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Abstract
Characterizing combinations of coding polymorphisms (cSNPs), alternative splicing and post-
translational modifications (PTMs) on a single protein by standard peptide-based proteomics is
challenging owing to <100% sequence coverage and the uncoupling effect of proteolysis on such
variations >10–20 residues apart. Because top down MS measures the whole protein, combinations
of all the variations affecting primary sequence can be detected as they occur in combination. The
protein form generated by all types of variation is here termed the “proteotype”, akin to a haplotype
at the DNA level. Analysis of proteins from human primary leukocytes harvested from
leukoreduction filters using a dual on-line/off-line top down MS strategy produced >600 unique
intact masses, 133 of which were identified from 67 unique genes. Utilizing a two-dimensional
platform, termed multidimensional protein characterization by automated top down (MudCAT), 108
of the above protein forms were subsequently identified in the absence of MS/MS in 4 days.
Additionally, MudCAT enables the quantitation of allele ratios for heterozygotes and PTM
occupancies for phosphorylated species. The diversity of the human proteome is embodied in the
fact that 32 of the identified proteins harbored cSNPs, PTMs, or were detected as proteolysis products.
Among the information were three partially phosphorylated proteins and three proteins heterozygous
at known cSNP loci, with evidence for non-1:1 expression ratios obtained for different alleles.

Mass spectrometry-based proteomics is now a crucial component of modern structural biology.
1 The next phase of maturation for interrogation of proteomes involves more than a description
of events, but how these diverse events occur in combination, thereby requiring a portion of
the proteomic discussion to move from its “descriptive” beginnings (e.g., cataloging expressed
proteins and site-specific modifications, etc.) into an integrative, combinatorial mode. Within
the human proteome, much discussion is focused on modifications, splice variants, and
polymorphisms/mutations; all the combinations of which serve to cloud the biology behind
their presence.2,3 Integration of all such complexity into an array of protein forms from a single
gene, “the proteotype”, produces molecular information akin to genetecists’ haplotypes.
Categorizing the proteotype of a given gene product requires sophisticated mass spectrometric
techniques to streamline detection of combinations of coding polymorphisms (cSNPs) and
post-translational modifications (PTMs).

Application of established technology to clinically significant groups of samples (clinical
proteomics) has ushered into existence the notion of “population proteomics”,4 wherein
biomarkers at the protein level are detected and identified for further focus in drug target
discovery and clinical diagnostics (e.g., ELISA-based screening).5 The majority of population
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proteomics studies to date employ standardized proteomic techniques including 2D PAGE-
peptide mapping, gel electrophoresis-LC-MS, and MudPIT.4 Additionally, previous studies
have focused primarily on individual proteins,6 utilizing immunoaffinity techniques, paying
little attention to the “background noise” present in populations. With growing advances in
proteomic analysis, which enable enrichment and localization of PTMs,7,8 improved sequence
coverage, and the detection of cSNPs,9 the growing biomarker population proteomics field
will benefit from implementing these techniques particularly in concert with the above
established methods.

Top down MS/MS, the mass spectral analysis of intact molecular protein ions represents a
promising method for complete characterization of proteins and large proteolytic peptides (<60
kDa).10 To date, top down has been applied to microorganisms11–13 and cancer cell lines8
for discovery proteomics and further to various tissues for hypothesis-driven protein
characterization.7,14 In the above illustrations, top down was shown to precisely characterize
unknown PTMs in the presence of genetic and alternative splicing variation, with relative
quantitation of related protein forms.8

In order to improve top down proteomics, improved methods for sample handling and intact
protein fractionation are required. Various two-dimensional (2D) platforms have been
employed previously with moderate success. Recent utilization of anion exchange (AX) shows
promise as a first dimension of separation of intact proteins with reversed-phase liquid
chromatography (RPLC) as the second dimension of separation for top down MS analysis of
the yeast proteome.15 Extension of a top down 2D-LC proteomics platform in discovery mode
to populations from primary human material remains challenging; this is the first such report.

Developing the top down platform for clinical populations requires a source of viable and pure
cells from a wide variety of subjects. With the increased implementation of leukoreduction
(LR) in blood donation centers,16–18 the removal of leukocytes from donated blood
components by use of specialized LR filters (LRFs),19 large amounts of leukocytes become
available with adequate harvesting protocols. Recent publications report diverse methods for
purification of specific cell types from LRFs,20–22 wherein LRFs are “back flushed” at
moderate flow rates to free the entrapped leukocytes from the polymer mesh of the LRF.

As a first example of top down population proteomics, we utilize leukocyte harvesting from
LRFs with subsequent protein separations and MS analysis to enable proteotyping of wild-type
proteins from multiple individuals (Figure 1). Application of the 2D top down proteomics
platform to leukocytes harvested from LRFs establishes a basis for implementation of top down
MS for population proteomics in clinically relevant studies.

EXPERIMENTAL SECTION
Reagents and Leukoreduction Filters

All reagents were purchased from Sigma or Fisher with no modification. Genotyping primers
were purchased from Integrated DNA Technologies (Coralville, IA). Prestorage LR of fresh
red blood cells was performed by staff at Community Blood Services of Illinois, and only those
containing no infectious diseases (e.g., only those that meet donor eligibility requirements)
were transferred to the authors (in accord with UIUC IRB project # 06183).

Preparation of Erythrocyte-Free Leukocytes
Fresh LRFs (SepaCell R500, Asahi-Kasei, Tokyo, Japan) were maintained at 4 °C until
leukocytes were harvested, always within 24 h of blood donation. Leukocytes were obtained
by back-flushing LRFs with 1000 mL of erythrocyte lysis buffer (ELB; 165 mM NH4Cl, 1
mM EDTA, 7 mM K2CO3, pH 7.3) at ~200 mL/min. using a peristaltic pump. Eluate was
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centrifuged at 800 RCF for 12 min, and the supernatant discarded. Erythrocyte contamination
was eliminated by 2 further treatments with 50 mL ELB with centrifugation at 600 RCF for
10 min after each wash. The resulting pellet was composed of 108–109 leukocytes, ~5% of
which was stored for follow-up genotyping. Cell pellets were snap-frozen with liquid N2 and
stored at −80 °C until lysis.

Genotyping cSNPs
Genotyping pellets were resuspended in ~1 mL of PBS and divided into 5–6 200-μL aliquots.
One of these samples was used for DNA extraction following Qiagen’s DNeasy Tissue
Handbook 03/2004: Purification of Total DNA from Cultured Animal Cells. For genotyping,
the following primers were used: glucose-6-phosphate isomerase (G6PI) exon 6 (SNP at aa
208), 293 bp product: forward, 5′-ACC CCT CAT GGT GAC TGA AG -3′; reverse, 5′-AGG
GCA GCT GTA CTG ACC TG -3′. G6PI exon 12 (SNP at aa 308), 936-bp product; forward,
5′-TGG GAG ACA GTG TTG CAG TC-3′; reverse, 5′-TCC CAT GGT GAT CAA ACT
CA-3′; acyl CoA binding protein exon 5 (SNPs at aa 88, 92, 103), 223-bp product; forward,
5′-CCC ACC ATC CAC GGT ATT AG -3′, reverse: 5′-CTC TGG AGG CTG CTT GTT TC-3′;
Charcot-Leyden crystal protein (CLC) exon 2 (SNP at aa 28), 836-bp product; forward, 5′-
AGC TGG GTG TGG ACC AAT AG-3′; reverse, 5′-TTC TCC ATG GGT GGA AAG AG-3′.

Primers were designed using OligoPerfect Designer (http://www.invitrogen.com/). The
polymerase chain reaction (PCR) mixture consisted of 200 ng of genomic DNA, 0.2 mM
dNTP’s, 1 U Phusion High-Fidelity DNA polymerase (Finnzymes, Espoo, Finland), 0.5 μM
each forward and reverse primer, and 10.0 μL of HF buffer (Finnzymes) suspended in a total
volume of 50.0 μL. PCR was performed using a Px2 thermal cycler (Thermo Electron Corp.,
Waltham, MA) using the following conditions: 98.0 °C for 3 min, 35 cycles of 64.4 °C for 30
s followed by 72 °C for 30 s, with a final hold at 72 °C for 5 min. PCR products were purified
using QIAquick’s PCR purification and the products sequenced using an ABI 3730XL capillary
sequencer (Applied Biosystems, Foster City, CA) at the W. M. Keck Center for Comparative
and Functional Genomics at the University of Illinois at Urbana–Champaign.

Cell Lysis and 2D-LC
For 2D-LC and 1D-RPLC processing, ~2 × 108 were lysed into 5 mL of lysis buffer (50 mM
Tris-HCl, 1 mM AEBSF, 10 mM DTT, pH 8) with 7 cycles of sonication on ice (30 s on, 30
s off), followed by centrifugation at 2000 RCF to pellet debris. Total protein yields were
typically 50–100 mg (by Bradford assay) with 10–20 mg loaded for each AX run. For AX runs,
a 4.6-mm SynChropak AX300 column (Eichrom Technologies, Darien, IL) was used at a
constant flow rate of 0.75 mL/min. at pH 8 with the following gradient: solvent A, 50 mM
Tris-HCl, pH 8.0; solvent B, 50 mM Tris-HCl, 750 mM NaCl, pH 8.0; 0–15 min, 0% B; 25
min, 20% B; 55 min, 70% B; 80 min, 100% B. For RPLC analysis, 500 μL of each AX fraction
was loaded onto a 4.6-mm Vydac C4 column (Grace Vydac, Columbia, MD) maintained at 50
°C and run at 1 mL/min. with the following gradient conditions: solvent A, 0.1% TFA in
H2O; solvent B, 0.08% TFA in acetonitrile; 0–10 min, 5% B; 15 min, 25% B; 63 min, 55% B;
68 min, 95% B. Fractions were collected at 1-min intervals and those absorbing >40 mAu were
dried on a SpeedVac for Fourier transform mass spectrometry (FTMS) analysis. Alternatively,
lysate (prepared above) or by whole cell acid extraction (AE) with 0.4 N H2SO4 was loaded
onto a 4.6-mm Vydac C4 column (Grace Vydac) at 1 mL/min. and fractions were collected at
1-min intervals with the above solvents and the following gradient conditions: 0–10 min, 5%
B; 15 min, 30% B; 85 min, 55% B; 95 min, 95% B.

FTMS Analysis
Selected fractions were resuspended in 30–70 μL of electrospray solution (49.5% acetonitrile,
49.5% water, 1% formic acid) and nanoelectrosprayed using a NanoMate 100 (Advion
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Biosciences, Ithica, NY). The instrument used here was a custom quadrupole-FTMS of the
Marshall design23,24 fitted with an ion funnel of the Jarrold design.25 Fractions were subjected
to a quadrupole-marching script for precursor ion selection.11 For fragmentation, precursor
ions were mass selected using the notch-filtering quadrupole with window sizes 1–4 m/z wide.
Fragment ions were produced by collisionally activated dissociation (CAD) in the external
octopole,10 infrared multiphoton dissociation (IRMPD),26 and electron capture
dissociation27 within the penning trap, with typical spectra comprising 25–100 scans.

Off-Line Data Processing and Protein Identification
Tandem MS data were automatically processed using thorough high-resolation analysis of
spectra by Horn (THRASH),27 with resulting peak lists and manually acquired intact masses
used for database searching. ProSightPC was used to query a custom version of the UniProt
human database that was Shotgun Annotated28 to contain combinations of known protein
modifications, cSNPs, and alternative splice variants.8 Typical searches queried the database
with an intact mass tolerance of 6000 Da and a fragment ion tolerance of 25 ppm. For those
precursor ions not identified using intact mass searching, iterative searching was performed
manually using sequence tag and then biomarker searches. A biomarker search within ProSight
searches all protein subsequences within the human database with a defined intact mass
tolerance (±1 Da); these forms are then queried and scored as described previously29 at 25
ppm. Proteins and peptides were considered identified with an expectation value of <0.01 and
considered fully characterized if the intact mass and fragment ions contained no mass
discrepancies (Δm’s). For characterization of Δm’s not consistent with PTMs or cSNPs housed
in the database, manual characterization was required in single protein mode. All protein-level
mass accuracy values given are for the intact mass of the protein unless otherwise specified.

“Middle Down” Analysis of Glucose-6-phosphate Iso-merase
For middle down processing of G6PI, 2D fractions were treated with 1 μg of endoproteinase
LysC (Wako Chemicals, Richmond, VA) for 12 h at 37 °C in 50 mM Tris-HCl (pH 9.2).
Peptides were analyzed by LC-MS on a 7-T LTQ FT to generate peptide maps. Peptide masses
from high mass accuracy FTMS were queried against the Mascot human database
(matrixscience-.com) for matches within 8 ppm. This example of middle down MS utilized
the 7-T LTQ FT MS, although the 12-T system provides similar data for such an experiment.

On-Line MS on a 12-T LTQ FT
All top down on-line spectra were acquired on a custom 12-T LTQ FT Ultra built in
collaboration with Thermo Scientific (San Jose, CA) and fitted with a TriVersa NanoMate in
LC coupling mode from Advion Biosciences (Ithaca, NY). Anion-exchange fractions or acid
extract from single individuals were loaded onto a 1-mm-i.d. C5 column from Phenomenex
(Torrence, CA) thermostated at 55 °C and operating at a flow rate of 80 μL/min. with the
following gradient conditions: solvent A, 0.2% formic acid/0.1% TFA in H2O; solvent B, 0.2%
formic acid/0.1% TFA in 90% acetonitrile/10% 2-propanol; 0–10 min, 5% B; 90 min, 95% B.
A five-segment “ion trap marching” script collected a single full ms scan in the ion trap
followed by four consecutive 25 m/z ion trap isolation windows detected in the FT cell (4
microscans, 175 000 resolution). For each ion trap window, the most intense species was
targeted for CID MS/MS in the LTQ. These on-line data were processed by THRASH modified
for use on LTQ FT LC-MS files. The resulting THRASH files were filtered for redundancy
and masses matching within 25 ppm of proteins identified by off-line experiments (performed
on the 8.5 T) were identified by intact mass tags (IMTs).30,31
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On-Line Quantitation of Heterozygote Expression Ratios from Charcot-Leyden Crystal
Protein

Anion-exchange chromatography was performed on proteins from three human beings with
collection of the early fractions containing CLC. Anion-exchange fractions containing CLC
were combined for on-line LC-MS as described above. A three-segment MS method acquired
a full MS ion trap scan (30 microscans), a broadband FTMS scan (4 microscans), and a 10 m/
z wide mass selection scan (4 microscans) at 910 m/z (18+ charge state of CLC). Allele ratios
were calculated as the quantitative weighted average of summed intensity (QWASI) for the
spectrum averaged across the entire region of elution for CLC. Briefly, high-resolution MS
absolute intensities of each allele were summed across all charge states of the signal averaged
LC-MS scans. Next the allele ratios for each charge state were calculated (Figure S–2b,
Supporting Information, SI). The QWASI absolute values were calculated by taking the sum
of each ratio weighted for intensity across all charge states for each allele (Figure S–2c, SI),
with simple calculations required to generate ratios.

On-Line Quantitation of Calgranulin B Phosphorylation
On-line LC-MS analysis of 400 μL of acid extract from three human subjects was performed
as above for each subject. Intact MS scans in the area surrounding the retention time of
calgranulin B were summed across the chromatogram. Phosphorylation ratios were generated
using the QWASI method described above.

RESULTS AND DISCUSSION
Off-Line MS of a 2D-LC Fraction

Both the anion exchange RPLC and acid extraction RPLC platforms (Figure 1) produce a
significant number of fractions containing multiple protein forms. Figure S–1 (SI) illustrates
the spectral complexity of the intact MS of a single 2D–LC fraction, with no isotopic clusters
observed clearly in the intact MS and two protein forms identified by deconvolution of a low-
resolution spectrum. Through selective accumulation of ~25 m/z windows, four intact masses
were observed with at least two charge states each, illustrating the enhancement in dynamic
range by using this “quadrupole marching” approach.10 All four of these forms were identified
by top down MS/MS (Figure S–1, bottom).

Characterization of Heterozygotes
We present here top down characterization of two forms of acyl-CoA binding protein generated
from 2D–LC of lysate produced from a single-subject leukocyte pellet (Figure 2). These forms
are produced from the expression of heterozygous alleles at a single cSNP locus. Each allele
is fully characterized by IRMPD MS/MS, with each individual allele yielding >10 matching
ions more than the alternate allele. As illustrated, these alleles are not present at equivalent
ratios; instead they are expressed at a ~2:3 ratio across all charge states and in all 2D–LC
fractions in which they were observed. Given the similar nature of the amino acids involved
(small, nonpolar, similar pKa), it is unlikely that this ratio arises as a result of ionization
efficiency differences for this protein. Genotyping this subject at this locus indicates
heterozygosity at the position of interest (Figure 2b, inset). To minimize bias, quantitation of
these related protein forms was performed using low-resolution spectra in lieu of isotopically
resolved spectra.30 Top down MS has previously been shown to fully characterize proteins
from HeLa cells containing known coding polymorphisms;8 however, only in limited examples
has MS-based analysis enabled protein-level mutation analysis6 and always on single protein
targets. This first example of proteotyping heterozygotes by top down MS illustrates the utility
of this technique in complex mixtures such as the human leukocyte proteome.
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Intact Protein Identification with Improved Mass Range
Previous top down experiments in discovery mode (i.e., not using highly purified samples) has
generally been limited to proteins of <50 kDa. In this application of top down to human
leukocytes from healthy donors, we identified endogenous G6PI, a 63-kDa protein, using CAD
with an expectation value of 2 × 10−5 (Figure 3). With high-resolution MS, the intact isotopic
distribution appears broadened toward the low mass side. Further analysis of these data
indicates overlapping distributions with the existence of a second, lower mass form (Δm ~10
Da). Both cSNPs known on this protein yield lower mass products (Ile208Thr, Δm = −12.04
Da; Arg308His, Δm = −19.05 Da); calculation of possible distributions (Figure 4a) indicated
the likely presence of both Ile208 and Thr208 alleles. Digestion of the 2D–LC purified protein
with LysC for peptide mapping achieved 63% sequence coverage. The SNP at position 208
was covered, and the data indicated a heterozygous genotype at this locus with peptides
matching within 2 and 8 ppm, respectively (Figure 4b). Genotyping of the locus containing
each SNP confirmed the heterozygous genotype at position 208 (Figure 4b, inset) and the
homozygous allele at position 308.

On-Line MS for Rapid Protein Characterization
It has been shown that proteins characterized by top down MS/MS may be identified using
accurate intact mass alone (e.g., the intact mass tag or IMT approach).30,31 This approach
entailed first identifying a protein form by either on- or off-line MS/MS; these identified species
were then entered into a leukocyte-specific database. Upon subsequent observation by on-line
MS within a tolerance of 25 ppm, these forms are rapidly identified by the IMT approach. Note
that this IMT mass tolerance will shrink to ~5 ppm when both instruments used have automatic
gain control. Off-line MS/MS analysis of human leukocytes provided a list of 133 protein forms
from 67 unique genes, the intact masses from which are entered into a proteome-specific
exclusion list (Table 1). Utilizing multi-dimensional protein characterization by automated
top down (MudCAT), 32 anion-exchange fractions and the acid extract provided identification
of 108 protein forms from 53 genes by online MS/MS in 4 days of instrument time. This method
enables improved throughput for profiling of cSNPs, PTMs, and expression ratios on an LC
time scale without the requirement for MS/MS.

Quantitation of Heterozygotes in a Population
The ability to obtain ratios of modified protein forms by top down MS has been demonstrated
previously.7 Quantitation of alleles by top down MS has been described above although not
for multiple individuals with the identical genotype (i.e., multiple individuals that are
heterozygous at a single position). We present here the quantitative weighted average of
summed intensities (i.e., QWASI; see Experimental Section) of three distinct human subjects
with heterozygous genotype at the locus encoding a cSNP on the sequence of Charcot-Leyden
crystal protein by on-line MS (Figure 5). These ratios were obtained for species identified
utilizing the IMT approach with accurate mass alone (no MS/MS). The QWASI ratios of the
three heterozygotes indicate a 1:1 ratio of alleles expressed with no significant variation among
the individuals, substantiating the applicability of top down MS for allele quantitation.

Quantitation of Phosphorylation Occupancy
Utilizing MudCAT, the percent occupancy of a partially phosphorlyated species was
determined. Within a complex region of the LC-MS chromatogram, two protein forms with
+80-Da satellite peaks were observed, with the unmodified forms differing by 463 Da (Figure
6a). Top down MS/MS identifies these four forms as stemming from the gene encoding
calgranulin B, a member of the s100 calcium-binding family. The two unmodified protein
forms stem from alternate start Met codons, generating two protein forms differing by four
residues at the N-terminus (Figure 6a). Further, the MS/MS data precisely localize the
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phosphorylation to the penultimate residue of the protein (Figure 6b). MudCAT was utilized
to obtain this proteotype from four different human subjects. Figure 6c illustrates the
phosphorylation levels for all individuals for each protein form, with phosphorylation levels
constant at ~15% for the full-length form, with ~25% occupancy detected for the truncated
form (n = 1).

Given that relatively few phosphorylated peptides coelute with the unmodified peptide,
quantitation of phosphorylation occupancy using bottom up on specific sites is not often
achieved. Further, phosphopeptide analysis typically takes advantage of phosphorylation-
specific chromatography, often eliminating the unmodified peptide from the mixture. In the
case of the calgranulin B proteotyping example above, any proteolysis-based approach would
disconnect the phosphorylation events from the N-terminal differences, collapsing all
phosphorylation information into a single peptide at the C-terminus. The ability to differentiate
these two protein forms while obtaining phosphorylation levels highlights the characterization
power unique to top down MS/MS.

Summary of Proteins Identified
In the first application of top down MudCAT analysis to primary human leukocytes, 621 unique
protein forms were observed (≥3 times, nonredundant). Identification of 133 of these forms
from 67 unique genes was accomplished by MS/MS, 70% requiring no manual validation.
Using the above identifications, 108 protein forms from 53 genes were reidentified in just 4
days, the highest throughput to date for top down MS. The use of diverse methods for protein
preparation prior to RPLC improves proteome coverage, increasing the odds of observing
proteins of interest. Table 1 shows the methods employed to purify each identified protein
form, illustrating the complementarity of 2D-LC, 1D-LC, and AE-LC, and denotes the proteins
automatically identified by IMTs in an on-line fashion. The overlap between the 1D-RPLC,
AE-RPLC, and 2D-LC platforms indicates the significant contamination of highly abundant
proteins in any 2D run, but highlights the additional proteins not observed by single-dimension
processing. Furthermore, the additional forms observed in the AE-RPLC may indicate protein
loss as a result of 2D processing, again illustrating the complimentarity of protein handling
methods. Among the proteins identified, 21% contain known, validated cSNPs (Table 2).
Additionally, modifications including phosphorylation, acetylation (not N-terminal), heme,
and biological truncations were observed in 17% of the proteins identified (Table 2).

Conclusions
The MudCAT platform presented here is the highest throughput protein characterization engine
for top down reported to date and represents the first major step toward fully automated on-
line top down MS analysis. Several challenges for top down methodology yet remain and have
been recently reviewed.32 A few are addressed below including the “front end” problem of
how to fractionate and effectively ionize intact proteins in complex mixtures. Top down MS
has seen significant advances since the initial reports aimed at characterization of the primary
sequence of individual proteins. For example, the 12-T LTQ FT system presented here has
driven a large increase in throughput for top down LC/MS/MS and used alone could generate
the data required for all protein identifications and characterizations shown here. Commercially
available high-performance mass spectrometers continue to evolve with improving magnetic
field strength and increasingly sophisticated software engines for smart acquisition of high-
resolution MS/MS data on-the-fly. Software for high-throughput analysis of such top down
and “middle down” data is keeping pace with these automated engines capable of interpreting
“high res/high res” MS/MS data sets. ProSightHT is now capable of batch-processing large
volumes of data to generate top down identification lists with no manual intervention or
interpretation. This is a key step toward improving the top down methodology for general usage
among the proteomic community. Given rich MS/MS spectra (i.e., cleavage at many backbone
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positions), the strategy of housing known protein information in a database28 allows automated
interpretation of MS/MS spectra from proteins harboring multiple modifications or
polymorphisms.8 Thus, the MudCAT approach is well positioned for implementation by
protein analysts to generate highly informative, molecular-level characterization of alleles and
modifications to enable tighter phenotypic correlations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of the top down MudCAT platform applied to human leukocytes harvested from
leukoreduction filters.
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Figure 2.
Characterization of heterozygotes of acyl-CoA binding protein. (a) Intact MS spectrum
illustrating enrichment by quadrupole isolation yielding ~85-fold S/N improvement (inset). (b)
Expanded view of isolation window with corresponding low-resolution spectrum (inset b, left),
illustrating the ~2:3 ratio of alleles, consistent across charge states and fractions containing
this protein; DNA microsequencing results at loci in question illustrating both alleles present
(inset b, right). (c) IRMPD MS/MS details of each individually fragmented allele localizing
the (−31 Da) Δm to three residues containing the cSNP known to have a ~5% population
frequency for the minor allele.
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Figure 3.
Top down identification of G6PI, the largest protein as yet identified in top down for proteome-
wide analysis. (a) Broadband MS illustrating minimal contamination and isotopic resolution
using quad-SWIFT isolation with overlaid theoretical isotopic distribution for unmodified
G6PI (inset). (b) CAD MS/MS of the intact species of a) inset. (c) Details of matching MS/
MS ions from the intact protein (black flags) and peptides identified by “middle down” peptide
analysis (highlighted in gray) for further protein characterization with known, validated cSNPs
sites have a box around the amino acid position.
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Figure 4.
Confirming a heterozygous genotype of G6PI. (a) Possible isotopic combinations of anticipated
forms of G6PI. (b) LysC peptides of G6PI bearing the SNP at aa position 208. These two
peptides indicate expression of both alleles within the accepted error tolerances of the LTQ
FT; DNA microsequencing data are also shown for the locus containing the cSNP site for G6PI
at aa position 208 (inset).
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Figure 5.
Ratios of heterozygotes determined from multiple individuals. On-line 12-T intact MS from
MudCAT of three unique individuals with heterozygous genotype at aa position 28 producing
both Val28 and Ala28-containing protein forms. Percentage values were calculated using the
QWASI method from Figure S-2 (SI).
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Figure 6.
Phosphorylation occupancy levels determined by MudCAT. (a) Broadband MS of a single
human subject illustrating two protein forms with +80-Da satellite peaks. (b) MS/MS details
of the +80-Da satellite peak at 13224.44 Da (a, right inset) showing precise localization of the
phosphorylation on a Thr residue near the C-terminus. (c) Graphical depiction of
phosphorylation occupancies for 4 individuals for both calgranulin B protein forms.
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