their advantages for functional genomics and inhibited the
development of proteomic databases, analogous to the genome databases now available
(e.g., Genbank and the Genome Sequence Database).

Thus, current methods for identifying and quantitating the protein
expression patterns (“‘protein fingerprints”) of cells, tissues, and organs are lacking
sufficient resolution, precision, and/or sensitivity. The present invention addresses these

features lacking in the methods known in the art.
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Polypeptide Separation Methods: Capillary Electrophoresis

Two-dimensional (2-D) gel electrophoresis is currently the most widely
adopted method for separating individual proteins isolated from cell or tissue samples (5,
6, 7). Evidence for this is seen in the proliferation (more than 20) of protein gel image
databases, such as the Protein-Disease Database maintained by the NIH [8]. These
databases provide images of reference 2-D gels to assist in the identification of proteins in
gels prepared from various tissues.

Capillary electrophoresis (CE) is a different type of electrophoresis, and
involves resolving components in a mixture within a capillary to which an electric field is
applied. The capillary used to conduct electrophoresis is filled with an electrolyte and a
sample introduced into one end of the capillary using various methods such as
hydrodynamic pressure, electroosmotically-induced flow, and electrokinetic transport.
The ends of the capillary are then placed in contact with an anode solution and a cathode
solution and a voltage applied across the capillary. Positively charged ions are attracted
towards the cathode, whereas negatively charged ions are attracted to the anode. Species
with the highest mobility travel the fastest through the capillary matrix. However, the

order of elution of each species, and even from which end of the capillary a species elutes,

_depends on its apparent mobility. Apparent mobility is the sum of a species

electrophoretic mobility in the electrophoretic matrix and the mobility of the

Aclectrophoretic matrix itself relative to the capillary. The electrophoretic matrix may be

mobilized by hydrodynamic pressure gradients across the capilléry or by

_ electroosmotically-induced flow (electrosomotic flow).

A number of different electrophoretic methods exist. Capillary isoelectric
focusing (CIEF) involves separating analytes such as proteins within a pH gradient
according to their isoelectric point (i.e., the pH at which the analyte has no net charge) of
the analytes. A second method, capillary zone electrophoresis (CZE) fractionates analytes
on the basis of their intrinsic charge-to-mass ratio. Capillary gel electrophoresis (CGE) is
designed to separate proteins according to their molecular weight. (For reviews of
electrophoresis generally, and CIEF and CZE specifically, see, e.g., Palmieri, R. and
Nolan, J.A., “Protein Capillary Electrophoresis: Theoretical and Experimental
Considerations for Methods Development,” in CRC Handbook of Capillary

S
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Electrophoresis: A Practical Approach, CRC Press, chapter 13, pp. 325-368 (1994)
(electrophoresis generally); Kilar, F., “Isoelectric Focusing in Capillaries,” in CRC
Handbook of Capillary Electrophoresis: A Practical Approach, CRC Press, chapter 4, pp.
325-368 (1994); and McCormick, R.M., “Capillary Zone Electrophoresis of Peptides,” in
CRC Handbook of Capillary Electrophoresis: A Practical Approach, CRC Press, chapter
12, pp. 287-323 (1994). All of these references are incorporated by reference in their
entirety for all purposes). '

While 2-D gel electrophoresis is widely practiced, several limitations
restrict its utility in functional genomics research. First, because 2-D gels are lirﬁited to
spatial resolution, it is difficult to resolve the large number of proteins that are expressed
in the average cell (1000 to 10,000 proteins). High abundance proteins can distort carrier
ampholyte gradients in capillafy isoelectric focusing electrophoresis and result in
crowding in the gel matrix of size seiving electrophoretic methods (e.g., the second
dimension of 2-D gel electrophoresis and CGE), thus causing irreproducibility in the
spatial pattern of resolved proteins [20, 21 and 22]. High abundance proteins can also
precipitate in a gel and cause streaking of fractionated proteins [20]. Variations in the
crosslinking density and electric field strength in cast gels can further distort the spatial
pattern of resolved proteins [23, 24]. Another problem is the inability to resolve low
abundance proteins neighboring high abundance proteins in a gel because of the high

staining background and limited dynamic range of gel staining and imaging techniques

" [25, 22]. Limitations with staining also make it difficult to obtain reproducible and

quantifiable protein concentration values. In some recent experiments, for example,
investigators were only able to match 62% of test spots of the spots formed on 37 gels run
under similar conditions [21; see also 28, 29]. Additionally, many proteins are not
soluble in buffers compatible with acrylamide gels, or fail to enter the gel efficiently
because of their high molecular weight [26, 27].

Thus, currently used methods of capillary electrophoresis provide |

significant limitations with regard to their usefulness is providing a detailed protein

- expression fingerprint of a cell or tissue sample.
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Protein Species Identification/ Protein Sequence Tags

In contrast to characterizing proteins on the basis of their electrophoretic
mobility or isoelectric point, an approach to identifying the protein species that are
expressed in a tissue or cell sample is to obtain partial or complete peptide sequence
information from proteins purified from the sample. Needless to say, but this approach is
laborious and is of limited sensitivity as it reqhires extensive and often problematic
purification steps to isolate individual protein species to allow for unambiguous sequence
determination, and in many cases is simply not feasible for proteins which are not highly
abundant and/or are not readily purifiable free from contaminant protein species.

It is also important that primary amino acid sequence or a partial sequence
(i.e., a protein sequence tag, “PST”) be determined so that the reason underlying changes-
in the protein expression pattern related to proteins that appearing at different separation
coordinates, can be determined. Proteins may appear at more than one separation
coordinate, depending on the degree of post-translational modification exercised on that
protein by the cell or tissue. The separation coordinate for a protein may also change due
to genetic mutations. Changes in the relative abundance of a protein at any given
separation coordinate may also be due to changes in the regulation of gene expression.
Only by unambiguously identifying each of the proteins resolved can the reason
underlying any variations in protein expression across different samples be deduced.

- Several methods have previously been proposed for determining the
sequence or a protein sequence tag of separated proteins. These include: sequential rounds
of N-terminal or C-terminal labeling followed by liberation and determination of the
labeled amino acid, exoproteolytic digestion of the protein one amino acid at a time,
endoprbt'eolytic digestion of larger proteins into smaller peptides followed by N- and
C-terminal labeling and amino acid determination, and mass spectrometric fragmentation
pattern recognition. Sequential labeling and digestion techniques (e.g., Edman chemistry)
are time consuming, eveil when automated, because the process must be repeated through
many cycles before a sufficiently large protein sequence tag can be accumulated.
Propagation of errors-i.e., either from incomplete labeling on each round, incomplete
liberation of the labeled amino acid, or both-also limits the length of protein sequence that .
can be deterfnined using these techniques. While a more complete protein sequence can

be obtained by first using endoproteases to cleave the protein into smaller fragments prior
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to application of the sequential labeling and digestion chemistry, this also introduces the
time and labor intensive step of reseparating and purifying the protein fragments, usually
by reapplication of an electrophoretic separation technique. Determining the sequence
order of these peptide fragments in the oﬁginal protein can also present additional
problems. Carboxy-terminal methoxy labeling of cyanogen bromide digests has been used
to identify the C-terminal peptide fragment from other fragments formed by cyanogen

bromide digestion of a larger protein.

Protein Sequence Determination by Mass Spectrometry

Mass spectrometric techniques are increasingl& being applied to protein
identification because of their speed advantage over the more traditional methods.
Electrospray and matrix assisted laser desorption ionization (MALDI) are the most
common mass spectrometric techniques applied to protein analysis because they are best
able to ionize large, low volatility, molecular species. Two basic strategies have been
proposed for the MS identification of proteins after separation: 1) mass profile
fingerprinting (‘MS ﬁngerpﬁnting’)and 2) sequencing of one or more peptide domains By '
MS/MS (‘MS/MS sequencing’). MS fingerprinting is achieved by accurately measuring
the masses of several peptides generated by a proteolytic digest of the intact protein and
searching a database for a known protein with that peptide mass fingerprint. MS/MS
sequencing involves actual determination of one or more PSTs of peptides derived from
the protein digest by generation of sequence-specific fragmentation ions in the quadrapole
of an MS/MS instrument. Refinements in both of these techniques have also reduced the
amount of individual proteins needed to achieve signature detection.

In one approach, a protein is chemilytically (e.g., cyanogen bromide) or
enzymatically (e.g., trypsin) digested at sequence specific sites to form peptides. The
specificity of the cleavage yields peptides of reproducible masses that can subsequently
be determined by MS. The mass spectrometric peptide pattern detected from an individual
protein is then compared to a database of similar patterns generated from purified proteins
with known sequences or predicted from the theoretical protein sequence based on the
expected digestion pattern. The identity of the unknown protein is then inferred to be that
of the known protein that best matches its peptide mass fingerprint.
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Historically, techniques such as Edman degradation have been extensively
used for protein sequencing. However, sequencing by collision-induced dissociation MS
methods (MS/MS sequencing) has rapidly evolved and has proved to be faster and require
less protein than Edman techniques. MS sequencing is accomplished either by using
higher voltages in the ionization zone of the MS to randomly fragment a single peptide
isolated from a protein digest, or more typically by tandem MS using collision-induced
dissociation in the ion trap (quadrapole). However, the application of CID methods to

.protein sequencing require that the protein first be chemilytically or enzymatically
digested. ‘

Several techniques can be used to select the peptide fragment used for
MS/MS sequencing, including accumulation of the parent peptide fragment ion in the
quadrapole MS unit, capillary electrophoretic separation coupled to ES-TOF MS
detection, or other liquid chromatographic separations. The amino acid sequence of the
peptide is deduced from the molecular weight differences observed in the resulting MS
fragmentation pattern of the peptide using the published masses associated with
individual amino acid residues in the MS, and has been codified into a semi-autonomous
peptide sequencing algorithm. In this approach the peptide to be sequenced is typically
accumulated in the quadrapole of a mass spectrometer. CID is then accomplished by
injecting a neutral collision gas, typically Ar, into this ion trap to force high energy
collisions with the peptide ion. Some of these collisions result in cleavage of the peptide
backbone and the generation of smaller ions that, by virtue of their different mass to
charge ratio, leave the quadrapole and are detected. The majority of the peptide cleavage
reactions occur in a relatively few number of ways, resulting in a high abundance of
certain types of cleavage ions. The peptide sequence is then deduced from the apparent
masses of these high abundance peptide fragments detected.

Mass spectrometry has the additional advantage in that it can be efficiently
coupled to electrophoretic separation techniques both with or without endoproteolytic
(e.g., trypsin digestion) or chemilytic (e.g., cyanogen bromide) cleavage of the protein
into smaller fragments. However, no mass spectrometric technique has previously been
described that directly determines the protein sequence or a protein sequence tag of

unknown proteins. Furthermore, no MS sequencing technique has previously been
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described that directly couples to electrophoretic methods used to separate large numbers
of proteins from a mixed protein sample.

For example, in the mass spectrum of a 1425.7 Da peptide
(HSDAVFTDNYTR) isolated in an MS/MS experiment acquiredA in positive ion mode,
the difference between the full peptide 1425.7 Da and the next largest mass fragment (y; 1,

1288.7 Da) is 137 Da. This corresponds to the expected mass of an N-terminal histidine
residue that is cleaved at the amide bond. For this peptide, complete sequencing is
possible as a result of the generation of high-abundance fragment ions that correspond to
cleavage of the peptide at almost every residue along the peptide backbone. The
generation of an essentially complete set of positively-charged fragment ions that include
either end of the peptide is a result of the basicity of both the N- and C-terminal residues
(H and R, respectively). Ifa basic residue is located at the N- or C-terminus, especially R,
most of the ions produced in the CID spectrum will contain that residue since positive
charge is essentially localized at that site. This greatly simplifies the resulting spectrum
since these basic sites direct the fragmentation into a limited series of specific daughter
ions. Peptides that lack basic residues tend to fragment into a more complex mixture of
fragment ions that makes sequence determination more difficult.

- Extending this idea, others demonstrated that attaching a hard positive
charge to the N-terminus is an effective approach for directing the production of a
complete series of N-terminal fragment ions from a parent peptide in CID experiments
regardless of the presence of a basic residue at the N-terminus. Theoretically, all fragment
ions are produced by charge-remote fragmentation directed by the fixed-charged group.
Peptides have now been modified with several classes of fixed-charged groups, including
dimethylalkylammonium, substituted pyridinium, quaternary phosphonium, and
sulfonium derivatives. The characteristics of the most desirable labels are that they are
easily synthesized, increase the ionization efficiency of the peptide, and (most
importantly) direct the formation of a specific fragment ion series with minimal
unfavorable label fragmentation. The most favorable derivatives that satisfy these criteria
are those of the dimethylalkylammonium class with quarternary phosphonium derivatives
being only less favorable due to their more difficult synthesis. Substituted pyridinium
derivatives are better suited for high-energy CID as opposed to alkylammonium

derivatives.

10
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Despite some progress in peptide analysis, protein identification remains a
major bottleneck in field of Proteomics, with up to 18 hours being required to generate a
protein seqhence tag of sufficient length to allow the identification of a single purified
protein from its predicted genomic sequence. Unambiguous protein identification is
attained by generating a protein sequence tag (PST), which is now preferentially
accomplished by collision-induced dissociation in the quadrapole of an MS/MS
instrument. Limitations on the ionization efficiency of larger peptides and proteins -
restrict the intrinsic detection sensitivity of MS techniqués and inhibit the use of MS for
the identification of low abundance proteins. Limitations on the mass accuracy of time of
flight (TOF) detectors can also constrain the usefulness of MS/MS sequencing, requiring
that proteins be digested by proteolytic and chemolytic means into more manageable
peptides prior to sequencing. Clearly, rapid and cost effective protein sequencing
techniques would improve the speed and lower the cost of proteomics research. Finally,
the separation agents and buffers used in traditional protein separation techniques are

often incompatible with MS identification methods.

Labeling of Protein Samples

The correlation of protein expression levels obtained from healthy and
diseased tissue is the basis of proteomics research. P,roteins.extracted from tissue or cell
samples typically must be separated into individual proteins by gel electrophoresis
(O’Farrel, P.H., J Biol. Chem., 250:4007 (1975); Hochstrasser, D.F., et al., Anal
Biochem., 173:424 (1988); Hithmer, A. F. R, et al,, Anal. Chem., 69:29R-57R (1997);
Garfin, D.E., Methods in Enzymology, 182:425 (1990)), capillary electrophoresis (Smith,
R. D, et al., “Capillary electrophoresis-mass spectrometry,” in: CRC Handbook of
Capillary Electrophoresis: A Practical Approach, Chp. 8, pgs 185-206 (CRC Press, Boca
Raton, FL, 1994); Kildr, F., “Isoelectric focusing in capillaries,” in: CRC Handbook of
Capillary Electrophoresis: A Practical Approach, Chp. 4, pgs. 95-109 (CRC Press, Boca
Raton, FL, 1994); McCormick, R. M., “Capillary zone electrophoresis of peptides,” in:
CRC Handbook of Capillary Electrophoresis: A Practical Approach, Chp. 12, pgs 287-
323 (CRC Press, Boca Raton, FL, 1994); Palmieri, R. and Nolan, J. A., “Protein capillary
electrophoresis: theoretical and experimental considerations for methods development,”

in: CRC Handbook of Capillary Electrophoresis: A Practical Approach, Chp. 13, pgs
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325-368 (CRC Press, Bbca Raton, FL, 1994)), or affinity techniques (Nelson, R.W., “The
use of affinity-interaction mass spectrometry in proteome analysis,” paper presented at the

BC Proteomics conference, Coronado, CA (June 11-12, 1998); Young, J., “Ciphergen

Biosystems,” paper presented at the CHI Genomics Opportunities conference, San

Francisco, CA (Feb. 14-15, 1998)), before quantification and comparison of their relative
expression levels to those from comparative samples. The most commonly used
proteomics method is 2-D gel electrophoresis using staining and imagining techniques to
quantify the protein levels present in the gel (Anderson, N.G. and N.L. Anderson,
“Twenty years of two-dimensional electrophoresis: Past, present and future,”
Electrophoresis, 17:443 (1996)). Howevér, the detection of low abundance proteins
(Anderson, L., “Pharmaceutical Proteomics: Targets, mechanisms and function,” paper
presented at the BC Proteomics conference, Coronado, CA (June 11-12, 1998); McKee,
A, “The Yeast Proteomé,” paper resented at the BC Proteomics conference, Coronado,
CA (June 11-12, 1998)) and the reproducibility of protein staining and quantification
techniques (Anderson, L., “Pharmaceutical Proteomics: Targets, mechanisms and

function,” paper presented at the BC Proteomics conference, Coronado, CA (June 11-12,

1998); McKee, A., “The Yeast Proteome,” paper resented at the BC Proteomics

conference, Coronado, CA (June 11-12, 1998); BioRad Molecular Imager FX and

PDQuest 2-D analysis software seminar, presented at the IBC Proteomics conference,

" Coronado, CA (June 11-12, 1998); Franzén, F., et al., Electrophoresis, 18:582 (1997))

have proved suspect.

The development of an automated, quantitative, and reproducible system, |
capable of analyzing protein expression levels directly from native human tissue samples, -
is expected to significantly impact the time and costs required to generate comparative
protein expression data and potentially improve the quality of these data. The

development of a labeled 2-D electrophoresis system would allow more rapid

~ accumulation of protein-disease databases and would further speed the identification of

new disease targets.

Despite the 2-D gel problems of gel reproducibility, the importance of
proteomics research has already been well established. Steiner and coworkers reported
the use of proteomics to understand the toxicology of two preclinical drug candidates in

rat liver tissues (see, Steiner, “Proteome methods to profile mechanisms of toxicity”” paper

12
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presented at the IBC Proteomics conference, Coronado, CA, June 11-12, 1998). Armott
recently reported the identification of proteins whose expression appears to be related to
hypertrophy in congestive heart failure, although, it has yet to be determined if any of
these proteins are suitable drug targets (see, Amott, “Protein differential display and mass
spectrometry in the study of congestive heart failure” paper presented at the IBC
Proteomics conference, Coronado, CA, June 11-12, 1998). Witzmann et al. report the use
of proteomic studies of bovine testis to better understand the toxicology of 1,3,5-
trinitrobenzene and 1,3-dinitrobenzene seen in in vitro tissue slices (see, Witzmann, et al.,
Electrophoresis, 18:642 (1997)). Franzén et al. report the use of proteomic analysis to
identify markers for malignant human breast tumors (see, Franzén et al., Electrophoresis,
18:582 (1997)).
' Proteomics research also requires that proteins resolved in the separation
process also be identified. Clauser ez al.have suggested that proteins can only be
unambiguously identified through the determination of PSTs that allow reference to the
theoretical sequences determined from genomic databases (see, Clauser, et al., Proc. Natl.
Acad. Sci. (USA), 92:5072-5076 (1995)). Li et al. appear to have proven this assertion by
finding that the reliable identification of individual proteins by MS fingerprinting
degenerated as the size of the comparative theoretical peptide mass database increased
(see, Li, et al., Electrophoresis 18:391-402 (1997)). Li et al. also reported that they were
only able to obtain peptide maps for the highest abundance proteins in the gel because of
'sensiti.vity limitations of the MS, even though their matrix assisted laser desorption
MALDI methodology was demonstrated to improve the detection sensitivity over
previously reported methods. Clearly, rapid and cost effective protein sequencing
techniques will improve the speed and lower the cost of proteomics research.

Historically, techniques such as Edman degradation have been extensively
used for protein sequencing. See, Stark, in: Methods in Enzymolqu, 25:103-120 (1972);
Niall, in: Methods in Enzymology, 27:942-1011 (1973); Gray, in: Methods in Enzymology,
25:121-137 (1972); Schroeder, in: Methods in Enzymology, 25:138-143 (1972); B
Creighton, Proteins: Structures and Molecular Principles (W. H. Freeman, NY, 1984);
Niederwieser, in: Methods in Enzymology, 25:60-99 (1972); and Thiede, et al. FEBS Lett.,
357:65-69 (1995). However, sequencing by collision-induced dissociation mass

spectrometry (MS) methods (MS/MS sequencing) has rapidly evolved and has proved to
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be faster and require less protein than Edman techniques. See, Shevchenko, A., et al.,
Proc. Natl. Acad. Sci. (USA), 93:14440-14445 (1996); Wilm, et al., Nature, 379:466-469
(1996); Mark, J., “Protein structure and identification with MS/MS,” paper presented at
the PE/Sciex Seminar Series, Protein Characterization and Proteomics: Automated high
throughput technologies for drug discovery, Foster City, CA (March, 1998); and Bieman,
Methods in Enzymology, 193:455-479 (1990).

Two basic strategies have been proposed for the MS identification of
proteins after their separation from a protein mixture: 1) mass profile fingerprinting (‘MS
fingerprinting’, see James, et al., Biochem. Biophys. Res. Commun., 195:58-64 (1993) and
Yates, et al., Anal. Biochem. 214:397-408 (1993)) and 2) sequencing of one or more
peptide domains by MS/MS (‘MS/MS sequencing’, see Wilm, et al., Nature, 379:466-469
(1996); Chait, et al., Science, 262:89-92 (1993); and Mann, M., paper presented at the
IBC Proteomics conference, Boston, MA (November 10-11, 1997)). MS fingerprinting is
achieved by accurately measuring the masses of several peptides generated by a
proteolytic digest of the intact protein and searching a database for a known protein with
that peptide mass fingerprint. MS/MS sequencing involves actual determination of one or
more PSTs of the protein by generation of sequence-specific fragmentation ions in the
quadrapole of an MS/MS instrument.

In view of the increasing demand for proteomics data, methods are needed
for the separation and sequencing of complex protein samples. Moreover, new protein
labeling methods are needed to further facilitate separation and sequencing of proteins in
a complex sample. Surprisingly, the present invention provides new methods for the
labeling of protein mixtures. The techniques described herein can speed the process of

protein identification and correlation of protein expression to disease conditions or

development science.

Metabolic Analysi |
One goal in biochemical research is to develop correlations between the

presence, absence, concentration, conversion rates, or transport rates of certain molecules
within cells, tissues,and particular cell or tissue states (e.g., disease states, particular
developmental stages, states resulting from exposure to certain environmental stimuli and

states associated with therapeutic treatments). Such correlations have the potential to
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provide significant insight into the mechanism of disease, cellular development and
differentiation, as well as in the identification of new therapeutics, drug targets and/or
disease markers. A

Genomics based studies are an example of one type of approach taken in
such investigations. Typically, functional genomics focuses on the change in mRNA |
levels as being indicative of a cellular response to a particular condition or state. Recent
research, however, has demonstrated that often there is a poor correlation between gene
expression as measured by mRNA levels and active gene prbduct formed (i.e.; protein
encoded by the mRNA). This finding is not particularly surprising since many factors—
including differences in translational efficiency, tunover rates, extracellular expression or
compartmentalization, and post-translational modification affect protein levels
independently of transcriptional controls.

Another approach is proteomics which, as the term implies, focuses on the

_ proteins present in various cellular states. The rationale for conducting proteomics

investigations is based in part upon the view that certain aspects of cellular biology can be
better understood by taking inventory of protein levels rather than nucleic acids levels,
particularly given the findings just described that suggest that protein activity often hinges
on factors other than the concentration of mRNA encoding the protein. '

Instead of focusing exclusively on either nucleic acids or proteins, the
current invention takes a different approach and examineé the metabolites present in a cell
formed through cellular metabolism. Such an approach is termed metomics. More

specifically, metomics refers to the study of metabolic fluxes and changes in these fluxes

. as a function of the physiological state of an organism (or population of cells or tissue).

Metomics studies can involve, for example, identifying specific metabolic patterns that
cause or result from changes in the physiological sfate of an organism or cell population.
Metomics studies can be correlated to changes in protein and mRNA expression patterns
also resulting from changeé in the physiological state of an organism or cell population.
Metabolism consists of a complex network of catabolic (energy and
precursor producing) and anabolic (biosynthetic) enzymatic pathways that together
support the maintenance and growth of the cell. The flow of chemicals through this
network of enzymatic reactions variés with the cell cycle, (Ingraham, J. L., et al., Growth
of the Bacterial Cell, Sinauer Associates, Sunderland, MA, (1983)) diet, availability of
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extracellular nutrients, and exposure to cellular stresses (e.g., chemical and biochemical
toxins or infectious agents). The major metabolic pathways and factors in their regulation
are discussed in any general biochemical text book including, for example, Voet, D. and
Voet, J.G., Biochemistry, John Wiley & Sons, New York (1990); Stryer, L., Biochemistry,
2nd ed., W.H. Freeman and Company, San Francisco (1981); and White, A., et al.,
Principles of Biochemistry, 6th ed., McGraw-Hill Book Company (1978), each of which
is incorporated by reference in its entirety.

Because metabolism must be capable of adapting to varying conditions
and stimuli, cells have a variety of mechanisms at their disposal to regulate metabolism.
For example, certain regulatory mechanisms control the rate at which metabolites enter a
cell. Since very few substances are capable of diffusing across a cellular membrane, such
regulation typically occurs via one of the active or passive transport mechanisms of a cell.

0OIn addition to transport control, a number of different mechanisms can |
function to regulate the activity of an enzyme that is part of a metabolic pathway. For
example, a product produced by the enzyme can act via feedback inhibition to regulate the
activity of the enzyme. Enzymes can also be regulated by ligands that bind at allosteric
sites (i.e., sites other than the active site of the enzyme). It has been suggested that
allosteric regulation is important in quick time responses (times less than that required for
the induction and synthesis of new proteins, <10 min), as well as in the modulation of
enzyme activity to changes in background requirements (feed-back control) (Chock, P. B,
et al., Current Topics in Cellular Regulation., 27:3 (1985); Koshland, D. E., et al.,
Science, 217:220 (1982); Stadtman, E. R. and Chock, P. B., Current Topics in Cellular
Regulation, 13:53 (1978)). Allosteric regulation is the primary method used by bacteria
to seﬁse their environment, both by activity modulation of already synthesized proteins
and by eliciting new protein synthesis via control of RNA polymerase promoter and
représsor proteins (Monod, J., et al., J. Mol. Biol., 6:306 (1963)). Allosteric regulation
can be associated with multimeric proteins (several ;ubunits working in a concerted
fashion) and/or within regulatory cascades in order to: (1) provide more sites for different
regulatory ligands to affect activity, (2) amplify the rate of response, (3) amplify the
magnitude of response, and/or (4) amplify the sensitivity of response (Chock, P. B,, et al.,
Current Topics in Cellular Regulation., 27:3 (1985), Koshland, D. E., et al., Science,
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217:220 (1982); Stadtman, E. R. and Chock, P. B., Current Topics in Cellular

Regulation, 13:53 (1978)).

Expression regulation constitutes another metabolic regulatory mechanism.

Concerted sets of genes, encoding small numbers of proteins, are often organized under
the same transcriptional control sequence called an operon. However, where the
necessary adaptive changes entail the induction of large numbers of proteins, many such
operons can be linked in regulons. For example, in E. coli the following stimuli induce
the number of proteins indicated in parentheses: (a) heat shock (17 proteins), (b) nitrogen
starvation (> 5 proteins), (c) phosphate starvation (> 82 proteins), (d) osmotic stress (> 12
proteins), and (€) SOS response (17 proteins) (see, Neidhardt, F. C., in: Escherichia coli
and Salmonella typhimurium: cellular and molecular biology, F. C. Neidhardt et al.
(eds.), pg. 3, Amer Soc Microbiology, Washington, DC., (1987); Neidhardt, F. C. and
Van Bogelen, R. A., in: Escherichia coli and Salmonella typhimurium Cellular and
Molecular Biology., F. C. Neidhardt (ed.)., pg 1334, American Society of Microbiology,
Washington, D. C., (1987); Magasanik, B. and Neidhardt, F. C., in Escherichia coli and
Salmonella typhimurium Cellular and Molecular Biology., F. C. Neidhardt (ed.), pg 1318,
American Society of Microbiology, Washington, D. C., (1987); (VanBogelen, R. A., et
al., Electrophoresis, 11:1131 (1990)); Wanner, B. L., in: Escherichia coli and Salmonella
typhimurium Cellular and Molecular Biology, F. C. Neidhardt (ed.), pg 1326, American
Society of Microbiology, Washington, D. C., (1987)); (Christman, M. F. et. al, Cell,
14:753 (1985); and Walker, G. C., in Escherichia coli and Salmonella typhimurium
Cellular and Molecular Biology, F.C. Neidhardt (ed.), pg 1346, American Society of
Microbiology, Washington, D. C., (1987)). Thus, regulons enable cells to regulate genes
that need to respond occasionally in a concerted fashion to a particular stimulus, but that
at other times need to be independently responsive to individual controls (Neidhardt, F.
C., in: Escherichia coli and Salmonella typhimurium: cellular and molecular biology, F.
C. Neidhardt et al. (eds.), pg. 3, Amer Soc Microbiology, Washington, DC., (1987)).

' Degradation is another regulatory mechanism for controlling metabolism.
Most proteins are very stable, at least under conditions of balanced growth, probably
because the cell pays such a high price to make them. However, several researchers have
observed a limited class of cellular proteins (10 to 30 % of the total protein present during

exponential growth in bacteria) that is unstable (exhibit half-lives of 60 min or less).
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Proteins within the class appear to be tumed over quickly within 10 hours of any growth
down shift, and during exponential growth (Nath, K. and Koch, A. L., J. Biol. Chem.,
246:6956 (1971); St. John, A. C. and Goldberg, A. L., J. Bacteriol., 143:1223 (1980)). At
least some of these labile proteins, during energy and nutrient down-shifts, are proteins of
the protein synthesizing system ke.g., ribosomal proteins) (Davis, B.D., et al., J.
Bacteriol., 166:439 (1986)); Ingraham, J. L., et al., Growth of the Bacterial Cell, Sinauer
Associates, Sunderland, MA, (1983); Maruyama, H. B. and Okamura, S., J. Bacteriol.,
110:442 (1972)). This conclusion is drawn from the observations that the apparent rate of
protein synthesis per unit of protein synthesizing proteins decreases at low growth rates,
but the time required for the initial synthesis of inducible enzymes remains constant at all
growth rates (Ingraham, J. L., et al., Growth of the Bacterial Cell, Sinauer Associates,
Sunderland, MA, (1983)).

Given the interrelatedness between diffe;ent cell states and metabolism
and the fact that the focus of metomics differs from genqmics and proteomics, the present
invention utilizes metomic studies to gain new insight into the correlation between

cellular states and the biomolecules within the cell.

Computer Database and Bioinformatics
The methods described for identifying and/or quantitating the relative

and/or absolute abundance of a variety of molecular and macromolecular species from a
biological sample provide a superabundance of information which can be correlated with
pathological conditions, predospositions to disease, drug testing, therapeutic monitoring,
gene-disease causal linkages, identification of correlates of immunity and physiological
status, among others. As the massive amounts of raw data generated by these methods
are poorly suited for manual review and analysis without prior data processing using
high-speed computers, several ;nethods for indexing and retrieving biomolecular
information have been proposed. U.S. Patents 6,023,659 and 5,966,712 disclose a
relational database system for storing biomolecular sequence information in a manner that
allows sequences to be catalogued and searched according to one or more protein function
hierarchies. U.S. Patent 5,953,727 discloses a relational database having sequence records
éontaining information in a format that allows a collection of partial-length DNA

sequences to be catalogued and searched according to association with one or more
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sequencing projects for obtajm'ngl full-length sequences from the collection of partial
length sequences. U.S. Patent 5,706,498 discloses a gene database retrieval system for
making a retrieval of a gene sequence similar to a sequence data item in a gene database
based on the degree of similarity between a key sequence and a target sequence. U.S.
Patent 5,538,897 discloses a method using mass spectroscdpy fragmentation patterns of
peptides to identify amino acid sequences in computer databases by comparison of
predicted mass spectra with experimentally-derived mass spectra using a closeness-of-fit
measure. U.S. Patent 5,926,818 discloses a multi-dimensional database comprising a
functionality for multi-dimensional data analysis described as on-line analytical
processing (OLAP), which entials the consolidation of projected and actual data
according to more than one consolidation path or dimension. U.S. Patent 5,295,261
reports a hybrid database structure in which the fields-of each database record are divided
into two classes, navigational and informational data, with navigatiohal fields stored in a
hierarchical topological map which can be viewed as a tree structure or as the merger of
two or more such tree structures.

The aforementioned database art fails to provide a complete solution to the
need to integrate, analyze, and catalogue in retrievable form, the wealth of potentially
useful information obtained by the analytical methods disclosed herein and to provide
correlations and pathognomonic linkages between such information and medical

conditions and the like.

Applications of Protein Expression Datasets

Although the limited usefulness of existing protein expfession proﬁling
techniques have yielded fairly small and incomplete datasets of protein expression
information, the art has been considering theoretical uses of higher resolution protein
expression datasets, should they become available in view of new or improved
techniques. .

If high-resolution, high-sensitivity protein expression profiling methods
and datasets were to become available to the art, significant progress in the areas of
diagnostics, therapeutics, drug development, biosensor development, and other related
areas would be possible. For example, multiple disease markers could be identified and

utilized for better confirmation of a disease condition or stage (see US Patent numbers 5,
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672,480; 5,599,677; 5,939,533; and 5,710,007). Subcellular toxicological information
could be generated to better direct drug structure and activity correlations (see Anderson,
L., “Pharmaceutical Proteomics: Targets, Mechanism, and Function,” paper presented at
the IBC Proteomics conference, Coronado, CA (June 11-12, 1998). Subcellular
toxicological information can also be utilized in a biological sensor device to predict the
likely toxicological effect of chemical exposures and likely tollerable exposure thresholds
(see US Patent number 5,811,231).

. The present invention provides compositions, methods, apparatus, and
computer-based databasing systems for high-throughput, high-resolution, and sensitive
protein expression profiling from samples containing a plurality of polypeptide species,
such as for example cells, tissues, and organs of bacteria, plants, and animals, and related
aspects and uses thereof.

The literature citations discussed herein are provided solely for their
disclosure prior to thé filing date of the present application. Nothing herein is to be
construed as an admission that the inventors are not entitled to antedate such disclosure by

virtue of prior invention.

SUMMARY OF THE INVENTION -

. The present invention provides éleétrophoretic methods and devices for
separating biological macromolecules (including polypeptides), methods for determining
the partial or complete sequence of a polypeptide using mass spectroscopy, methods
combining electrophoretic methods with polypeptide sequencing by mass spectroscopy,
methods using the above to generate protein expression fingerprint datasets from a sample
or a plurality of samples, and computer-based database query and retrieval systems for
utilizing said protein expression fingerprint datasets for various uses, including but not
limited to diagnostics, therapeutics, drug discovery, drug development, environmental
monitoring by bioassay, toxin quantitation, biosensor development, gene therapy,
pharmacological monitoring, illicit drug testing, transgenics, metabolic engineering, and
related uses described hefein or evident to the ordinarily-skilled artisan in view of the
present teaching of the specification. The invention also provides the use of each of these
methods, apparatuses, compositions, and computerized database query and retrieval
systems. '
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In an aspect, the invention provides a method for separating a polypeptide
species from a sample solution containing a plurality of polypeptide species and
identifying said polypeptide specie;s, the method comprising electrophoresing said sample
solution containing a plurality of polypeptide species in a capillary electrophoresis device
to separate and elute polypeptide species and thereby resolving said protein species based
on at least one first biophysical parameter which discriminates protein species; and
obtaining, by mass spectrographic fragmentation of eluted polypeptide species, a
polypeptide sequence tag (“PST”) identifying at least one resolved protein species. In a
variation of the method, at least two capillary electrophoresis methods are used
sequentially prior to mass spectrographic fragmentation of one or more eluted polypeptide
species. In a variation of the method, a suitable mass spectrometry label is covalently
attached to polypeptide species prior to mass spectrographic fragmentation. In a variation
of the rhethod the PST comprises at least 2, and preferably 3 or 4 amino acid residues of
the carboxy and/or amino terminal sequence of the eluted polypeptide species. In an
embodiment of the method, at least 75 percent of polypeptide species present in the
sample solution are separated and identified by PST determination. In an embodiment of
the method, at least 5,000 unique polypeptide species present in the sample solution are
separated and identified by PST determination; preferably at least 7,500 or more unique
polypeptide species can be separated and identified in this method. In an embodiment of
the method the polypeptide species in the sampie solution are naturally-occurring
polypeptides obtained from a sample of a tissue, organ, or cell population.

In an aspect, the invention provides a method of obtaining a protein
expression profile from a sample containing a cell population or a protein containing
extract thereof, the method comprising: electrophoresing in a first capillary

electrophoresis apparatus a solution containing a plurality of protein species obtained

from a cell population and thereby resolving said protein species based on at least one

first biophysical parameter which discriminates protein species, eluting fractions from
said first electrophoresis apparatus and electrophoresing said fractions, separately, in a
second capillary electrophoresis apparatus and thereby resolving said protein species
based on at least one second biophysical parameter which discriminates protein species,
and eluting the protein species and identifying the PSTs of a plurality of protein species

from the samplé by mass spectroscopy fragmentation. In an embodiment, at least 1,000
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resolved proteins from the sample are identified by PST determination; in an embodiment
at least 5,000 to 7,500 or more resolved proteins from the sample are identified by PST
determination. In a variation, two samples are employed, a first sample from a standard
(control or normal) cell population and a second sample from a test cell population; test
cell populations can be, for example and not limitation, cells of a different histological
type than the standard cell population, pathological cells of the same histological type as
the standard cells, treated cells that have been exposed to a toxicological or
pharmacological agent but which are of the same histological type as the standard cells,
cells of a different passage level or age or replicative potential than the standard cells, or
any other variation apparent to those skilled in the art seeking to ascertain protein
expression profile differences between a first cell sample and a second cell sample. In an
embodiment the test cell population is a biopsy of a putative neoplastic lesion and the
standard cell population is a biopsy of surrounding apparently non-neoplastic tissue of the
same histological origin, both obtained from a human patient, animal, or plant (e.g.,
crown gall tumor).

The present invention provides a variety of electrophoretic methods and
apparatus for separating mixtures of proteins. The methods involve conducting multiple
capillary electrophoresis methods in series, wherein samples for each method other than
the initial method contain only a subset of the proteins from the preceding step (e.g., from
fractions containing resolved protein from the preceding method). By using a variety of
techniques to control elution during electrophoresis, the methods are capable of resolving
proteins in even complex mixtures such as obtained from tissues and native cells.
Utilizing various labeling schemes and detection methods, certain methods can provide
quantitative information on the amount of each of the separated proteins. Such
information can be used in the development of protein databases in which proteins
expressed under certain conditions are characterized and catalogued. Cofnparative studies
to identify proteins that are differentially expressed between different types of cells or
tissues can also be conducted with the methods of the present invention. The methods can
also be used in diagnostic, structure activity and metabolic engineering studies.

In general, the methods involve performing a plurality of electrophoretic
methods in series. Each method in the series includes electrophoresing a sample

containing multiple proteins to obtain a plurality of resolved proteins. The sample that is
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electrophoreséd contains only a subset of the plurality of resolved proteins from the
immediately preceding method in the series (except the first method of the series in which
the sample is the initial sample that contains al! the proteins). The resolved proteins from
the final electrophoretic method are then detected using various techniques.

The electrophoretic methods typically are capillary electrophoresis
methods, such as capillary isoelectric focusing electrophoresis (CIEF), capillary zone
electrophoresis (CZE) and capillary gel electrophoresis (CGE), although the methods are
amenable to other capillary electrophoresis methods as well. The particular order of the
methods can vary. Typically, the methods utilize combinations of electrophoretic
methods which separate proteins on the basis of different characteristics (e.g., size,
charge, isoelectric point).

In certain methods, the proteins are labeled so that the resolved proteins
are more easily detected and to increase the signal-to-noise ratio. Labeling also enables
certain methods to be conducted such that the resolved proteins obtained from the final
electrophoretic method are quantitated. Quantitation allows the relative abundance of
proteins within a saxhple, or within different samples, to be determined. In certain
methods, the time at which proteins are labeled is selected to precede electrophoresis by
capillary zone electrophoresis. By selectively labeling certain residues, resolution of
proteins during capillary zone electrophoresis can be increased.

Resolution, quantitation and reproducibility are enhanced by utilizing a

variety of techniques to control elution of proteins during an electrophoretic method. The

' particular elution technique employed depends in part upon the particular electrophoretic

method. However, in general, hydrodynamic, salt mobilization, pH mobilization and
electroosmotic flow are utilized to controllably elute resolved proteins at the end of each
electrophoretic separation.

Some methods provide for additional analysis after thé electrophoretic
separation. The type of analysis can vary and include, for example, infra-red
spectroscopy, nuclear magnetic resonance spectroscopy, UV/VIS spectroscopy and
complete or partial sequencing. In certain methods, proteins in the final fractions are
further analyzed by mass spectroscopy to determine at least a partial sequence for each of

the resolved proteins (i.e., to determine a protein sequence tag).
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Thus, certain other methods involve performing one or more capillary
electrophoretic methods, each of the one or more methods involving: (i) electrophoresing
a sample containing multiple proteins within an electrophoretic medium contained within
a capillary, and withdrawing and collecting multiple fractions, each fraction containing
proteins resolved during the electrophoresing step. Each method in the series is
conducted with a sarﬁple from a fraction collected in the preceding electrophoretic
method, except the first electrophoretic method which is conducted with a sample
containing the original mixture of proteins. Prior to conducting the last electrophoretic
method, either the proteins in the initial sample are labeled (i.e., labeling precedes all the
electrophoretic separations) or by labeling proteins contained in fractions collected prior -
to the.last electrophoretic method. The final electrophoretic method is performed, and
resolved protein within, or withdrawn from, the capillary utilized to conduct the final
method is detected with a detector. Hence, the detector is adapted to detect resolved
protein within the capillary used in the final method or is connected in line with the

. capillary to détect resolved proteins as they elute from the capillary. In some instances,
the detected proteins are quantitated and further analyzed by mass spectroscopy to
determine the relative abundance and to establish a protein sequence tag for each resolved
protein. ‘

In one aspect, the present invention provides a method for sequencing a
portion of a protein, comprising:

(a) contacting a protein with a C-terminus or N-terminus labeling moiety
to covalently attach a label to the C- or N-terminus of the protein and form a labeled
protein; and

(b) analyzing the labeled protein using a mass spectrometric fragmentation
method to determine the sequence of at least the two C-terminus or two N-terminus
residues. '

In one group of embodiments, the method further comprises:

(c) identifying the prqtéin by using the sequence of the at least two C-

terminus or two N-terminus residues to search predicted protein
sequences from a database of gene sequence data.

In a variation, the method further comprises:
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(d) further indentifying the protein by using one or more of the separation
coordinates (i.e., approximate values of the biophysical parameters used to separate the
protein prior to sequencing), for éxample, the apparent molecular weight, isoelectric
point, or electrophoretic mobility.

In another variation, the method further comprises:

(e) further identifying the protein by using other known biological or
measureable biophysical parameters of the protein (e.g., cell or tissue type extracted from,
subceilular localization, the total or partial amino acid composition, the masses of any
peptides resulting from chemilytic or enzymatic digestion).

In a variation, the method further comprises assisted fragmentation of the
labeled protein in the mass spectrometer through the use of reactive collision gasses.
Illustrative reactive gases may include hydrazine, cyanogen bromide, hydrogen peroxide,
ozone, and peracetic acid. Other similar reactive gases will be obvious to those skilled in
the art.

In another variation, the method further comprises assisted fragmentation
of the labeled protein in the mass spectrometer through the injection of high energy
materials in the ionization zone. High energy materials may include transient compounds
formed in a plasma or corona discharge, high energy electrons from a beta emitter or
electron beam, high energy photons from a laser or high intensity light source of a
minimum wavelenght of 560 nm. Other high energy materials will be obvious to those.
skilled in the art.

In another aspect, the present invention provides a method for sequencing
a portioh of a protein in a protein mixture, the method comprising:

(a) contacting the protein mixture with a C-terminus or N-terminus
1abel'mg moiety to covalentiy attach a label to the C- or N-terminus of the protein and
form a labeled protein mixture;

. (b) separating individual labeled proteins in the labeled protein mixture;
and

(c) analyzing the labeled proteins from step (b) by a mass spectrometric
method to determine the sequence of at least two C-terminus or two N-terminus residues.

In one group of embodiments, the method further comprises:

25



10

15

20

25

30

WO 00/63683 PCT/US00/10504

(d) identifying the protein by using the sequence of at least two C-
terminus or two N-terminus residues in combination with a separation coordinate of the
labeled protein and the protein terminus location of the sequence to search predicted
protein sequences from a database of gene sequence data.

In each of the methods above, the use of nonproteolytic protein sequencing
by in-source fragmentation provides advantages over conventional MS/MS sequencing
approaches. One particular advantage is time savings due to elimination of protein
digestion steps and elimination of the need to accumulate low volatility peptide ions in

the quadrapole. Another advantage is that fewer sequence ambiguities result due to the

‘improved absolute mass accuracy gained by working at the low end of the mass spectrum.

Yet another advantage is that better ionization efficiency and corresponding detection
sensitiw)ity result from using more energetic ionization conditions and adding one or more
charged groups on the labeled fragments. A charged group consisting of a “hard” charge,
that is a permanently ionized group such as tetraalkyl- or tetraaryl-ammonium, tetraalkyl-
or tetraaryl-phoshonium, N-substituted pyridinium, or tetraalkyl- or tetraaryl-borate
species. A charged group further consisting of a “soft” charge, that is an ionizable group
which accepts or donates a proton to become ionized, such as-carboxylate, phosphonate,
sulfonate, alkyl ammonium, pyridinium species. This method provides a contiguous
protein sequence tag (PST) that can be used both for unambiguous protein identification )
by query of a computer database containing genomic sequence information or mRNA
sequence information to establish naturally-occurring encoding sequences corresponding
to the PST or to generate an N- or C-terminal nucleic acid probe useful for isolating the
correspbnding c¢DNA from native cell or tissue samples by polymerase chain reaction
amplification or nucleic acid hybridization techniques. "

The invention further provides the identification and method of use of
chemical labels suitable for enhanced quantitation of the proteins upon electrophoretic
separation and subsequent sequencing of said proteins. In one embodiment a single
chemical label contains groups that: (i) react with primary amino or carboxylic acid
functionalities on the protein, including the N-terminus and C-terminus, (ii) enhance
detection sensitivity, and (iii) provide a unique mass signature for the N- or C-terminal
labeled peptide fragments generated during fragmentation in a mass spectrometer. In a

variation, the label may consist of a mixture of isotopically distinct labels, such that the
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unique mass signature consists of two or more peaks for each peptide fragment that are .
separated by more than one amu at a single charge state in the mass spectrum. In another

variation, the unique mass signature component and the detection enhancement

. component may be one and the same. In another embodiment, the chemical label may be

modified by partial cleavage and/or addition subsequent to its use for protein quantitation
and prior to its use for protein sequencing. In one variation, label addition or cleavage is
conducted in solution during withdrawl] and transport between the last capillary separation
step and injection into the mass spectrometer. In another variation, label addition or
cleavage is conducted in the gas phase during ionization in the mass spectrometer.

The invention further provides a method incorporating volatile buffers and

surfactants in the final capillary electrophoretic method to facilitate direct coupling of the

. separation and mass spectrometric detection methods. A volatile buffer is a salt

composed of an anion and cation that readily accept or give up a proton to for a volatile
organic compound that negligably interfere with the ionization of proteins or peptides in
the mass spectrometer. Illustrative examples include ammonium acetate, ammonium
carbonate or bicarbonate, ammonium N-morpholinoethanesulfonate, triethylammonium
acetate, pyridium acetate, and pryidium N~morpholinoethanesulfohate. Illustrative
examples of volatile surfactants include ammonium, pyridinium, tetramethylammonium,
and trimethyl ammonium salts of dodecylsulfate and partially fluorinated or
perfluorinated carboxylic, sulfonic, or phosphonic acids of aliphatic hydrocarbons with at
least 5 carbon atoms. Many other examples will be evident to those skilled in the art.

The present invention overcomes many of the difficulties associated with
current MS-based protein sequencing technologies, including, for example, ionization
inefficiency and inaccuracies in fragment mass. Because the methods of the invention
preferably eliminate the need for pfoteolytic or chemolytic digestion of the protein, the |
present methods provide protein sequencing times that are significantly reduced from the
times obtainable using prior methods. Moreover, because the proteins being sequenced
are highly fragmented using the present methods, the ionization efficiency and the
volatility of the resulting fragments are higher than those of the parent protein, thus
leading to a detection sensitivity that is improved over prior methods.

The pfesent invention provides a method of labeling a plurality of different

proteins in a protein sample, the method comprising contacting the protein sample with a
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labeling agent comprising a unique ion mass signature component, a quantitative
detection component and a reactive functional group to covalently attach a label to at least
a portion of the piurality of different proteins. Preferably, the protein sample comprises at
least five, more preferably at least 10, more preferably at least 50 and still more preferably
at least 100 different proteins. The protein sample used herein is preferably from a

biological sample (e.g., cells, tissues, fluids and organs of bacteria, plants, animals, and

‘humans).

The labéling agents used herein have a unique ion mass signature
component, a quantitative detection component and a reactive functional group. Preferred
quantitative detection components are selected from radioisotopes, fluorescent residues
and chromaphores. Other detection enhancement components are groups that impart a
positively charged or negatively charged ionic species under fragmentation conditions in
a mass spectrometer ionization chamber. Suitable groups include quaternary ammonium,
quaternary phosphonium and quaternary aryl and alkyl borate groups. Preferred reactive
functional groups are selected from functional groups reactive to primary amines and
functional groups reactive to carboxylic acids. Suitable amine reactive groups include N-
hydroxysuccinimide esters and isothiocyanates. Suitable carboxylic acid reactive groups
include primary amines coupled through carbodiimide chemistries and anhydride
chemistries. Preferred unique ion mass signature components are those groups that
impart a mass to a protein fragment that does not match a residue mass for any of the 20
natural amino acids. Further preferred unique ion mass signature components are those
that impart a mass to a protein fragment of from about 100 amu to about 700 amu. Still
other preferred unique ion mass signature components are those that incorporate a ratio of
stable isotopes into the labeling agent, preferably stable isotopes such as *H, "*C, '*N and
*IC1. More preferably, the number of stable isotopes incorporated into the label is
sufficient to impart a 5 to 20 atomic mass unit difference between the isotopically-
enriched and isotopically-depleted forms of the label. Most preferably, the ratio of
isotopically-enriched and isotopically-depleted forms of the label are about equimolar.

| The present invention provides apparatus and methods that have utility in
purifying and detecting metabolites of interest. The purifying and detection methods

enable one to determine how various parameters for metabolites of interest (e.g.,

" metabolite concentration and/or flux) vary as a function of different cellular states or
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exposure to different stimuli. Thus, the methods can be used to screen for metabolites
that are correlated with particular cellular states or stimuli. Such information can be used
to develop metabolic “fingerprints” or “‘profiles™ that are characteristic of different
cellular states and/or responses to particular stimuli. The information can also be used to
develop metomics databases. Once correlations, have been established, certain methods
of the invention can be utilized to screen for particular states. For example, some
methods screen individuals to identify those having, or at risk, for a particular disease
based upon similarities between their metabolic profile and that of diseased and/or healthy
individuals.

More specifically, the invention includes various separation methods.
Certain methods involve performing a plurality of capillary electrophoresis methods in
series. Each method in the series includes electrophoresing a sample containing multiple
metabolites and potentially one or more target analytes of interest so that a plurality of
resolved metabolites are obtained. The sample electrophoresed in each method contains
only a subset of the' plurality of resolved metabolites from the immediately preceding
method in the series, except the first method of the series in which the sample is the initial
sample. Fractions containing resolved metabolites from the final electrophoretic method
are analyzed to detect the presence of the target analytes. The capillary electrophoresis
methods within the series are selected from the group consisting of capillary isoelectric
focusing electrophoresis, capillary zone electrophoresis and capillary gel electrophoresis.

In certain aspects, the invention provides various methods for émalyzing
metabolic pathways. Certain methods involve administering a substrate labeled with a
stable isotope to a subject, the relative isotopic abundance of the isotope in the substrate
being known prior to administering the substrate. The subject is then allowed sufficient
time .to at least partially metabolize the labeled substrate to form one or more target
metabolites. The abundance of the isotope in a plurality of target analytes in a sample
taken from the subject is then determined so that a value. for the flux of each target
analytes can be ascertained. The multiple target analytes for which a flux value is
determined are either the substrate and/or one or more target metabolites. The ébundance
of the isotope in the target analytes is determined using an analyzer capable of

determining the ratio of the isotopically enriched isotope to the more abundant isotope
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(e.g., *C/"C, "“N/*N, '°0/**O and %§/%5). Examples of such analyzers include mass
spectrometers, infrared spectrometers and nuclear magnetic resonance spectrometers.
Prior to determining the abundance of the isotope in the target analytes and
corresponding flux values, typically the target analytes are at least partially separated
from other components in the sample. Generally this is accomplished by performing a
plurality of electrophoretic separation methods in series, such that samples from fractions
obtained after one method are used in a subsequent electrophoretic method. The actual
electrophoretic methods employed can vary, but typically include capillary isoelectric
focusing electrophoresis, capillary zone electrophoresis and capillary gel electrophoresis.
1n some instances, separation and elution conditions of the electrophoretic methods are
controlled so that separate fractions for one or more classes of metabolites (e.g., proteins,

polysaccharides, carbohydrates, nucleic acids, amino acids, nucleotides, nucleosides, fats,

. fatty acids, and organic acids) are obtained. This simplifies the analysis because one can

simply analyze those fractions containing the class of components to which the target
analytes belong.

The invention also provides analytic methods for analyzing metabolic
pﬁthways in which samples from a subject have been previously obtained. In such
instances, certain methods involve separating at least partially a plurality of target
analytes from other components contained in the sample obtained from the subject. The
target analytes comprise a substrate labeled with a stable isotope and/or one or more
target metabolites resulting from the metabolism of the substrate by the subject. A flux
value for each target analyte is determined from knowledge of the isotopic abundance in
the substrate prior to it being administered to the subject and by determining the
abundance of the isotope in the target analytes.

Methods for screening metabolites to identify those correlated with various
cellular states (e.g., certain diseases) are also included in the invention. Certain screening
methods include administering a substrate labeled with a stable isotope to a test subject
and a control subject, the relative isotopic abundance of the isotope in the substrate being
known and the test subject having a disease under investigation. The labeled substrate is
allowed to be at least partially metabolized by the test subject and control subject to form
one or more target metabolites. The conditions under which the administering and

allowing steps are performed are controlled so that they are the same for the test and
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control subject. A sample is obtained from the test and control subject and the relative
abundance of the isotope in the target analytes determined to obtain a value for the flux of
each target analyte. The flux values for the test and control subject are compared, a
difference in the flux value for a target analyte in the test subject and corresponding flux
value for the control subject indicating that such analyte is potentially correlated with the
disease being studied.

When a sample has been previously acquired, certain screening methods
involve analyzing a sample from a test subject having a disease, the sample comprising a
substrate labeled with a stable isotope administered to the test subject and/or one or more
target metabolites resulting from metabolism of the substrate by the test subject. The
relative isotopic abundance of the isotope in the substrate is known at the time of
administration, and the analyzing step includes determining the isotopic abundance of the
isotope in a plurality of target analytes in the sample to determine a value for the flux of
each target analyte. Flux values for the target analytes in the test subject are compared
with flux values for a control subject, a difference in a flux value indicating that such
analyte is correlated with the disease.

In another aspect, the invention includes methods for screening for the
presence of a-disease. Certain of these methods involve administering to a test subject a
substrate labeled with a stable isotope, the relative abundance of the isotope in the
substrate being known. Sufficient time is allowed for the labeled substrate to be at least
partially metabolized by the test subject to form one or more target metabolites known to
be correlated with the disease. A plurality of electrophoretic methods are performed in -
series to at least partially separate a plurality of target analytes from other biological |
components in a sample obtained from the test subject, the target analytes comprising the
substrate and/or one or more of the target metabolites. Flux values for the target analytes
are determined from the abundance of the isotope in that analyte. |

The method is simplified when saJﬁple is provided. In such instances,
certain method include analyzing a sample from a test subject, the sample comprising a
substrate labeled with a stable isotope administered to the test subject and/or one or more
target metabolites resulting from metabolism of the substrate by the test subject, the
relative isotopic abundance of the isotope in the substrate known at the time of

administration. The analyzing stép itself comprises determining the abundance of the
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isotope in a plurality of analytes in the sample to determine a value for the flux of each
analyte, the plurality of analytes comprising the substrate and/or one or more of the target
metabolites. For each target analyte, the determined flux value is compared with a
corresponding reference flux value for the same target analytes to assess the test subject’s
risk of disease. The reference value can be representative of a healthy or diseased state.

The invention provides a method for identifying a high-resolution protein

_expression fingerprint for a cell type, tissue, or pathological sample, comprising obtaining
a protein-containing extract of a cellular sample and electrophoresing said extract with a
first capillary electrophoresis apparatus, eluting protein-containing fractions therefrom,
electrophoresing said protein containing fractions on a second capillary electrophoresis
apparatus, or plurality thereof in parallel, and identifying the species of proteins by
fragmentation mass spectroscopy sequencing to obtain PSTs for a plurality of protein
species, and compiling a dataset (or fingerprint record) containing the collection ‘of PSTs
obtained thereby. A variation of the method comprises quantitative detection of protein
species and compiling a dataset wherein the relative abundance and/or absolute amount of
a plurality of protein species eluted from said second capillary electrophoresis is/are
cross-tabulated with the PST identification. A typical embodiment comprises attachment
of a mass spectroscopy label to the proteins in the protein-containing prior to the last
capillary electroi:horesis step. In a variation, more than two capillary electrophoresis
steps are used; in an embodiment, capillary isoelectric focusing (CIEF) is the first
capillary electrophoresis, and the second capillary electrophoresis is either capillary zone
elcctrophbresis (CZE) or capillary gel electrophoresis (CGE). The method can be
modified so that substantially any metabolite or collection of metabolites (metabolite -
fingerprint) can be measured in addition to or in lieu of a protein expression fingerprint.
In such modifications, the sample comprises the metabolite specie(s) to be measured and
detection and separation apparatus to quantitate the metabolite specie(s) in the sample;
suitable apparatus and methodology for performing metabolite fingerprinting is described
herein.

A protein expression fingerprint comprises an array of at least 100 protein
species each having a unique identifier (which may-comprise PST and/or electrophoretic
mobility data and/or pI and/or any other biophysical property ascertainable by capillary
electrophoresis, and/or any other biophysical property known by virtue of the origin of the
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sample prior to electrophoresis, and/or any other measurable biophysical property),
optionally including cross-tabulation with quantitative data indicating relative and/or
absolute abundance of each species in the sample. A protein expression fingerprint record
comprises a protein expression fingerprint cross-tabulated to data indicating sample
source and optionally other bioinformational data (pathological condition, age, passage
history, etc.). Similarly, a metabolite fingerprint comprises an array of at least 3
metabolite species, each less than 5,000 Daltons molecular weight and being other than
polypeptides and polynucleotides, each metabolite having a unique identifier cross-
tabulated to data indicating the relative or absolute abundance, ratio in comparison to one
or more other measured metabolites, rates of appearance or disappearance, or the like.

In a variation, the invention provides a method for producing a computer
database comprising a computer and software for storing in computer-retrievable form a
collection of protein expression fingerprint records cross-tabulated with data specifying
the source of the protein-containing sample from which each protein expression
fingerprint record was obtained. In a variation, at least one of the sources is from a tissue
sample known to be free of pathological disorders. In a variation, at least one of the
sources is a known pathological tissue specimen, for example but not limitation a
neoplastic lesion or a tissue specimen containing an infectious agent such as a virus, or
the like. In a variation, the protein expression fingerprint records cross-tabulate at least the
following parameters for each protein species in a sample: (1) a unique identification
code, which can comprise a PST and/or characteristic electrophoretic separation
coordinate; (2) sample source; optionally (3) absolute and/or relative quantity of the
protein species present in the sémple, dptionally (4) presence or absence of amino or
carboxyterminal post-translational modifications, and/or optionally (5) original
electropherograms and/or mass spectra used to identify the proteins and PST. A database
comprises a plurality of protein expression fingerprint records, each of which represents a
protein expression fingerprint from one sample or a subfraction thereof.

The invention also provides for the storage and retrieval of a collection of
such polypeptide fingerprints in a computer data storage apparatus, which can include
magnetic disks, optical disks, magneto-optical disks, DRAM, SRAM, SGRAM, SDRAM,
RDRAM, DDR RAM, magnetic bubble memory devices, and other data storage devices,
including CPU registers and on-CPU data storage arrays. Typically, the polypeptide
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fingerprint records are stored as a bit pattern in an array of magnetic domains on a
magnetizable medium or as an array of charge states or transistor gate states, such as an
array of cells in a DRAM device (e.g., each cell comprised of a transistor and a charge
storage area, which may be on said transistor). The invention provides such ‘storage
devices, and computer systems built therewith, comprising a bit pattern encoding a
protein expression fingerprint record comprising unique identifiers for at least 100 protein
species cross-tabulated with sample source. The invention provides a method for
identifying related polynucleotide or polypeptide.sequences, comprising performing a
computerized comparison between a PST sequence stored in or retreived from a computer
storage device or database and at least one other sequence; such comparison can comprise
a sequence analysis or comparison algorithm or computer prograni embodiment thereof
(e.g., FASTA, TFASTA, GAP, BESTFIT) and/or the comparison may be of the relative
amount of a PST sequence in a pool of sequences determined from a polynucleotide
sample of a specimen. The invention provides a computer system comprising a storage
device having a bit pattern encoding a database having at least 100 protein expression
fingerprint records obtained by the methods of the invention, and a program for sequence
alignment and comparison to predetermined genetic or protein sequences. The invention
also provides a magnetic disk, such as an IBM-compatible (DOS, Windows,
Windows95/98/2000, Windows NT, OS/2) or other format (e.g., Linux, SunOS, Solaris,
AIX, SCO Unix, VMS, MV, Macintosh, etc.) floppy diskette or hard (fixed, Winchestery
disk drive, comprising a bit pattern encoding a protein expression fingerprint record; often
the disk will comprise at least one other bit pattern encoding a polynucleotide and/or
polypeptide sequence other than a protein expression fingerprint record of the invention,
typically in a file format suitable for retreival and processing ina computerized sequence
analysis, comparison, or relative quantitation method. The invention also provides a
network, comprising a plurality of computing devices linked via a data link, such as an
Ethernet cable (coax or 10BaseT), telephone line, ISDN line, wireless network, optical
fiber, or other suitable signal tranmission medium, whereby at least one network device
(e.g., computer, disk array, etc.) comprises a pattern of magnetic domains (e.g., magnetic
disk) and/or charge domains (e.g., an array of DRAM cells)'composing a bit pattern
encoding a protein expression fingerprint ;ecord of the invention. The invention also

provides a method for transmitting a protein expresison fingerprint record of the
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invention, which is uniquely determined by the methodology employed to generate it,
comprising generating an electronic signal on an electronic communications device, such
as a modem, ISDN terminal adapter, DSL, cable modem, ATM switch, or the like,
whereby said signal comprises (in native or encrypted format) a bit pattern encoding a
protein expression fingerprint record or a database comprising a plurality of protein
expression fingerprint records obtained by the method of the invention, respectively.

The invention provides a computer system for comparing a query
polypeptide sequence or query polynucleotide sequence to a database containing an array
of PST sequences and other data structures of a protein expression fingerprint record
obtained by the method of the invention, and ranking database sequences based on the
degree of sequence identity and gap weight to query sequence. A central processor is
initialized to load and execute computer program for alignment and/or comparison of
amino acid sequences or nucleotide sequences. A query sequénce comprising at least 4
amino acids or 12 nucleotides is entered into the central processor via I/O device.
Execution of computer program results in central processor retreiving sequence data from
data file, which comprises a binary description of a protein expression fingerprint record
or portion thereof containing polypeptide sequence data for the record. Said sequence
data or record and said computer program can be transferred to secondary memory, which
is typically random access memory (e.g., DRAM, SRAM, SGRAM, or SDRAM).
Sequences are ranked according to the degree of sequence identity to the query sequence
and results are output via an I/O device. For example and not to limit the invention, a
central processor can be a conventional computer (e.g., Intel Pentium, PowerPC, Alpha,
PA-8000, SPARC, MIPS 4400, MIPS 10000, VAX, etc.); a program can be a commercial
or public domain molecular biology software package (e.g., UWGCG Sequence Analysis
Software, Darwin, blastn); a data file can be an optical or magnetic disk, a data server, a
memory device (e.g., DRAM, SRAM, SGRAM, SDRAM, EPROM, bubble memory,
ﬁash memory, etc.); an I/O device can be a terminal comprising a video display and a
keyboard, a modem, an ISDN terminal adapter, an Ethernet port, a pimched card reader, a
magnetic strip reader, or other suitable I/O device. o

‘The invention provides a computer program for comparing query
polypeptide sequence(s) or query polynuéleotide sequence(s) or a query protein

expression fingerprint to a protein expression fingerprint database obtained by a method
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of the invention and ranking database sequences based on the degree of similarity of
protein species expressed and rlative and/or absolute abundances in a sample. The initial
step is input of a query polynucleotide or polypeptide sequence, or protein expression

fingerprint record obtained bya method of the invention, input vian /O device. A data

file is accessed in to retreive a.collection of protein expression fingerprint records for

comparison to the query; said collection comprises protein expression fingerprirnt records
obtained by a method of the invention. Individually or collecti?ely sequences or other
cross-tabulated information of the protein expression fingerprint collection are optimally

" matched to the query sequence(s) or query protein expression record such as by the
algorithm of Needleman and Wunsch or the algorithm of Smith and Waterman or other
suitable algorithm obtainable by those skilled in the art. Once aligned or matched, the
percentage of sequence or fingerprint similarity is computed in for each aligned or
matched sequence to generate a similarity value for each sequence or fingerprint in the
protein expression fingerprint record collection as compared to the query sequence(s) or
fingerprint(s). Sequences are ranked in order of greatest sequence identity or weighted
match to the query sequence or query fingerprint, and the relative ranking of the sequence
or fingerprint to the best matches in the collection of records is thus generated. A

* determination is made: if more sequences or fingerprint records exist in the data file, the
additional sequences/fingerprints or a subset thereof are retreived and the process is
iterated; if no additional sequences/fingerprints exist in the data file, the rank ordered
sequences/fingerprints are via an I/O device, thereby displaying the relative ranking of
sequences/fingerprints among the sequences/fingerprints of the data file optimally
matched and compared to the query sequence(s) or fingerprint(s).

The invention also provides the use of a computer system described above,
which comprises: (1) a computer, (2) a stored bit pattern encoding a collection of protein
expression fingerprint records obtained by the methods of the invention, which may be
located in said computer, (3) a comparison sequence or fingerprint, such as a query |
sequence or a data file containing fingerprint information, and (4) a program for
alignment and comparison, typically with rank-ordering of comparison results on the
basis of computed similarity values. In an embodiment, neural network pattern
matching/recognition software is trained to identify and match fingerprint records based

on backpropagation using empirical data input by a user. The computer system and
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methods described permit the identification of the relative relationship of a query protein.
expression fingerprint to a collection of protein expression fingerprints; preferably all
protein expression fingerprints (query and database) are obtained by the methods of the
invention.

The invention also provides a computer system including a database
containing a plurality of protein fingerprint records and/or metabolite fingerprint records -
in the form of tree-based or otherwise hierarchical navigational fields cross-tabulated to
informational data such as one or more or the following: medical records, patient medical
history, medical diagnostic test results of a patient, patient name, patient sex, patient age,
patient genetic profile, patient diagnosis-related group code, patient therapy, time of day,
vital signs of a patient, drug assay results of a patient, medical information of patient’s
blood relatives, and other similar medical, biological, and physiological information of a
patient from which the sample(s) used to generate the protein fingerprint record and/or
metabolite fingerprint record data was obtained. In an embodiment, a computer system
comprising a database having a hybrid data structure with the navigational field(s)
comprising a protein expression fingerprint obtained by a method of the invention and/or
a metabolite expression fingerprint obtained by a method of the invention is employed to
link to informational fields of the same or a related record which comprise medical
informatioh as described herein; the data structure can conform to the general description
in U.S. Patent 5,295,261, which is incorporated herein by reference.

The invention also provides a computer system comprising a computer and
a program employing a neural network trained to extract database records having a
predicted or predetermined protein expression profile match that is pathognonionic for a
predetermined disease or medical condition, predisposition to disease, or physiological
state. In an illustrative embodiment, a blood or cellular sample from a patient is analyzed
according to a method of the invention to provide a predetermined protein expression
record that is entered as a database query into a trained neural network that has been
previously trained on a plurality of predetermined database records to establish correlative
neural relationships between protein expression fingerprint data (na\lligation fields) and
medical data (information field(s)), so that the query identifies the medical condition(s)-
most highly correlated in the trained neural network with the patient’s protein expression

fingerprint. The method can altematively or in addition employ a predetermined
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metabolite profile fingerprint record obtained from the serum, blood, or other cellular
sample to query a database of metabolite profile fingerprint records using a trained neural
network which links the query metabolite profile record to the database metabolite profile
fingerprint records linked to the medical condition(s) most highly correlated in the trained
neural network with the patient’s metabolite profile fingerprint.

The invention also provides a computer system comprising a computer and a
program employing a database comprising records having a field or plurality of fields
comprising a protein expression fingerprint dataset obtained from a serum, blood, or other
cellular sample of a patient and analyzed according to a method of the present invention,
and further having one or a plurality of fields containing data obtained from a patient
relating to symptoms, medical status, medical history, or other differential diagnosis
information, which can be entered via a connection to the Internet or other TCP/IP or
related networking system.

The invention provides for the use of the disclosed methods, compositions,
apparatus, software, and information obtained thereby.

Accordingly, in one embodiment of the invention there is provided a method for
separating a plurality of proteins in an initial sample, comprising:

(a) performing a plurality of capillary electrophoretic methods in series, each
method comprising electrophoresing a sample obtained from the preceding method in the
series, except the first method of the series in which the sample is the initial sample, and
wherein

at least one of the plurality of methods is capillary isoelectric focusing
electrophoresis (CIEF) or capillary zone electrophoresis (CZE) and the at least one
method is conducted under conditions such that electroosmotic flow is less than or equal
to 0.5x10°cm?/V-s; and

(b) detecting resolved proteins from the final electrophoretic method.

In another embodiment of the invention there is provided a method for separating a
plurality of proteins in an initial sample, comprising

(a) performing a plurality of capillary electrophoretic methods in series, each
method comprising electrophoresing a sample obtained from the preceding method in the
series, except the first method of the series in which the sample is the initial sample,
whereby a plurality of resolved proteins are obtained;

(b) detecting resolved proteins from the final electrophoretic method;
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(c) repeating steps (a) and (b) under the same conditions, wherein the initial
sample for the first iteration of the method is from a first source and the initial sample for
the second iteration of the method is from a second source; and

(d) comparing the relative abundance of one or more of the resolved proteins
obtained from the first source and the second source as detected from the final
electrophoretic method.

In another embodiment of the invention there is provided a method for separating a
plurality of proteins, comprising

(a) performing a plurality of electrophoretic methods in series, wherein the
method or methods preceding the final method comprise withdrawing and collecting
multiple fractions containing proteins resolved during the electrophoretic method, and
wherein each electrophoretic method is conducted with a sample from a fraction collected
in the preceding electrophoretic method, except the first electrophoretic method which is
conducted with a sample containing the plurality of proteins and the final electrophoretic
method which is conducted with a sample from one or more fractions obtained in the
penultimate electrophoretic method;

(b) labeling the plurality of proteins or labeling protein contained in one or more
collected fractions prior to conducting the last electrophoretic method; and

(c) detecting one or more labeled, resolved proteins obtained following the final
electrophoretic method.

In another embodiment of the invention there is provided a method for separating a
plurality of proteins, comprising:

(a) performing one or more capillary electrophoretic methods, each of the one or
more methods comprising;:

(1) electrophoresing a sample containing multiple proteins within an
eiectrophoretic medium contained within a capillary; and
(i1) withdrawing and collecting multiple fractions containing proteins

resolved during the electrophoresing step, and

wherein each method is conducted with a sample from a fraction collected in the
preceding electrophoretic method, except the first electrophoretic method which is
conducted with a sample containing the plurality of proteins;

(b) labeling the plurality of proteins or labeling protein contained in one or more
collected fractions prior to conducting the last electrophoretic method; and

(¢) conducting a final capillary electrophoresis method comprising

electrophoresing a sample obtained from one or more fractions obtained from the

[R:\LIBZZ]07726.doc:KOB




oo
e oceo
[ XXX J

20

25

30

38b

preceding method in a final capillary and detecting resolved protein within, or
withdrawn from, the final capillary.

In another embodiment of the invention there is provided a method for separating a
plurality of proteins in an initial sample, comprising:

| (a) performing a plurality of electrophoretic methods in series, each method
comprising:

electrophoresing within an electrophoretic medium a sample containing multiple
proteins whereby fractions containing a subset of the multiple proteins are isolated
physically, temporally or spatially, and

wherein the sample electrophoresed is obtained from a fraction isolated during the
immediately preceding method in the series, except the first method of the series in which
the sample is the initial sample; and

(b) detecting isolated proteins from the final electrophoretic method;

(c) analyzing the isolated proteins to determine one or more chemical or physical
characteristics of each of the isolated proteins; and

(d) storing the one or more chemical or physical characteristics into a database
with information about the initial sample.

In another embodiment of the invention there is provided a method for separating a
plurality of proteins in an initial sample, comprising:

(a) performing a preliminary separation of the plurality of proteins by a non-
electrophoretic technique to obtain multiple fractions, wherein each fraction contains a
subset of the plurality of proteins and the preliminary separation separates at least some of
the plurality of proteins according to differences in amino acid sequence;

(b) performing a plurality of electrophoretic methods in series, each method
comprising:

electrophoresing a sample containing multiple proteins, whereby a plurality of
resolved proteins are obtained, and

wherein the sample electrophoresed contains only a subset of the plurality of
resolved proteins from the immediately preceding method in the series, except the first
electrophoretic method of the series in which the sample is from one of the multiple
fractions; and

| (c) detecting resolved proteins from the final electrophoretic method.
In another embodiment of the invention there is provided a method for separating a

plurality of proteins in an initial sample, comprising:
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(a) performing a plurality of capillary electrophoretic methods in series, wherein

the method or methods preceding the final method comprises withdrawing
and collecting multiple fractions containing proteins resolved during the electrophoretic
method,

each electrophoretic method is conducted with a sample from a fraction
collected in the preceding electrophoretic method, except the first electrophoretic method
which is conducted with a sample containing the plurality of proteins and the final
electrophoretic method which is conducted with a sample from one or more fractions
obtained in the penultimate electrophoretic method; and

the plurality of capillary electrophoretic methods include at least one of the
methods selected from the group consisting of capillary isoelectric focusing (CIEF),
capillary zone electrophoresis (CZE) and capillary gel electrophoresis (CGE);

(b) labeling the proteins in the initial sample or labeling resolved protein(s)
obtained from at least one of the capillary electrophoresis methods prior to conducting the
last electrophoretic method, wherein

if the plurality of methods includes a CIEF method, labeling is performed
after the CIEF method;

if the plurality of methods includes a CZE method, labeling is performed
before the CZE method; and

if the plurality of methods include a CGE method, labeling is performed
before the CGE method; and

(c) detecting labeled proteins from the final electrophoretic method.

In another embodiment of the invention there is provided a method for separating a
plurality of proteins in an initial sample, comprising:

(a) performing a plurality of capillary electrophoretic methods in series, each
method comprising electrophoresing a sample obtained from the preceding method in the
series, except the first method of the series in which the sample is the initial sample,
Whereby one or more resolved proteins are obtained, and wherein

at least one of the methods is a capillary isoelectric focusing method in which
electrophoresing is performed in an electrophoretic medium and comprises eluting
resolved proteins by electroelution, electroelution comprising (i) altering the salt
concentration of the electrophoretic medium, and/or (ii) pH mobilization of resolved
proteins; and

(b) detecting resolved protein from the final electrophoretic method.
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A further understanding of the nature and advantages of the invention will become

apparent by reference to the remaining portions of the specification and drawings.
Brief Description of the Drawings

FIG.1 is a schematic representation of one example of an electrophoretic system
that can be utilized with certain methods of the invention.

FIG.2A is a schematic representation of some of the major elements of an
e'lectrophoretic system utilized in conducting certain electrophoretic methods of the
invention.

FIG.2B is a cross-sectional view of a capillary showing the orientation of a porous
plug inserted into the capillary to control electroosmotic flow in certain methods of the
invention.

FIGS.3A and 3B are top-view of certain elements of microfluidic devices that can
be utilized to conduct certain electrophoretic methods of the invention.

FIG.4 is an electropherogram for a sample containing five unlabeled proteins (hen
white conalbumin, bovine serum albumin, bovine carbonic anhydrase II, carbonic

anhydrase II, rabbit muscle GAPDH, and bovine ribonuclease A) as obtained
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following electrophoresis by capillary zone electrophoresis. Absorbance was monitored
at 214 nm. Under the conditions of this particular experiment (see Example 1) in which
the proteins were unlabled, the proteins were not resolved.

FIG. 5 is a plot of electrophoretic mobility for the five proteins listed in
FIG. 4 under the same electrophoresis conditions as described in FIG. 4.

FIG.A 6 is a plot showing the correlations between electrophoretic mobility
and the predicted mass-to-charge ratio of the proteins at pH 4.0.

FIG. 7 is an electropherogram obtained during separation of a sample
containing five sulfophenylisothiocyanate-labeled proteins (hen white conalbumin, bovine
serum albumin, bovine carbonic anhydrase II, carbonic anhydrase II, rabbit muscle
GAPDH, and bovine ribonuclease A) as obtained following electrophoresis by capillary

zone electrophoresis. Absorbance was monitored at 214 nm. Under the conditions of this

| particular experiment (see Example 2) in which the proteins were labeled, the labeled

proteins were partially resolved.

| FIG. 8 is an electropherogram obtained during separation of a sample
containing the proteins hen white conalbumin, bovine serum albumin, and bovine
carbonic anhydrase II, by CIEF.

FIG. 9 is an electropherogram of a fraction (fraction F) obtained from the
separation by CIEF shown in FIG. 7.

FIG. 10 is an electropherogram of a fraction (fraction G) obtained from the
separation by CIEF shown in FIG. 7.

FIG. 11 provides the minimally fragmenting 12 V spectrum of glycogen
phosphorylase A protein. A zero charge mass deconvolution of the multiply charged
mass peaks observed between 700 and 4000 amu was prepared using the BioSpec Data
Explorer™ software. |

FIG. 12 illustrates the increase in relative abundance for peaks
corresponding to the acetylated peptide masses, with increasing nozzle potential.

FIG. 13 provides an exampie of a substanitally fragmented mass spectra,
corresponding to 250 V nozzle potential for glycogen phosphorylase A.

FIG. 14 provides the minimally fragmenting 12 V spectrum of PITC-
Bradykinin peptide. - A zero charge mass deconvolution of the multiply. charged mass
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peaks observed between 700 and 4000 amu was prepared using the BioSpec Data
Explorer™ software. '

FIG. 15 illustrates the increase in relative abundance for peaks
corresponding to the PITC-labeled peptide masses, with increasing nozzle potential.

FIG. 16 provides an example of a substanitally fragmented mass spectra,
corresponding to 250 V nozzle potential for PITC-labeled Bradykinin.

FIGS. 17 and 18 illustrate the peak counts corresponding to the a-ions
(Figure 17) and b-ions (Figure 18) generated from the IMB-labeled peptide fragment
masses were clearly observed to increase in relative abundance with increasing nozzle
potential with a maximum fragmentation abundance noted at about 200V.

FIG. 19 shows the mass spectrum from SPITC-labeled apomyoglobin
obtained in the negative ion mode. The nozzle potential was increased from a minimum
setting of 125 V to a maximum of 300V in 25-50 V increments with 1 minute of
instrument equilibration time alotted before collecting spectra at each nozzle potential. A
total of thirty 3-second spectra were accumulated for analysis at each nozzle potential.

FIG. 20 shows the increase in relative abundance for the by, aj, by, a3, and
b ions which occurs above nozzle potentials of 250V.

FIG. 21 shows the increase in relative abundance for the doubly charged

¥1.7 ions generated from the C-terminal (2-aminoethyl)trimethylammonium-labeled

Bradykinin peptide obtained in positive ion mode. The nozzle potential was increased
from a minimum of 50 V to a maximum of 300 V in 50 V increments with 1 minute of
instrument equilibration time alotted before collecting spectra at each nozzle potential. A
total of sixty 3-second spectra were accumulated for analysis at each nozzle potential.

FIG. 22 is a schematic of the covalent chemical label described by the
current invention.

FIG. 23 depicts examples of covalent chemical labels encompassed by the
current invention. |

FIG. 24 is a schematic diagram depicting the process steps of an
embodiment of the current invention. '

FIG. 25 is a schematic of the protein mass spectrometric fragmentation
pattern expected and how to reconstitute the protein sequence from the mass

spectrometric fragmentation pattern using the invention.
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FIG.26 is a gene loci map of the pho regulon in Escherichia coli. Operons under
pho regulatory control are denoted on the outside of the genome. The photo gene (part of
the cre operon, which contains four genes) is denoted inside the genome.

FIG.27 shows alkaline phosphatase (PhoA) and total protein synthesis rates shown
by E. coli before and during phosphate starvation. The onset of phosphate starvation
occurs just after three hours.

FIG.28 shows the temporal expression of 53 proteins differentially expressed
between exponential growth (EXP) and during phosphate starvation in E. coli.

FIG.29 shows variation in the efficiency of MS induced fragmentation of bovine
ribonuclease A in the ionization zone of an ESI-TOF instrument as a function of 20 the
nozzle voltage (270 V in the top and 150 V in the bottom spectra, respectively).

FIG.30 provides examples of “hard” and “soft” positively charged labels suitable
for N-terminal sequencing and enhanced fluorescent detection of proteins by methods
described herein and in U.S. Application Serial Nos. 09/513,395 (US Patent No.
6,379,971), 09/513,486 (US Patent No. 6,537,432) and 09/513,907.

FIG.31 provides examples of “hard” and “soft” negatively charged labels suitable
for N-terminal sequencing and enhanced fluorescent detection of proteins by methods
described herein and in U.S. Application Serial Nos. 09/513,395 (US Patent No.
6,379,971), 09/513,486 (US Patent No. 6,537,432) and 09/513,907.

FIG.32 provides examples of compounds suitable for C-terminal labeling through
carbodiimide and anhydride attachment chemistries for C-terminal sequencing and
enhanced fluorescent detection of proteins by methods described in described herein and
in U.S. Application Serial Nos. 09/513,395 (US Patent No. 6,379,971), 09/513,486 (US
Patent No. 6,537,432) and 09/513,907.

FIG.33 shows (A) a section of the mass spectrum around 136.88 amu; (B) a similar
section of the mass spectrum exactly 6.02 amu higher, corresponding to the position
where the [ CJe¢- metabolite peak should exist; (C) the ratio of the counts at 142.90 to that
at 136.88 amu positions in the mass spectrum, corresponding to the six carbon *C/'*C
metabolite ratio; and (D) the metabolic flux, determined by curve fit to the change in the
13C/"*C ratio over time at 136.88 amu.

FIG.34 shows (A) a section of the mass spectrum around 150.87 amu; (B) a similar
section of the mass spectrum exactly 6.02 amu higher, corresponding to the position

where the ['*C]¢- metabolite peak should exist; (C) the ratio of the counts at
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156.89 to that at 150.88 amu positions in the mass spectrum, corresponding to the six
carbon 13C/12C metabolite ratio; and (D) the metabolic flux, determined by curve fit to

the change in the 13C/12C ratio over time at 150.87 amu.
FIG. 35 shows (A) a section of the mass spectrum around 152.88 amu; (B)

a similar section of the mass spectrum exactly 6.02 amu higher, corresponding to the
position where the [13C]g-metabolite peak should exist; (C) the ratio of the counts at
152.90 to that at 152.88 amu positions in the mass spectrum, corresponding to the six
carbon 13C/12C metabolite ratio; and (D) the metabolic flux, determined by curve fit tov

the change in the 13C/12C ratio over time at 152.88 amu.
FIG. 36 shows (A) a section of the mass spectrum around 281.77 amu; (B)

a similar section of the mass spectrum exactly 6.02 amu higher, corresponding to the

position where the [13C]g-metabolite peak should exist; (C) the ratio of the counts at

~ 287.79 to that at 281.77 amu positions in the mass spectrum, corresponding to the six

carbon 13C/12C metabolite ratio; and (D) the metabolic flux, determined by curve fit to

the change in the 13C/12C ratio over time at 281.77 amu.
FIG. 37 shows (A) a section of the mass spectrum around 328.76 amu; (B)

a similar section of the mass spectrum exactly 6.02 amu higher, corresponding to the
position where the [13C]6-metabolite peak should exist; (C) the ratio of the counts at
334.78 to that at 328.76 amu positions in the mass spectrum, corresponding to the six
carbon 13C/12C metabolite ratio; and (D) the metabolic flux, determined by curve fit to
the change in the 13C/12C ratio over time at 328.76 amu.
FIG. 38 shows (A) a section of the mass spectrum around 330.76 amu; (B) |

a similar section of the mass spectrum exactly 6.02 amu higher, corresponding to the
position where the [13C)g-metabolite peak should exist; (C) the ratio of the counts at
336.78 to that at 330.76 amu positions in the mass spectrum, corresponding to the six
carbon 13¢C/12C metabolite ratio; and (D) the metabolic flux, determined by curve fit to

the change in the 13C/12C ratio over time at 330.76 amu.
FIG. 39 shows (A) a section of the mass spectrum around 494.84 amu; (B)

a similar section of the mass spectrum exactly 6.02 amu higher, corresponding to the

position where the [13C]6-metabolite peak should exist; (C) the ratio of the counts at
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500.86 to that at 494.84 amu positions in the mass spectrum, corresponding to the six
carbon 13C/12C metabolite ratio; and (D) the metabolic flux, determined by curve fit to
the change in the 13C/12C ratio over time at 494.82 amu. '

FIG. 40 shows (A) a section of the mass spectrum around 278.80 amu; (B)
a similar section of the mass spectrum exactly 5.02 amu higher, corresponding to the
position where the [13C]5-metabolite peak should exist; (C) the ratio of the counts at
283.82 to that at 278.80 amu positions in the mass spectrum, corresponding to thé five
carbon 13C/12C metabolite ratio; and (D) the metabolic flux, determined by curve fit to

the change in the 13C/12C ratio over time at 278.80 amu. .
FIG. 41 shows (A) a section of the mass spectrum around 280.80 amu; (B) a similar

section of the mass spectrum exactly 5.02 amu higher, corresponding to the position

where the [13C) s-metabolite peak should exist; (C) the ratio of the counts at 285.82 to
that at 280.8 amu positions in the mass spectrum, corresponding to the five carbon
13¢/12C metabolite ratio; and (D) the metabolic flux, determined by curve fit to the

change in the 13C/12C ratio over time at 280.80 amu.

DETAILED DESCRIPTION

Definitions

Unless defined otherwise, all technical and scientific terms used herein
generally have the same meaning as commonly understood by one of ordinary skill in the
art to which this invention belongs. Generally, the nomenclature used herein and the
laboratory procedures in molecular biology, organic chemistry described below are those
well known and commonly employed in the art. Standard techniques are used for nucleic
acid and peptide synthesis. Generally, enzymatic reactions and purification steps are
performed according to the manufacturer's specifications. The techniques and procedures
are generally performed according to conventional methods in the art and various general
references (see generally, Sambrook et al. MOLECULAR CLONING: A LABORATORY
MANUAL, 2d ed. (1989) Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.,
which is incorporated herein by reference), which are provided throughout this document. -
The nomenclature used herein and the laboratory procedures in analytical chemistry, and.

organic synthetic described below are those known and employed in the art. Standard
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techniques, or modifications thereof, are used for chemical syntheses and chemical

analyses.

Discussions of the various classes of metabolic compounds referenced

" herein can be found in any general biochemistry text book, including, for example, Voet,

D. and Voet, J.G., Biochemistry, John Wiley & Sons, New York (1990); Stryer, L.,
Biochemistry, 2nd ed., W.H. Freeman and Company, San Francisco (1981); and White,
A, et al., Principles of Biochemistry, 6th ed., McGraw-Hill Book Company (1978), each
of which is incorporated by reference in its entirety.

A “nucleic acid” is a deoxyribonucleotide or ribonucleotide polyfner in
either single- or double-stranded form.

A “polynucleotide” refers to a single- or double-stranded polymer of
deoxyribonucleotide or ribonucleotide bases.

As used‘herein, the terms “protein”, “peptide” and “polypeptide” are used
interchangeably and refer to a pblymer of amino acid residues. For a general review, see;
Spatola, A. F., in CHEMISTRY AND BIOCHEMISTRY OF AMINO ACIDS, PEPTIDES AND
PROTEINS, B. Weinstein, eds., Marcel Dekker, New York, p. 267 (1983), which is
incorporated by reference in its entirety. As used herein, the twenty conventional amino
acids and their abbreviations follow conventional usage (/mmunology - A Synthesis, 2nd
ed., (ES. Golub and D.R. Gren, Eds.) Sinauer Associates, Sunderland, Maésachusetts
(1991)). In the polypeptide notation used herein, the lefthand direction is the amino
terminal direction and the righthand direction is the carboxy-terminal direction, in
accordance with standard usage and convention. .

A “‘carbohydrate” refers to aldehyde or ketone derivatives of polyhydric
alcohols. The term includes monosaccharides, oligosaccharides and polysaccharides.
“Oligosaccharides” and “polysaccharides™ are formed by condensation of monosaccharide
residues. Oligosaccharides contain a relatively limited number of monosaccharide
residues, and typically include di-, tri-, tetra- and pentasaccharides. Polysaccharides are
polyfnérs of high molecular weight formed from the condensation of many
monosaccharides of the same type (homopolysaccharides) or two or more types
(heteropolysaccharides). The molecular weight of polysaccharides can range into the -

millions of daltons. Specific examples of carbohydrates include glucose, galactose,
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xylose, fructose, sucrose, and glycogen. The term “simple sugar” typically refers to
monosaccharides.

The term “lipid” generally refers to substances that are extractable from
animal or plant cells by nonpolar solvents. Materials falling within this category include
the fatty acids, fats such as the mono-, di- and triacyl glycerides, phosphoglycerides,
sphingolipids, waxes, terpenes and steroids. Lipids can also be combined with other
classes of molecules to yield lipoproteins, lipoamino acids, lipopolysaccharides and
proteolipids.

“Fatty acids” generally refer to long chain hydrocarbons (e.g., 6 to 28
carbon atoms) terminated at one end by a carboxylic acid group, although the
hydrocarbon chain can be as short as a few carbons long (e.g., acetic acid, propionic acid,
n-butyric acid). Most typically, the hydrocarbon chain is acyclic, unbranched and
contains an even number of carbon atoms, although some naturally occurring fatty acids
have an odd number of carbon atoms. Specific exémples of fatty acids include caprioic,
lauric, myristic, palmitic, stearic and arachidic acids. The hydrocarbon chain can be
either saturated or unsaturated.

“Fats” are a particular class of lipids and are esters of fatty acids and
glycerol. Fats include mono-, di- and tri-acylglycerides.

A “nucleoside” is a compound of a sugar (typically a ribose or
deoxyribose) attached to a purine or pyrimidine base via an N-glycosyl linkage.

A “nucleotide” refers to a phosphate ester of pentose sugars in which a
nitrogenous base (typically a purine or pyrimidine base) is linked to the C(1°) sugar
residue. Most typically, a nucleotide is a nucleoside attached to a phosphoric group.

The term “steroid” refers to the large class of compounds that contain the
tetracyclic cyclopenta[ ]phenanthrene backbone that are part of the metabolism of an
organism. A specific example is cholesterol. ‘

The term “compound” or “component” refers to a molecule regardless of
molecular weight found within an organism or cell. A compound or component can be
ﬁdm the same class of compounds as a substrate or metabolite.

An “organic acid” refers to any organic molecule having one or more

carboxylic acid groups. The organic acid can be of varying length and can be saturated or

unsaturated. Examples of organic acids include, but are not limited to, citric acid, pyruvic

45




10

15

20

25

30

WO 00/63683 ' PCT/US00/10504

acid, succinic acid, malic acid, maleic acid, oxalacetic acid, and _-ketoglutaric acid.
Organic acids can include other function groups in addition to the carboxylic acid group
including, for example, hydroxyl, carbonyl and phosphate.

The term "naturally-occurring" as used herein as applied to an object refers
to the fact that an object can be found in nature. For example, a polypeptide or
polynucleotide sequence that is present in an organism (including viruses) that can be
isolated from a source in nature and which has not been intentionally modified by man in
the laboratory is naturally-occurring. Generally, the term naturally-occurring refers to an
object as present in a hon-pathological (undiseased) individual, such as would be typical
for the species. |

| The term "agent" is used herein to denote a chemical compound, a mixture
of chemical compounds, an array of spatially localized compounds (e.g., a VLSIPS
peptide array, polynucleotide array, and/or combinatorial small moiccule array), a
biological macromolecule, a bacteriophage peptide display library, a bacteriophage
antibody (e.g., scFv) display library, a polysome peptide display library, or an extract
made from bfological materials such as bacteria, plants, fungi, or animal (particularly
mammalian) cells or tissues.

As used herein, "substantially pure" means an object species is the
predominant species present (i.e., on a molar basis it is more abundant than other species
in the composition, with the exception of solvent species and metal ions), and preferably a
substantially purified fraction is a composition wherein the object species comprises at
least about 50 percent (on a molar basis) of all species present. Generally, a substantially
pure composition will comprise more than about 80 to 90 percent of all species present in
the composition. Most. preferably, the object species is purified to essential homogeneity
(contaminant species cannot be detected in the composition by conventional detection
methods) wherein the composition consists essentially of a single species.

As used herein "normal blood" or "normal human blood" refers to blood
from a healthy human individual who does not have an active neoplastic disease or other
disorder of lymphocytic proliferation, or an identified predisposition for developing a
neoplastic disegse. Similarly, "normal cells", "normal cellular sample”, "normal tissue",

and "normal lymph node" refers to the respective sample obtained from a healthy human
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individual who does not have an active neoplastic disease or other lymphoproliferative
disorder.

As used herein the terms "pathognomonic concentration”, "pathognomonic
amount", and "pathognomonic staining pattern" refer to a concentration, amount, or
localization pattern, respectively, of a proiein or protein fingerprint in a sample, that
indicates the presence of a pathological (e.g., neoplastic, senescent, immunodeﬁcient,
néurodegenerative, inflammatory, etc.) condition or a predisposition to developing a
neoplastic disease, such as carcinoma, sarcoma, or leukemia. A pathognomonic amount
is an amount of a protéin or protein expression fingerprint feature in a cell or cellular
sample that falls outside the range of normal clinical values that is established by
prospective and/or retrospective statistical clinical studies. Generally, an individual
having a neoplastic disease (e.g., carcinoma, sarcoma, or leukemia) will exhibit an
amount of a predetermined protein or a matched protein expression ﬁhgerprint in a cettor
tissue sample that is outside the range of concentrations that characterize normal, |
undiseased individuals; typically the pathognomonic concentration is at least about one -
standard deviation outside the mean normal value, more usually it is at least about two
standard deviaiions or more above the mean normal value. However, essentially all
clinical diagnostic tests produce some percentage of false positives and false negatives.
The sensitivity and selectivity of the diagnostic assay must be sufficient to satisfy the
diagnostic objective and any relevant regulatory requirements. In general, the diagnostic
methods of the invention are used to identify individuals as disease candidates, providing
an additional parameter in a differential diagnosis of disease made by a competent health
professional.

The term "statistical correlation" refers to a statistical association between
two variables or parameters as measured by any statistical test including, for example,
chi-squared analysis, ANOVA or multivariate analysis. The correlation between one

parameter (e.g., value for the flux of a metabolite) and a second parameter (e.g., disease

- state) is considered statistically significant if the probability of the result happening by

chance (the P-value) is less than some predetermined level (e.g., 0.05). The term
"statistically significant difference" refers to a statistical confidence level, P, that is <

0.25, preferably < 0.05, and most preferably < 0.01.
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As used herein the term "physiological conditions" refers to temperature,

pH, ionic strength, viscosity, and like biochemical parameters which are compatible with
-a viable organism, and/or which typically exist intracellularly in a viable cultured yeast

cell or mammalian cell. For example, the intracellular conditions in a yeast cell grown
under typical laboratory culture conditions are physiological conditions. Suitable in vitro
reaction conditions for in vitro transcription cocktails are generally physiological
conditions. In general, in vitro physiological conditions comprise 50-200 mM NaCl or
KCl, pH 6.5-8.5, 20-45 C and 0.001-10 mM divalent cation (e.g., Mg"™, Ca™); preferably
about 150 mM NaCl or KC], pH 7.2-7.6, 5 mM divalent cation, and often include 0.01-
1.0 percent nonspecific protein (e.g., BSA). A non-ionic detergent (Tween, NP-40, Triton
X-100) can often be present, usually at about 0.001 to 2%, typically 0.05-0.2% (v/v).
Particular aqueous conditions may be selected by‘ the practitioner according to
conventional methods. For general guidance, the following buffered aqueous conditions
may be applicable: 10-250 mM NaCl, 5-50 mM Tris HCI, pH 5-8, with optional addition
of divalent cation(s) and/or metal chelators and/or nonionic detergents and/or membrane
fractions and/or antifoam agents and/or scintillants. '

As used herein, the term "multimer" comprises dimer and higher order
complexes (trimer, tetramer, pentamer, hexamer, heptamer, octamer, etc.).
"Homomultimer" refers to complexes comprised of the same subunit species.
"Heteromultimer" refers to complexes comprised of more than one subunit species.

The term "alkyl" is used herein to refer to a branched or unbranched,
saturated or unsaturated, monovalent hydrocarbon radical, generally having from about 1-
30 carbons and preferably, from 4-20 carbons and more preferably from 6-18 carbons.
When the alkyl group has from 1-6 carbon atoms, it is referred to as a "lower alkyl."
Suitable alkyl radicals include, for example, structures containing one or more methylene,
methine and/or methyne groups. Branched structures have a branching motif similar to i-
propyl, t-butyl, i-butyl, 2-ethylpropyl, etc. As used herein, the term encompasses '
"substituted alkyls," and “cyclic alkyl.”

"Substituted alkyl" refers to alkyl as just described including one or more
substituents such as lower alkyl, aryl, abyl, halogen (i.e., alkylhalos, e.g., CF,), hydroxy,
amino, alkoxy, alkylamino, acylamino, thioamido, acyloxy, aryloxy, aryloxyalkyl,

- mercapto, thia, aza, oxo, both saturated and unsaturated cyclic hydrocarbons, heterocycles
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and the like. These groups may be attached to any carbon or substituent of the alkyl

" moiety. Additionally, these groups may be pendent from, or integral to, the alkyl chain.

The term "aryl" is used herein to refer to an aromatic substituent, which
may be a single aromatic ring or multiple aromatic rings which are fused together, linked
covalently, or linked to a common group such as a methylene or ethylene moiety. The-
common linking group may also be a carbonyl as in benzophenone. The aromatic ring(s)
may include phenyl, naphthyl, biphenyl, diphenylmethyl and benzophenone among
others. The term "aryl" encompasses "arylalkyl” and “substituted aryl." |

"Substituted aryl" refers to aryl as just described including one or more
functional groups such as lower alkyl, acyl, halogen, alkylhalos (e.g. CF;), hydroxy,

amino, alkoxy, alkylamino, acylamino, acyloxy, phenoxy, mercapto and both saturated

~ and unsaturated cyclic hydrocarbons which are fused to the aromatic ring(s), linked

covalently or linked to a common group such as a methylene or ethylene moiety. The
linking group may also be a carbonyl such as in cyclohexyl phenyl ketone. The term

"substituted aryl" encompasses "substituted arylalkyl."
" Theterm "arylalkyl" is used herein to refer to a subset of "aryl" in which
the aryl group is attached to another group by an alkyl group as defined herein.
"Substituted arylalkyl" defines a subset of "substituted aryl" wherein the
substituted aryl group is attached to another group by an alkyl group as defined herein.
The term "acyl" is used to describe a ketone substituent, —C(O)R, where
R is alkyl or substituted alkyl, aryl or substituted aryl as defined herein.
The term "halogen" is used herein to refer to fluorine, bromine, chlorine
and iodine atoms.
The term "hydroxy" is used herein to refer to the group —OH.
The term "amino" is used to —NRR’, wherein R and R’ are independently
H, alkyl, aryl or substituted analogues thereof. “Amino” encompasses "alkylamino"
denoting secondary and tertiary amines and "acylamino" describing the group RC(O)NR".
' The term "alkoxy" is used herein to refer to the —OR group, where R is
alkyl, or a substituted analogue thereof. Suitable alkoxy radicals include, for example,
methoxy, eihoxy, t-butoxy, etc.
As used herein, the term "aryloxy" denotes aromatic groups that are linked

to another group directly through an oXygen atom. This term encompasses "substituted
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aryloxy" moieties in which the aromatic group is substituted as described above for

"substituted aryl." Exemplary aryloxy moieties include phenoxy, substituted phenoxy,
benzyloxy, phenethyloxy, etc. .

As used herein "aryloxyalkyl" defines aromatic groups attached, through
an oxygen atom to an alkyl group, as defined herein. The term "aryloxyalkyl"
encompasses "substituted aryloxyalkyl" moieties in which the aromatic group is
substituted as described for "substituted aryl." |

' As used herein, the term "mercapto” defines moieties of the general
structure —S—R wherein R is H, alkyl, aryl or heterocyclic as descn'bcd herein.

The term "saturated cyclic hydrocarbon" denotes groups such as the
cyclopropyl, cyclobutyl, cyclopentyl, efc., and substituted analogues of these structures.
These cyclic hydrocarbons can be single- or multi-ring structures.

The term "unsaturated cyclic hydrocarbon" is used to describe a
monovalent non-aromatic group with at least one double bond, such as cyclopentene,
cyclohexene, efc. and substituted analogues thereof. These cyclic hydrocarbons can be
single- or multi-ring structures.

The term "heteroaryl" as used herein refers to aromatic rings in which one
or more carbon atoms of the aromatic ring(s) are replaced by a heteroatom such as
nitrogen, oxygen or sulfur. Heteroaryl refers to structures that may be a single aromatic
ring, multiple aromatic ring(s), or one or more aromatic rings coupled to one or more non-
aromatic ring(s). In structures having multiple rings, the rings can be fused together,
linked covalently, or linked to a common group such as a methylene or ethylene moiety.
The common linking group may also be a carbonyl as in phenyl pyridyl ketone. As used
herein, rings such as thiophene, pyridine, isoxazole, phthalimide, pyrazole, indole, furan,
etc. or benzo-fused analogues of these rings are defined by the term "heteroaryl."

"Heteroarylalkyl" defines a subset of "heteroaryl" wherein an alkyl group,
as defined herein, links the heteroaryl group to another group.

"Substituted heteroaryl" refers to heteroaryl as just described wherein the
heteroaryl nucleus is substituted with one or more functional groups such as lower alkyl,
acyl, halogen, alkylhalos (e.g. CF,), hydroxy, amino, alkoxy, alkylamino, acylamino,

acyloxy, mercapto, etc. Thus, substituted analogues of heteroaromatic rings such as
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thiophcne, pyridine, isoxazole, phthalimide, pyrazole, indole, furan, etc. or benzo-fused
analogues of these rings are defined by the term "substituted heteroaryl.”

"Substituted heteroarylalkyl" refers to a subset of "substituted heteroaryl"
as described above‘in which an alkyl group, as defined herein, links the heteroaryl group
to another group. ‘

The term "heterocyclic" is used herein to describe a monovalent saturated
or unsaturated non-aromatic group having a single ring or multiple condensed rings from .

1-12 carbon atoms and from 1-4 heteroatoms selected from nitrogen, sulfur or oxygen

within the ring. Such heterocycles are, for example, tetrahydrofuran, morpholine,

piperidine, pyrrolidine, etc.
The term "substituted heterocyclic" as used herein describes a subset of
"heterocyclic" wherein the heterocycle nucleus is substituted with one or more functional
groups such as lower alkyl, acyl, ﬁalogm, alkylhalos (e.g. CF,), hydroxy, amino, alkoxy,
alkylamino, acylamino, acyloxy, mercapto, etc.
 Theterm "heterocyclicalkyl" defines a subset of "heterocyclic" wherein an

alkyl group, as defined herein, links the heterocyclic group to another group.

L Overview

The present invention provides methods and apparatus for achieving the
separation of proteins, including significant resolution of proteins in complex mixtures
from native cell and tissue samples. The invention is based in part upon the recognition
thét multidimensional electrophoretic methods involving multiple (typically different)
electrophoretic methods pérfonncd in series utilizing controlled fractionation techniques
to obtain defined fractions can be used to achieve thh resolution of proteihs. Ina
variation, labeling and detection steps can be included to increase sensitivity and to
obtain accurate and reproducible quantitative information about the resolved proteins. In
another variation, the buffer system can be altered in the last separation step, through the
use of volatile salts, organic solvents, and ephemeral surfactants to make the eluent
compatible with subsequent mass spectrometric aﬂalysis. Typically, the electrophoretic
methods are capillary electrophoresis methods, particularly combinations of capillary
isoelectric focusing (CIEF), capillary zone electrophoresis (CZE) and capillary gel
electrophoresis (CGE). |
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Several features enable methods to be performed in a controlled and
reproducible fashion. For example, once proteins have had an opportunity to fractionate
within the electrophoretic medium contained within a capillary, elution conditions are
tailored so that separated proteins are eluted in a controlled fashion to yield defined

fractions in which the proteins contained within a fraction fall within a certain pH range,

| electrophoretié mobility range, or molecular weight range,'fdr example. In certain

methods, proteins are labeled at a selected stage of the separation process and the labeled
proteins detected using a detector. Labeling enables proteins present at low concentration
to more easily be deteqted and enhances reproducibility by increasing signal-to-noise
ratios. The detector can be used to detect proteins as separated within an electrophoretic
cavity or after they are eluted from the cavity. The combination of labeling and detection
also enables separated proteins to be quantified. In a variation, the labeling moiety
consists of components that impart a covalent linkage to the N-terminus or C-terminus of
the proteih, at least one component that increases the detectability of the protein, and,
optionally, a component that imparts a unique mass signature to the protein, or labeled
peptide fragments of the protein in a mass spectrometer.

If additional information is desired, the methods can be expanded to
include further analysis by techniques besides electrophoresis. For example, in certain
method variations, fractions collected from the final electrophoretic method are
individﬁally analyzed by mass spectroscopy to obtain additional information, such as
molecular weight and a partial sequence , the masses of chemilytic or enzymatically
derived peptides, and total or partial amino acid compositions.. In a variation, the initial
sample is fractionated by ammonium sulfate precipitation, subcellular fractionation, or
chromatographic means (e.g., reverse phase, size exclusion, affinity, and ion). In a further
variation, the biological or biophysical parameters underlying each expansion to the
method can be incorporated as separation parameters and utilized to further identify any
protein species resolved by thé method and/or.annotate the description of the protein
species resolved by the method in a database of such protein species.

QuantitatiVe detection and the ability to automate the methods means that
the methods are amenable to a variety of screening, comparative and diagnostic studies.
For example, the methods can be utilized to develop comparative protein expression data.

Such comparative studies can be utilized to identify markers of specific diseases, potential
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targets for pharmaceuticals and/or drug candidates. Once markers that are selectively.
expressed in certain disease states, for example, are identified, the methods of the
invention have utility in diagnostic applications. In a variation, the methods can be
incorporated into miniaturized separation and detection devices, in which a plurality of
capillary electrophoretic methods are used to resolve, detect, and quantify one or more
protein markers for diagnostic purposes. The methods of the invention can also be utilized
to develop a protein database that includes, for example, isoelectric points, apparent
molecular weights and relative abundance information and partial or complete protein
sequence information for proteins obtained from different cells, tissues or physiological
states. The methods alsd find utility in studies on structure/activity relationships and in
metabolic engineering investigations in which one genetically modifies a certain gene and

then determines what effects such a modification has on cellular protein expression.

II.  Separation Methods

Summary
The present invention provides a variety of electrophoretic methods and

apparatus for separating mixtures of proteins. The methods involve conducting multiple
capillary electrophoresis methods in series, wherein samples for each method other than
the initial method contain only a subset of the proteins from the preceding step (e.g., from
fractions containing resolved protein from the preceding method). By using a variety of
techniques to control elution during electrophoresis, the methods are capable of resolving
proteins in even complex mixtures such as obtained from tissues and native cells.
Utilizing various labeling schemes and detection methods, certain methods can provide
quantitative information on the amount of each of the separated proteins. Such
information can be used in the development of protein databases in which proteins
expressed under certain conditions are characterized and catalogued. Comparative studies

to identify proteins that are differentially expressed between different types of cells or

‘tissues can also be conducted with the methods of the present invention. The methods can

also be used in diagndstic, structure activity and metabolic engineering studies.
In general, the methods involve performing a plurality of electrophoretic
methods in series. Each method in the series includes electrophoresing a sample

containihg multiple proteins to obtain a plurality of resolved proteins. The sample that is
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electrophoresed contains only a subset of the plurality of resolved proteins from the
immediately preceding method in the series (except the first method of the series in which
the sample is the initial sample that contains all the proteins). The resolved proteins from
the final electrophoretic method are then detected using various techniques.

The electrophoretic methods typically are capillary electrophoresis
methods, such as capillary isoelectric focusing electrophoresis (CIEF), capillary zone
electrophoresis (CZE) and capillary gel electrophoresis (CGE), although the methods are
amenable to other capillary electrophoresis methods as well. The particular order of the
methods can vary. Typically, the methods utilize combinations of electrophoretic
methods which separate proteins on the basis of different characteristics (e.g., size,
charge, isoelectric point).

In certain methods, the proteins are labeled to more easily detect the
resolved proteins, to alter the charge of the proteins, to facilitate their separation, and/or to
increase the signal-to-noise ratio. Labeling also enables certain methods to be conducted
such that the resolved proteins obtained from the final electrophoretic method are
quantitated. Quantitation allows the relative abundance of proteins within a sample, or
within different samples, to be determined. In certain methods, the time at which proteins
are labeled is selected to precede electrophoresis by capillary zone 'clectrophoresis. By
selectively labeling certain residues, resolution of proteins during capillary zone
electrophoresis can be increased. ‘

Resolution, quantitation and reproducibilify are enhanced by utilizing a
variety of techniques to control elution of proteins during an electrophoretic method. The
particular elution technique employed depends in part upon the particular electrophoretic
method. However, in general, hydrbdynamic, salt mobilization, pH mobilization and
electroosmotic flow are utilized to controllably elute resolved proteins at the end of each
electrophoretic separation.

Some methods pmﬁde for additional analysis after the electrophoretic
separation. The type of analysis can vary and include, for example, infra-red
spectroscopy, nuclear magnetic resonance spectroscopy, UV/VIS spectroscopy,
fluorescence spectroscopy, and complete or partial sequencing. In certain methods,

proteins in the final fractions are further analyzed by mass spectroscopy to determine at
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least a partial sequénce for each of the resolved proteins (i.e., to determine a protein
sequence tag). _
’ Thus, certain other methods involve performing one or more capillary
electrophoretic methods, each of the one or more méthods involving: (i) eléctrophorcsing
a éample containing multiple proteins within an electrophoretic medium contained within
a capillary, and (ii) withdrawing and collecting multiple fractions, each fraction
containing protcin_s resolved during the electrophoresing step. Each method in the series
is conducted with a sample from a fraction collected in the preceding electrophoretic
method, except the first electrophoretic method which is conducted with é sample
containing the original mixture of proteins. The proteins are labeled prior to conducting
the last electrophoretic method. Either the proteins.in the initial sample are labeled (i.e.,
labeling precedes all the electrophoretic separations), or the proteins contained in
fractions collected are labeled prior to the last electrophon;etic method. The final
electrophoretic method is performed, and resolved protein within, or withdrawn from, the
capillary utilized to conduct the final method is detected with a detector. Hence, the
detector is adapted to detect resolved protein within the capillary used in the final method
or is connected in line with the capillary to detect resolved proteins as they elute from the
capillary. In some instances, the detected proteins are quantitated and further analyzed by
mass spectroscopy to determine their relative abundance and/or to establish a protein
sequence tag for each resolved protein. '

| The present invention provides methodé and apparatus for achieving the
separation of proteins, including significant resolution of proteins in complex mixtures
from native cell and tissue samples. The invention is based in part upon the recognition
that multidimensional electrophoretic methods involving multiple (typically different)
electrophoretic methods performed in series utilizing controlled fractionation techniques
to obtain defined fractions can be used to achieve high resolution of proteins. Labeling
and detection steps can be included to increase sensitivity, alter the separation coordinates
of the proteins, and to obtain accurate and reproducible quantitative information about the
resolved proteins. Typically, the electrophoretic methods are capillary electrophoresis
methods, particularly combinations of capillary. isoelectric focusing (CIEF), capillary
zone electrophoresis (CZE) and capillary gclbléctrophoresis (CGE).

55




10

15

20

25

30

WO 00/63683 ‘ . PCT/US00/10504

Several features enable methods to be performed in a controlled and
reproducible fashion. For example, once proteins have had an opportunity to fractionate
within the electrophoretic medium contained within a capillary, elution conditions are
tailored so that separated proteins are eluted in a controlled fashion to yield defined
fractions in which the proteiris contained within a fraction fall within a certain pH range,
electrophoretic mobility range, or molecular weight range, for example. In certain
mcthods,A proteins are labeled at a selected stage of the separation process and the labeled
proteins detected using a detector. Labeling enables profcins present at low concentration
fo more easily be detected and enhances reproducibility by increasing signal-to-noise
ratios. The detector can be used to detect proteins as separated within an electrophoretic
cavity or after they are eluted from the cavity. The combination of labeling and detection
also enables separated proteins to be quantified. The combination of labeling and
separation can alter the net charge or solubility of the proteins causing a change in their

- separation coordinates, for example, their separation order, the fraction in which they are
collected, and elution time.

If additional information is desired, the methods can be expandedto -
include further analysis by techniques besides electrophoresis. For example, in certain
methods, fractions collected from the final electrophoretic method are individually
analyzed by mass specﬁoscopy to obtain additional information, such as molecular weight
and partial sequence.

Quantitative detection and the ability to automate the methods means that
the methods are amenable to a variety of screening,A comparative and diagnostic studies.
For example, the methods can be utilized to develop comparative protein expression data.
Such comparative studies can be utilized to identify markers of specific diseases, potential
targets for pharmaceuticals and/or drug candidates. Once markers that are selectively
expressed in certain disease states, for example, are identified, the methods of the
invention have utility in diagnostic applications. The méthods of the invention can also
be utilized to develop a protein détabasc that includes, for example, separation
coordinates, isoelectric points, apparent molecular weights and relative abundance
information for proteins in different cells, tissues or states. The methods also find utility -

in studies on structure/activity relationships and in metabolic engineering investigations
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in which one genetically modifies a certain gene and then determines what effects such a

modification has on cellular protein expression.

General Separation Methodology

The methods of the present invention utilize a combination of
electrophoretic methods conducted in series to resolve mixtures of proteins. The methods
are said to be conducted in series because the sample(s) electrophoresed in each method

~ are from solutions or fractions containing proteins electrophoresed in the preceding
method, with the exception of the sample electrophoresed in the initial electrophoretic
method. As used herein, the terms protein, peptide and polypeptide are used
interchangeably and refer to a polymer of amino acid residues. The term also applies to
amino acid polymers in which one or more amino acids are chemical analogues of
corresponding naturally-occurring amino acidé, including amino acids which are modified
by post-translational processes (e.g., glycosylation and phosphorylation).

The series of electrophoretic methods are typically conducted in such a
way that proteins in an applied sample for each electrophoretic method of the series are
isolated or resolved physically, temporally or spacially to form a plurality of fractions
each of which include only a subset of proteins of the applied sample. Thus, a fraction
refers to a protein or mixture of proteins that are resolved physically, temporally or
spacially from other proteins in a sample subjected to electrophoresis. Resolved proteins
can refer to a single species or a mixture of proteins that are separated from other proteins
during an electrophoretic method. As just noted, samples in the various electrophoretic
methods are obtained from such fractions, with the exception of the first electrophoretic
method in which the sample is the original sample containing all the proteins to be
separated.

Typically, these multiple electrophoretic methods in the series separate
proteins according to different characteristics. For example, one method can separate
proteins on the basis of isoelectric points (e.g., capillary isoelectric focusing
electrophoresis), other methods can separate ‘proteins on the basis of their intrinsic or
induced (through the application of a label to certain ionizable amino acid residues)
charge-to-mass ratio at any given pH (e.g., capillary zone electrophoresis), whereas other

methods separate according to the size of the proteins (e.g., capillary gel electrophoresis).

57




10

15

20

25

30

WO 00/63683 PCT/US00/10504

in which one genetically modifies a certain gene and then determines what effects such a

modification has on cellular protein expression.

General Separation Methodology
. The methods of the present invention utilize a combination of

electrophoretic methods conducted in series to resolve mixtures of proteins. The methods -
are said to be conducted in series because the sample(s) electrophoresed in each method
are from solutions or fractions containing proteins electrophoresed in the preceding
method, with the exception of the sample electrophoresed in the initial electrophoretic
method. As used herein, the terms protein, peptide and polypeptide are used
interchangeably and refer-to a polymer of amino acid residues. The term also applies to
amino acid polymers in which one or more amino acids are chemical analogues of |
corresponding naturally-occurring amino acidé, including amino acids which are modified
by post-translational processes (e.g.; glycosylation and phosphorylation).

The series of electrophoretic methods are typically conducted in such a
way that proteins in an applied sample for each electrophoretic method of the series are
isolated or resolved physically, temporally or spacially to form a plurality of fractions
each of which include only a subset of proteins of the applied sample. Thus, a fraction
refers to a protein or mixture of proteins that are resolved physically, temporally or

- spacially from other proteins in a sample subjected to electrophoresis. Resolved proteins
can refer to a single species or a mixture of proteins that are separated from other proteins
during an electrophoretic method. As just noted, samples in the various electrophoretic
methods are obtained from such fractions, with the exception of the first electrophoretic
method in which -the sample is the original sample containing all the proteins to be
separated. '

Typically, these multiple electrophoretic methods in the series separate
proteins according to different characteristics. For example, one method can separate

proteins on the basis of isoelectric points (e.g., capillary isoelectric focusing

E élcctrophoresis), other methods can separate proteins on the basis of their intrinsic or

induced (through the application of a label to certain ionizable amino acid residues)
charge-to-mass ratio at any given pH (e.g., capillary zone electrophoresis), whereas other

methods separate according to the size of the proteins (e.g., capillary gel e]ecfrophoresis).
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Such approaches that separate proteins through a series of electrophoretic methods are
referred to herein as “multidimensional” electrophoretic methods, wherein each particular
electrophoretic method constitutes a “dimension.”

Apparatus used to conduct various electrophoretic methods are known in-
the art. In general, however, and as shown in FIG. 2A, the basic configuration of a typical
capillary electrophoretic system utilized in certain methods of the invention includes a
capillary 8 having two ends 10, 12. One end 10 is in contact with an anode solution or
anolyte 14 contained m an anode reservoir 18 and the other end 12 is in contact with a
cathode solution or catholyte 16 in a cathode reservoir 20. One electrode (the anode) 22
is positioned to be in electrical communication with the anode solﬁtion 14 and a second
electrode 24 is positioned to be in electrical communication with the cathode solution 16.
The cavity 26 of the capillary 8 is filled with an electrophoretic medium, which in some
ihstances can include a polymer matrix. As used:herein, the term anode refers to the
positively charged electrode. Thus, negatively charged species move through the .
electrophoretic medium toward the anode. The term cathode refers to the negatively
chafged electrode; positively charged species migrate toward this electrode.

Sample is introduced into the capillary 8 via an inlet 28, and the protein-
components therein resolved as an electrical field is applied between the two electrodes
22, 24 by a power source 32 and the proteins separate within the electrophoretic medium
contained within the separation cavity 26. Protein components can be controllably eluted
from the capillary via outlet 30 by controlling various parameters such as electroosmotic
flow (see infra) and/or by changing the composition of one or both of the reservoir
solutions (e.g., adjusting the pH or salt concentration). Typically, the inlet 28 and the
outlet 30 are simply portions of the capillary formed to allow facile insertion into a
container containing sample, anolyte or catholyte.

The term “capillary” as used in reference to the electrophoretic device in
which electrophoresis is carried out in the methods of the invention is used for the sake of
convenience. The term should not be construed to limit the particular shape of the cavity
or device in which electrophoresis is conducted. In particular, the cavity need not be
cylindrical in shape. The term “capillary” as used herein with regard to any
electrophoretic method includes other shapes wherein the internal dimensions between at

least one set of opposing faces are approximately 2 to 1000 microns, and more typically
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25 to 250 microns. An example of a non-tubular arrangement that can be used in certain

methods of the invention is the a Hele-Shaw flow cell. Further, the capillary need not be

linear; in some instances, the capillary is wound into a spiral configuration, for example.
An example of a system utilized with certain methods of the invention is

illustrated in FIG. 1. This particular example shows a system in which three

electrophoresis methods (initial, intermediate and final methods) are linked. The

particular number of electrophoretic methods. conducted can vary, although the methods
of the invention include at least two electrophoretic methods. Most typically, the methods
utilize two or three electrophoretic separation methods.

As can be seen in FIG. 1, an initial sample containing a plurality of
proteins is introduced from sample container 50 into a first separation cavity of a first
capillary 54 via sample inlet 52 utilizing any of a number of methods known in the art.
Examples of suitable methods include, pulling sample into the sample inlet 52 under
vacuum (e.g., by pullihug a vacuum on the sample outlet) or pushing sample into the
sample inlet 52 by pressurizing the sample container 50. Electromigration, often referred
to as electrokinetic injection, is another option. Once the initial sample is introduced into
sample inlet 52, the sample is then electrophoresed within the first separation cavity
within the first capillary 54. The first separation cavity contains a desired electrophoretic
medium in which proteins in the initial sample are at least partially resolved.
Electrophoretic medium containing resolved proteins is withdrawn from the first cavity,
typically out the end of the separation cavity opposite the end in which sample was
introduced, although other withdrawal sites can be utilized (see iﬁfra). The withdrawn
medium travels through outlet 56 and is collected in separate containers 58 as multiple
fractions. As shown in FIG. 1B, the containers 58 into which fractions are collected are
typically associated with a fraction collection device (a portion of which is shown 60)

capable of automatically advancing a set of containers 58 to collect defined fractions (e.g.,

_ fractions of a certain volume or covering a selected pH range).

A sample from a fraction collected from.the first electrophoretic method is
then withdrawn from one of the plurality of containers 58, again utilizing techniques such
as those described supra, via a second sample inlet 62. Proteins in the sample from the

fraction can then be further resolved by conducting an intermediate electrophoretic

‘method (in the example shown in FIG. 1, the second electrophoretic method). The
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sarriple is introduced into a second capillary 64 via inlet 62 and the proteins within the
sample further separated within the electrophoretic medium contained within the second
separation cavity of the second capillary 64 and then eluted from the cavity via outlet 66.
As with the first electrophoretic separation, the electrophoretic medium containing the
resolved or partially resolved proteins is collected as separate fractions within containers
68 typically aligned and advanced by a second fraction collection device (a portion of
which is shown 70).

A process similar to the second/intermediate method is conducted during
the final electrophoretic method (the third electrophoretic separation method shown in
FIG. 1). Sample is drawn via inlet 72 from a container 68 containing a fraction obtainéd
during the preceding method and is introdﬁced into a third or final electrophoretic cavity

~ of a third capillary 74 containing a third electrophoretic medium in which proteins
contained in the applied sample are separated still further yet by electrophoresis. The
third electrophoretic medium containing the further isolated proteins is subsequently
withdrawn through outlet 76.

As noted above, more than the three electrophofetic methods shown in
FIG. 1 can be performed. Such methods essentially involve repeating the general steps
described for the second/intermediate electrophoretic separation above one or more times.

. Following the final electrophoretic separation, a variety of different
options for analyzing the resolved proteins are available. As shown in FIG. 1, withdrawn
electrophoretic medium can be passed through a detector 78 in fluid communication with
the separation cavity of the last capillary 74 to detect the resolved proteins. The detector
78, or an optional quahtifying device capable of receiving a signal from the detector (not
shown), can be used to quantitate the amount of protein within a certain portion or
fraction of the electrophoretic medium.

Alternatively, or in addition, fractions can be taken from the
electrophoretic medium exiting the final capillary 74 or the detector 78 and analyzed by
an analyzer 82 using some technique other than electrophoresis. Examples of such
techniques include various spectroscopic methods (e.g., IR, UV/VIS and NMR) and
various mass spectroscopy methods (e.g., electrospray ionization-time of flight [ESI-
TOF) mass spectroscopy). Mass spectral data, for example, can be utilized to deduce a

partial or full sequence of the protein(s) (i.e., determine a protein sequence tag) within a-
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\

particular fractibn. FIG. 1 depicts a situation in which sample is withdrawn via liné 80
(dashed to indicate optional nature of this step) to another analyzer 82 (e.g., mass
spectrometer).

A number of other configurations can be utilized. For example, the
capillaries and detector(s) can be fabricated within a microfluidic chip (see infra).

The specific elution conditions utilized to withdraw resolved proteins from
the separation cavity depends upon the type of electrophoretic method conducted and is
described more fully below for each of the electrophoretic methods typically utilized in
the present invention. In general, however, once proteins have been resolved, the
conditions within the separation cavity are adjusted as necessary (or the initial conditions
selected) to achieve selective or controlled elution of the proteins from the cavity. For
example, elution can be achieved by adding salts to, or adjusting the pH of, the anode or
cathode solution, By regulating electroosmotic flow, by applying hydrodynamic pressure
.or combinations of the foregoing.

Using the methods of the invention, resolved proteins can be isolated
physically (e.g., placement into different containers such as illustrated in FIG. 1), spatially
(e.g., spread throughout the electrophoretic medium contained in the separation cavity)
and/or temporally (e.g., controlling elution so different proteins within a sample elute
from the capillary at different times). Thus, the methods of the invention can separate
mixtures of proteins as a function of the composition of elution buffers and/or time, and
are not limited to the spatial separation of proteins as are certain traditional two-
dimensional (2-D) gel electrophoresis systems. Instead, with controlled elution, fractions
can be collected so that proteins within a fraction fall within a range of isoelectric,
eleéh‘ophoretic mobility, or molecular weight values, for example. Con&olled elution of
proteins means that methods can be performed in a reproducible fashion. Such
reproducibility is important in conducting comparative studies and in diagnostic
applications, for example. | .

During the elution or withdrawing of resolved proteins, generally only a
portion of the electrophoretic medium containing the resolved proteins is typically
collected in any given fraction. This contrasts with certain 2-D methods in which a gel
containing all the resolved proteins is exuded from the separation cavity and the exuded

gel containing all the proteins is used to conduct another electrophoretic separation.
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Spacially, physically or temporally resolved proteins obtained at the

conclusion of one electrophoretic method are then used as the source of samples for

" further separation of proteins contained within the fraction during a subsequent
electrophoretic method. As illustrated in FIG. 1, typically samples from different
resolved fractions are sequentially electrophoresed on the same capillary. Normally
another sample is not applied until the proteins in the preceding sample are sufficiently
withdrawn from the separation cavity so that there is no overlap of proteins contained in
different fractions. Sequential elution of fractions through.the same column can
significantly reduce or eliminate variations resulting from differences in cross-linking or
electric field strength that can be problematic in certain slab gel electrophoretic methods.
Hence, sequential separation can further enhance the reproducibility of the methods of the
invention. Other methods, however, can be performed in a parallel fonnat, wherein
samples from different fractions are electroﬁhoresed on separate capillaries. “This
approach allows for separations to be completed more quickly. However, the use of
multiple capillaries can increase the variability in separation conditions, thereby reducing
to some extent reproducibility between different samples.

In certain methods, proteins are labeled at a selected stage of the separation
process and then detected using the detector. Labeling enables proteins present at low
concentration to more easily be detected and enhances reproducibility by increasing
signal-to-noise ratios. The detector can be used to detect proteins as separated within an
electrophorétic cavity or after they are eluted from the cavity. The combination of
labeling and detection also enables separated proteins to be quantified. The point in the
overall method at which labeling is conducted depends in part on the particular
electrophoretic methods being conducted as discussed more ﬁlly below. In general,
however, labeling is typically conducted before a gel capillary electrophoretic separation
is performed; whereas, labeling is normally conducted after éapillary isoelectric focusing

_ is performed rather than before. Labeling can also be used before a zone capillary
electrophoresis spearation is performed as a means to modify the net charge on the
proteins and their relative electrophoretic mobilities.

As noted above, some of the more commonly used electrophoretic

methods utilized in the present invention are capillary isoelectric focusing electrophoresis,
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capillary zone electrophoresis and capillary gel electrophoresis. Spécific issues regarding

the performance of these methods are described in the following sections.

Capillary Isoelectric Focusing Electrophoresis (CIEF)

General

Isoelectric focusing is an electrophoretic method in which zwitterionic
substances such as proteins are separated on the basis of their isoelectric point§ (pI). The
pl is the pH at which a zwitterionic species such as a protein has no net charge and
therefore does not move when subjected to an electric field. In the present invention,
proteins can be separated within a pH gradient generated using ampholytes or other
amphoteric substances within an electric field. A cathode is located at the high pH side of
the gradient and an anode is located at the low pH side of the gradient. |

Proteins introduced into the gradient focus within the pH gradient
according to their isoelectric points and then remain there. General methods for
conducting CIEF are described, for example, by Kilar, F., “Isoelectric Focusing in
Capillaries,” in CRC Handbook on Capiliary Electrophoresis: A Practical Approach,
CRC Press, Inc., chapter 4, pp. 95-109 (1994); and Schwartz, H., and T. Pritchett,
“Separation of Proteins and Peptides by Capillary Electrophoresis: Application to
Analytical Biotechnology,” Part No. 266923 (Beckman-Coulter, Fullcrion, CA, 1994);
Wehr, T., Rodriquez-Diaz, R., and Zhu, M., “Capillary Electrophoresis of Proteins,”
(Marcel Dekker, NY, 1999), which are incorporated herein by reference in their entirety.

System and Solutions
Because CIEF is primarily an equilibrium technique with low current

densities, capillary heating typically is not a problem. Therefore, fairly large bore
capillaries can be utilized. Suitable sizes include, but are not limited to, capillaries having
internal diameters of 2-600 pm, although more typically capillaries having internal
diameters of 25-250 pm are utilized. The use of relatively.large bore capillaries means
the method can use relatively high protein loads, which facilitates detection in the
following dimension(s). This feature of CIEF makes the method well-suited for the initial
or one of the early electrophoretic separatioris in the series. However, smaller diameter

capillaries enable temperature to be controlled more carefully and, in some methods,
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result in improved signal detection (e.g., by laser induced fluorescence (LIF) detection of
fluorescently labeled proteins).

The capillaries can have varying lengths. The length selected depends in
part on factors such as the extent of separation required. Typically, the capillaries are
about 10 to 100 cm in length, although somewhat shorter and longer capillaries can be
used. While longer capillaries typically result in better separations and improved
resolution of protein mixtures, longer capillaries also afford more opportunities for
protein-wall interactions and lower field strength. Consequently, there tends to be an
upper limit on capillary length beyond which resolution may be lost. Longer capillaries
can be of particular use in resolving low abundance proteins. Further guidance on size
and length of capillaries is set forth, for example, in Palmieri, R. and J. A. Nolan, "Protein
capillary electrophoresis: Theoretical and experimental considerations for methods
development," in: CRC Handbook of Capillary Electrophoresis: A Practical Approach,
Chp. 13, pgs. 325-368 (CRC Press, Boca Raton, 1994).

Generally, the capillaries are composed of fused silica, although plastic
capillaries and PYREX (i.e., amorphous glass) can be utilized in certain methods. As
noted above, the capillaries do not need to have a round or tubular shape. Other shapes
wherein the internal dimension between opposing faces is within the general range set
forth in this section can also be utilized.

A variety of different anode and cathode solutions can be used. Common
solutions include sodium hydroxide as the catholyte and phosphoric acid as the anolyte.
Similarly, a number of different ampholytes can be utilized to generate the pH gradient,
including numerous commercially available ampholyte solutions (e.g., BioLyte,
Pharmalyte and Servalyte). The selection of ampholytes and the breadth of the
ampholyte gradient can impact the resolution that is achieved by CIEF methods. Narrow

-ampholyte gradients increase the number of theoretical plates in the separation and can be

beneficial for higher resolution separations over narrow pl ranges.

CIEF methods utilized in the separations of the invention can be conducted
in capillaries containing polymeric matrices or in free solution (i.e., no gel or other
polymeric matrix). Polymer matricies are typically added to slow electroosmotic flow;
however, in some instances, inclusion of polymeric matrices can restrict movement of

larger proteins (see, e.g., Patton, 26). The use of free solutions is preferable in such cases
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possibly in combination with other methods (e.g., capillary coatings, gel plugs, or induced

electric fields) to control the electroosmotic flow.

Sample Preparation
Typically protein samples to be electrophoresed by CIEF are denatured

prior to loading the sample into the capillary. This ensures that the same proteins all have
the same charge and thus identical proteins focus at the same location rather than
potentially at multiple zones within the capillary. Denaturants (e.g., urea), non- and
zwitterionic-surfactants (e.g., IGEPAL CA-630 or 3-[{3-
cholamidopropyl}dimethylammonio]-1-propane sulfonate) can also be used to suppress
protein-wall and/or protein-protein interactions that can result in protein precipitation.
Another advantage of denaturing the proteins prior to electrophoresis is that the results
can be used in comparisons with archival data typically obtained under denaturing
conditions. ‘ .

A typical denaturing buffer includes urea and a nonionic or zwitterionic
surfactant as denaturants; a reducing agent (e.g., dithiothreitol (DTT) or mercaptoethanol)
is typically included to reduce any disulfide bonds present in the proteins. Other
denaturants besides urea that can be used include; but are not limited to, thiourea and
dimethylformamide (DMF). Generally, guanidine hydrochloride is not utilized as a
denaturant because of the very high ionic strength it imparts to a sample. Exemplary
neutral detergents include polyoxyethylene ethers ("tritons”), such as nonaethylene glycol |
octylcyclohexyl ether (“IRITON” X-100), polyglycol ethers, particularly polyalkylene
alkyl phenyl ethers, such as nonaethylene glycol octylphenyl ether (“NONIDET” P-40 or
IGEPAL CA-630), polyoxyethylene sorbitan esters, such as polyoxyethylene sorbitan
monolaurate (“TWEEN"-20), polyoxyethylene ethers, such as polyoxyethylene lauryl
ether (C,,E») (“BRIJ”-35), polyoxyethylene esters, such as 21 stearyl ether (C,,E,,)
(“BRIJ’721), N,N-bis[3-gluconamido-propyl]cholamide (“BIGCHAP”), decanoyl-N-

‘methylglucamide, glucosides such as octylglucoside, 3-[{3-

cholamidopropyl}dimethylammonio]-1-propane sulfonate and the like.
The optimal amount of denaturant and detergent depends on the particular
detergent used. In general the denaturing sample buffers contain up to 10 M urea (more

typically 4-8 M and most typically 6-8 M). Specific examples of suitable buffers (and
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denaturants and nonionic surfactants for inclusion therein) include those described by
Hochstrasser et al.[5] and O’Farrell[6]. Denaturation is typically advanced by heating for
10 min at 95 °C prior to injection into the capillary. Adjustments in the denaturing
sample buffers are made as necessary to account for any electroosmotic flow or heating
effects that occur (see, e.g., Kilar, F., “Isoelectric Focusing in Capillaries,” in CRC
Handbook on Capillary Electrophoresis: A Practical Approach, CRC Press, Inc., chapter
4, pp. 95-109 (1994)).

The amount of protein within a sample can vary and, as noted above,
depends in part of the size of the capillary used. In general, the capillary is loaded with
0.1 to 5.0 mg of total protein. Samples can be spiked with one or more known pl

standards to assess the performance of the method.

Elution
A variety of techniques can be utilized to elute or withdraw electrophoretic .

medium containing resolved proteins out from the capillary, but these methods fall into

~ three general categories: hydrodynamic elution, electroelution and control of

‘electroosmotic flow.

Hydrodynamic/Pressure Elution 5
Hydrodynamic or pressure elution involves applying pressure (or pulling a

vacuum) via an appropriate pump connected with one end of the capillary (see, e.g. Kilar,
F., “Isoelectric Focusing in Capillaries,” in CRC Handbook on Capillary Electrophoresis:
A Practical Appfoach, CRC Press, Inc., chapter 4, pp. 95-109 (1994)). However,
hydrodynamic elution can cause band broadening and loss of resolution due to the

parabolic flow profile that is formed in the capillary.

Electroelution

Electroelution, the other major approach, encompasses a variety of
techniques and in general involves altering the solution at the anode and/or cathode to
change some parameter (e.g., pH, ionic strength, salt concentration) of the electrophoretic

medium in the separation cavity sufficiently to effect elution.
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Salt mobilization

. One electroelution approach involves addition of a salt to the catholyte or

anolyte, the salt having a non-acidic or non-basic counterion of the same charge as the
" acidic or basic species within the reservoir to which the salt is added so that the
counterion migrates from the reservoir into the capillary. Since eleétrical neutrality must
be maintained within the capillary, the movement of the counterion into the capillary
results in é reduction of the concentration of protons or hydroxide within the capillary,
and thus the pH is either raised or lowered. The theoretical basis for this type of
mobilization is described by. S. Hjerten, J.-L. Liao, and K. Yao, J. Chromatogr., 387: 127
(1987). For example, if the catholyte is sodium hydroxide (i.e., the basic species is
hydroxide) then a salt having a negatively charged counterion other than hydroxide is |
added, for example sodium chloride. Movement of chloride ion into the capillary reduces
the local concentration of hydroxide within the capillary, thereby decreasing the pH. As
another example, if the anolyte is phosphoric acid, then a salt having a counterion other
than a proton is added, for example sodium phosphate. In this instance, movement of
- sodium ion into the capillary reduces the local concentration of protons within the

capillary thereby increasing the pH. As the pH is lowered or raised within regions of the
capillary due to the presence of the added counterion, elution occurs since the ampholytes,
and the focused proteins, migrate to the newly-defined pH regions corresponding to their
isoelectric points. It has been shown that both the type and concentration of salt used for
mobilization has impact on the resolution of eluted protein peaks [R. Rodriguez-Diaz, M.
Zhu, and T. Wehr, J. Chromatogr. A, 772:145 (1997)]. In particular, the addition of
sodium tetraborate instead of sodium chloride to the catholyte results in greatly increased

resolution of separated proteins.

pH mobilization

Another technique, referred to herein as “pH mobilization” can also be
utilized to elute proteins during CIEF. In this approach, an additive is added to either the
anode or cathode solution to alter the pH of the solution. Unlike salt mobilization,
however, the additive does not contribute a mobile counterion that moves into the
capillary. Here, the elution occurs as a result of the pH gradient being redefined by the
pH of one or both of the reservoirs; therefore, proteins with pI’s that fall outside of this
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redefined pH gradient are eluted into either the anode or cathode reservoirs. Typically,
the technique for cathodic mobilization would proceed as follows. Once the proteins are
focused in an exemplary pl range of 3-10 using phosphoric acid as the anolyte and

sodium hydroxide as the catholyte, the cathodic capillary end is immersed into a reservoir
containing a solution that has a pH slightly less than 10, for example 50 mM imidazole
(pKa 7) which has a pH of 9.85. The proteins are then allowed to refocus in the capillary,
recognizable by a stabilization of the current through the capillary, the pI fange now being
defined by 3-9.85. Any proteins with an isoelectric point of 9.85 to 10 are eluted into the
catholyte. The process can be repeated with catholyte containing a species that reduces
the pH to slightly less than 9.85. In a stepwise fashion, the pH can be continued to be
reduced to pH 7, thereby collecting separated proteins in fractions that span the range of
7-10. At this point, anodic mobilization can proceed by replacing the anolyte with acids
of increasing pKa to selectively increase the pH from 3 to 7, thereby collecting fractions
in the acidic range (pH 3-7). The number of fractions can vary depending on the desired
fractionation resolution. Typically, these fractions are defined by differences of 0.05-0.5

- pH units.

‘The technique of pH mobilization can be useful for protein samples
containing a high concentraton of one or more proteins that may cause uneven spatial
gradients inside the capillary. Using pH mobilization, only those proteins with isoelectric
points below or above the pl range that is defined by the reservoir pH’s are eluted. This
elution would, therefore, be reproducible regardless of differences in the shape of the

capillary pH gradient or the presence of uneven spatial gradients inside the capillary.

Electroosmotic Flow (EOF)
Regulating the magnitude of electroosmotic flow (EOF) significantly

affects the preceding electroélution methods (see supra) and is another means by which
resolved proteins can be selectively withdrawn upon conclusion of an isoelectric focusing
separation. EOF is generated by the ionization of silanol functionalities on the surface of
asilica capillary. Such ionization results in a layer of protons in the electrophoretic
medium at the surface of the silica capillary. Once an electric field is applied, the layer of
protons essentially constitutes a positively charged column of fluid which migrates
toward the cathode, thereby causing bulk flow of the electrophoretic medium within the

capillary. Apparent velocity of analytes is equal to the sum of the electroosmotic flow
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and their electrophoretic mobility. Thus, by controlling EOF, one can control or regulate
the rate at whiéh proteins move through the capillary. In CIEF methods, generally EOF
should be controlled to allow proteins within an injected sémple sufficient time to focus
before the proteins begin eluting from the capillary. -

A variety of techniques can be utilized to regulate EOF. One approach
involves cbating the walls of capillaries with various agents. For example, EOF along
glass silicate surfaces can be substantially reduced by silanizing them with a neutral silane
reagent that masks a substantial percentage of surface silanol groups (e.g.,
polyacrylamide, polyethylene glycol and polyethylene oxide). The magnitude of EOF
can be further controlled by using silanizing reagents that include positively or negatively
charged groups. Positively charged coatings can be used to nullify surface negative
charges to give a net surface charge of zero, so that EOF approaches zero. Coatings with
higher positive charge densities can be used to reverse the direction of EOF for charged |
surface materials. This can be useful for slowing the net migration rates of positively - -
charged sample species. Conversely, negatively charged coatings can be used to impart to
or increase the maghitude of the negative charge on surfaces, so as to increase the net
migration rates of negatively charged species. Representative positively charged coatings
include trialkoxysilanes with polyethyleneimine, quaternized polyethyleneimine, poly(N-
ethylaminoacrylamide) and chitosans, for example. Representative negatively charged
coatings include trialkoxysilanes with carboxylate and sulfonate containing materials such
as poly(methylglutamate) and 2-acrylamido-2-methylpropanesulfonate polymers, for
example. It will be recognized that charged coatings can also effectively reduce sample
adsorption, especially for samples having the same charge polarity as the coating.

The separation medium can also include soluble agents for dynamically
coating the walls of the separation cavity, to help reduce EOF during electrophoresis.
Such soluble coating agents include quaternary ammoniuinjcontaining polymers, methyl
cellulose derivatives, cellulose acetate, polyethylene. oxide, chitosan, polyvinyl alcohol,
polyethylene glycol, polyethylenimine, and polyethylene oxide-polypropylene oxide-
polyethylene oxide triblock copolymers, for example. Typically, soluble coating agents
are included at concentrations of about 0.05% to about 4%, and more typically of about
1% to about 2%.
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EOF and sample absorption can also be adjusted by including suitable

reagents in the separation medium and running buffers. For example, hegatiVe surface

charges can be masked by including a cationic.additive in the medium, such as metal
amine complexes, amines and polyamines such as propylamine, triethylamine,
tripropylamine, triethanolamine, putrescine, spermine, 1,3-diaminopropane, morpholine,
and the like. Zwitterionic species comprising both negatively and positively charged
groups that are isoelectric at the pH of electrophoresis can also be used, such as
trialkylammonium propyl sulfonates, where alkyl is methyl, ethyl, propyl, and longer
alkyl chains. | ~

Another approach involves the generation of a current that opposes EOF.
Typically, this is accomplished by applying a thin film of metal (e.g., iridium tin oxide or
copper) to an external surface of the capillary. Application of current to the film
generates a relatively small induced current within the capillary to reverse the EOF (see,
e.g., Schasfoort, R.B.M., Schléutmann, S., Hendrikse, J., and van den Berg, A., “Field-
Effect Flow Control for Microfabricated Fluidic Networks,” Sciénce, 286:942-945
(1999)). ' ‘

Placing a porous plug at a location upstream from where sample is introduced
(upstream referring to a direction opposite the flow of proteins through the capillary) can
also be utilized to control EOF. An example illustrating the location of the plug is
illustrated in FIG. 2B where the éapfillary 100 extends from the anode reservoir (not

shown) at one end and the cathode reservoir at the other end (not shown). Protein

migration is in the direction of arrow 102 (i.e., from the anode to cathode direction).

As can be seen, the porous plug 104 is positioned to be upstream of the
trailing edge 106 of the sample once introduced into the capillary 100. The porous plug
104 is typically formed of a polymeric material and remains relatively stationary during
electrophoretic runs. Examples of suitable materials from which the plug can be formed
include polymerized acrylamide with diacrylamide crosslinkers and agarose. Although
not-intending to be bound by any particular theory, the porous plug 104 appears to
function as a momentum transfer barrier by blocking replacement of bulk fluid that in the
absence of the plug 104 would move toward the cathode reservoir.

In some methods, such as those containing large amounts of protein and/or

a large number of different proteins, EOF should be reduced to very low levels to allow
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proteins the opportunity to focus before the electrophoretic medium begins eluting from
the capillary due to EOF. In certain methods an EOF of = 0.5 x 10 * cm*/V-s (at pH 8.6,
and 25 mM TRIS-phosphate) has been found to allow ample time for the necessary
focusing of proteins before sample elutes from the capillary. Methods described above-
can reduce EOFs to these levels.

Thus, the foregoing approaches enable fractions to be collected according
to different criteria. Electroelution techniques, for example, can be used to collect
fractions having a defined pH range. EOF elution and pressure elution, in contrast, can be
used to separate fractions according to time of elution. Other techniques can also be
utilized to elute resolved proteins after CIEF (see, e.g. Kilar, F., “Isoelectric Focusing in
Capillaries,” in CRC Handbook or Capillary Electrophoresis: A Practical Approach,
CRC Press, Inc., chapter 4, pp. 95-109 (1994)). The controlled elution techniques are
useful for enhancing reproducibility, an important factor in comparative and diagnostic
methods. Such techniques also provide improved tolerance of high abundance proteins as

compared to methods relying on spatial separation.

Capillary Zone Electrophoresis (CZE)

General

Capillary zone electrophoresis is an electrophoretic method conducted in
free solution without a gel rr.latrix.and results in the separétion of molecules such as
proteins based upon their intrinsic chérge—to-mass ratio. One advantage to CZE methods
is the ability to run with solvent systems that would normally be incompatible with
typical water soluble gel matrices. Nonaqueous or water miscible solvent systems can be
used to improve the solubility of hydrophbbic and membrane bound proteins that would
normally not be resolved by gel electrophoretic methods. General methods for
conducting the method are described, for example, by McCormick, R.M. “Capillary Zone
Electrophoresis of Peptides,” in CRC Handbook of Capillary Electrophoresis: A
Practical Approach, CRC Press Inc., chapter 12, pp. 287-323 (1994); Jorgenson, J.W. and
Lukacs, K.D., J. High Resolut. Chromatogr. Commun., 4:230 (1981); and Jorgenson, J.W.
and Lukacs, K.D., Anal. Chem. 53:1298 (1981)), each of which is incorporated by

reference in its entirety.
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System and Solutions

In general, the capillaries described above for CIEF are also suitable for

conducting CZE methods. Often the capillaries have internal diameters of about 50 to
100 microns. Buffer composition and pH can significantly influence separations since
separations in CZE are based upon charge-to-mass ratios.and the charge of a protein is
dependent upon the pH of the surrounding solution. At the extremes of pH (i.e., below 2
and above 10) it is typically difficult to achieve resolution of pfoteins because all residues
are either fully protonated or deprotonated and many proteins have a similar number of
acidic and basic residues per unit mass. Selectivity is typically enhanced at intermediate
pH. For proteins having a relatively high percentage of acidic residues, selectivity can
often be enhanced near pH 4.5. For those proteins having a high concentration of basic
residues, selectivity can be enhanced near pH 10. -

| In CZE, solutions at the anode and cathode are typically the same. The
buffer utilized can be essentially any buffer, the choice of buffer being controlled in part
by the pH range at which the electrophoretic method is conducted and its influence on the |
detector noise. Examples of useful buffers at low pH include, but are not limited to,
phosphate and citrate; useful buffers at high pH include Tris/Tricine, borate and CAPS (3-
(cyclohexylamino)-1-propane sulfonic acid). Further guidance regarding suitable buffers
and buffer additives is described by McCormick, R.M. “Capillary Zone Electrophoresis of
Peptides,” in CRC Handbook of Capillary Electrophoresis: A Practical Approach, CRC
Press Inc., chapter 12, pp. 287-323 (1994). -

Elution

Elution can be accomplished utilizing some of the same methods described
above for CIEF, namely pressure and EOF. As with CIEF, controlling EOF can be
important in certain methods to prevent electrophoretic medium containing protein from
eluting from the capillary before the proteins within the loaded sample have had an
opportunity to separate. EOF can be controlled using the same methods utilized for
controlling EOF in CIEF methods (e.g., coating the internal walls of the capillary, using a
porous plug and generating an induced field to counteract EOF). Regulating and carefully

_ selecting the pH and ionic strength of the electrophoretic medium is another technique-

that can be used. Because EOF results from ionization of the silanol groups on the
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interior capillary surface, by conducting CZE at relatively low pH (e.g., pH 2-5, more
typically about pH 3-4) the number of silanol groups that are ionized is reduced. Such a
reduction reduces EOF. To prevent sample elution prior to complete separation, in
certain analyses the EOF should be reduced to < 1 x 10 cm?/V-s (at pH 8.6 and 25 mM
TRIS-phosphate buffer). EOFs of this level can be obtained using the methods just
described.

Another approach that is desc;ribed more fully below in the detection and
labeling section is to label proteins in the sample prior to injecting the sample containing
the protein into the capillary. By sélecting labels that preferentially react with certain
functional groups such as amino or carboxyl groups, the charge-to-mass ratio of certain
proteins can be altered. Such alterations can improve the resolution of proteins during

electrophoresis as well as improve their detectability. (See Examples 1 and 2 below).

Capillary Gel Electrophoresis (CGE)
General

Capillary gel electrophoresis refers to separations of proteins accomplished
by sieving through a gel matrix, resulting in the separation of proteins by size. In one
format, proteins are dénatured with sodium dodecyl sulfate (SDS) so that the mass-to-
charge ratio is determined by this anionic surfactant rather than the intrinsic mass-to-
charge ratio of the protein [50, 2]. This means that proteins can be separated solely on the
basis of size without charge factoring into the degree of separation. The application of
general SDS PAGE electrophoresis methods to capillary electrophoresis (CGE) is
described, for example, by Hjertén, S., "Free zone electrophoresis,” Chromatogr. Rev.,
9:122 (1967).

System and Solutions
The type of capillaries and their size are generally as described above for

CZE. A variety of different buffers can be used, including commercially available buffers
such as the “eCAP SDS” buffers manufactured by Beckman (see, also, 51, 30, 9 and §5).
Various buffer additives can be utilized to increase resolution. Such additives, include,
but are not limited to, small amounts of organic solvents, such as N,N-

dimethylformamide, cyclohexyldiethylamine, dimethoxytetraethylene glycol and other
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polyols (e.g., ethylene glycol and polyethylene glycol) (see, e.g., [2] and [3]). The use of
such solvents can improve the solubility of proteins in aqueoﬁs solution and enhance
protein stability against theﬁnal denaturation, [52] depress the electroosmotic flow in
CZE and CGE [53], alter the electrical double-layer thlckncss at the capillary wall to
inhibit protein binding interactions [47] and increase the viscosity of the running buffer
which depresses the electroosmotic flow. Solvents utilized should be compatible with the
polymer matrix inside the capillary.

Isotachophoresis (IPE) can be used in certain methods to increase
resolution of proteins. For a general discussion of IPE, see, for example, B.J. Wanders
and Everaerts, F.M., “Isotachophoresis in Capillary Electrophoresis,” in CRC Handbook
of Capillary Electrophoresis: A Practical Approach, chap. 5, pp. 111-127 (1994), which

is incorporated by reference in its entirety. The velocity of a charged molecule moving

| through a capillary under a constant field strength depends on its relative mobility, which

is a function of the mass/charge of the molecule, temperature, and viscosity of the
medium through which it is moving. However, in the absence of an adequate
concentration of highly mobile ions upstream of the sample ions, all the ions eventually
have to migrate at the speed of the slowest ion once the electric field reaches a steady-
state inside the capillary. This condition causes the anions to stack in order of their
relative mobilities at the interface of the leading and terminating buffers. .

Under SDS denaturing conditions, all the proteins present in the sample
have nearly identical mass/charges. By using a higher‘mass/charge anion in the terminal
buffer, one can force the proteins to move at a constant slow speed through the capillary.
This has two effects. First, proteins “stack” at the terminal edge of the lcading buffer
increasing their effective concentration inside the capillary. Second, any separation
between proteins is based on their size. Therefore, the use of a hybrid IPE-CGE method
in which the IPE is used for sample “stacking” can improve the resolution possible in the.
subsequent CGE separation in some methods. A

Various terminal buffer systems can be utilized in conjunction with IPE
methods. In one system, e-aminocaproic acid (EACA) is used as the terminal electrolyte
because it has a high mass/charge at high pH (>6). Tris(hydroxyethyl)aminomethane
(TRIS) citrate at 0.05M is used as the leading buffer at pH=4.8 and as an intermediate |
stacking buffer at pH=6.5. The sample proteins initially “stack” because EACA has a
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very low mobility in the pH 6.5 stacking buffer, but once the protein “Stack” and EACA
reach the lower pH leading buffer, the mobility of the EACA surpasses that of the
proteins and separation commences (see, e.g., [57]). This system can be used to create a
hybrid single column IPE-CPAGE system. | _

‘ A 2 buffer system for IPE for the separation of proteins involves
dissolving sample in 0.01M acetic acid, which is also used as the terminal electrolyte.
The leading and background buffer was 0.02M triethylamine-acetic acid solution at pH
4.4, The sample in terminal buffer is sandwiched between the leading and backéround
buffer. IPE continues until the background buffer overtakes the leading edge of the

" terminal buffer, at which point IPE stops and separation begins (see, e.g., [58]).

Another IPE approach that can be accomplished with any running buffer is
to dissolve the sample in the running buffer but diluted to a lower ionic strength. This
causes an increase in the electrical resistance in the capillary where the sample plug is
loaded and correspondingly faster movement of the ions present in the sample matrix to
running buffer boundary. The optimal ionic strength difference between the sample
matrix and the running buffer is typically about 10-fold (see, e.g., [43]).

Elution

In general, the discussion of elution for CZE applies to CGE. Elution can
be accomplished utilizing pressure and EOF. As with CIEF and CZE, controlling EOF
can be important in certain methods to prevent electrophbretic medium containing protein
from eluting before the proteins within the applied sample have had an opportunity to
separate. The methods described supra for CIEF and CZE can be used to control EOF at
desired levels. To prevent sample elufion prior to complete separation, in certain analyses
thé EOF should be reduced to < 1 x 10 cm?*/V-s (at pH 8.6 and 25 mM TRIS-phosphate
buffer). EOF can be reduced to this range, for cxampic, by controlling the pH of the

buffer, by generation of a countéracting induced field, capillary coatings and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>