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Abstract

Herein we describe a platform for degradomic-peptidomic analyses. The human blood peptidome
was isolated through application of AC/SEC, which enriched its components by >300-fold. The
isolated peptidome components were separated by the long column HRLC providing a peak capacity
of ~300 for species having MWs of up to 20 kDa. The separated species were identified by the FT
MS/MS-UStags sequencing method. We identified >200 peptidome peptides that originated from 29
protein substrates from the blood plasma of a single healthy person. The peptidome peptides
identified had MWs range of 0.5-14 kDa and identifications were achieved with extremely low (near
zero) false discovery rates through searching the IPI human protein database (~70,000 entries). Some
of the peptidome peptides identified have mutations and modifications such as acetylation,
acetylhexosamine, amidation, cysteinylation, didehydro, oxidation, and pyro-glu. The capabilities
described enable the global analysis of the peptidome peptides to identify degradome targets such
as degradome proteases, proteases inhibitors, and other relevant substrates, the cleavage specificities
for the degradation of individual substrates, as well as a potential basis for using the various extents
of substrate degradation for diagnostic purposes.

INTRODUCTION

The human degradome (1) contains more than 500 proteases (2) responsible for protein
degradation to control protein quality and functions. Aberrant degradation of proteins is
associated with pathological states such as tumor progression, invasion, and metastasis (3).
Protein degradation products, embracing intracellular and/or intercellular peptides, make up
the peptidome. The peptidome has been previously explored for clinical diagnosis purposes
(4) due to the expectation that the peptidome is a result of both physiology- and pathology-
related proteolytic activities.

Human blood is attractive for diagnostic purposes as it is easily sampled. The use of blood
peptidomics for diagnostic purposes, however, is controversial. The major issue is whether the
peptidome peptides, the targets of blood peptidomics studies (5-10), is of practical value for
the clinical diagnosis of disease due to potential issues with the stability of its components
(11), and thus issues associated with sample collection, processing, storage, etc. However, a
key fundamental issue is whether the blood has detectable peptidome-degradome that can in
fact reflect changes due to the perturbations introduced by specific disease states since most
blood peptidome peptides reported (5-10) are products from the degradation of common blood
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proteins. If such a distinctive degradome does exist, then we believe it should be feasible to
develop suitable controls, sample handling and processing, etc. to enable blood degradome
peptidomics analyses that could potentially identify more effective targets (including proteases
and relevant protease activators and inhibitors, and their substrates) for both diagnostic and
therapeutic purposes.

A key step in this direction is the capability for global peptidomic measurements to obtain an
unbiased view of the degradome. The most broadly applied MALDI-TOF MS and SELDI-
TOF MS platforms, mainly previously used for “top-down” analysis of the blood peptidome
(5), provide only limited coverage. For example, to date only ~40 proteins in total [compiled
from 27 publications (5-7,9, and references therein)] have been reported as human blood
degradome substrates. LC-MS/MS approaches used for “bottom-up” proteomics analysis
(12), have also been applied to study the blood peptidome (13), enabling identification of many
blood peptidome peptides. The peptides identified are generally of the same size range as found
by bottom-up measurements, and it is difficult to evaluate the confidence of peptides identified
as false identification rates were not reported (13).

To date no LC-MS/MS approach optimized for the global analysis of the blood peptidome and
its larger peptides has been reported. LC-MS/MS challenges include the larger size of
peptidome peptides, and obtaining high LC efficiency for separation of the large peptides. Also
problematic is the use of conventional methods for identification of the larger peptides (e.g.,
with charge states of >+3), and effectiveness remains uncertain for MS/MS identification of
peptidome peptides in searching against large protein databases (e.g., the IPI human protein
database contains ~70,000 entries) without the use of specific “enzyme rules”, although such
concerns are well-recognized (14-16). While only slow progress his being made in the
development of “top-down” proteomics approaches (17), peptidomics is more practical due to
the intermediate and more modest size range of constituents.

Recently, we described a high-resolution FT MS/MS-based approach for degradome analyses
(18) that combined efficient and high-resolution LC (HRLC) separations and FT MS/MS
(19) with the UStags method for confident identification of the peptidome peptides (20). In
this study we apply AC/SEC approaches for depletion of abundant blood proteins (21) and
enrichment of the small to medium size blood plasma peptidome components in conjunction
with de novo sequencing for identification of peptidome peptide modifications and mutations
(22). We demonstrate that this integrated AC/SEC-HRLC-FT MS/MS-UStags strategy
provides efficient isolation and separation of the blood plasma peptidome and confident
identification of both small and large peptidome peptides, both with and without modifications
and mutations. The present work is a prelude to a broader study of blood plasma for early-stage
breast cancer patients providing new degradome insights, and a potential spur for the
refinement of clinical sample processing approaches and much broader study scope needed to
evaluate the true clinical potential of blood plasma peptidome measurements.

EXPERIMENTAL PROCEDURES
Isolation of the human blood peptidome using AC/SEC

The human plasma used for estimation of the AC/SEC-LC-FT MS/MS-UStags platform was
obtained from a single, healthy volunteer (Stanford University School of Medicine, Palo Alto,
CA). Approval for the conduct of this study was obtained from the Institutional Review Boards
of the Stanford University School of Medicine and the Pacific Northwest National Laboratory
in accordance with federal regulations.

The plasma sample was first depleted of its 12 abundant proteins usinga 12.7 x 79.0 mm IgY12
LC10 AC column (Beckman Coulter, Fullerton, CA) on an Agilent 1100 series HPLC system
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(Agilent, Palo Alto, CA) according to the manufacturer’s recommendations and previously
described method (23). Isolation of peptidome was accomplished using a Superdex 200 10/300
GL SEC column (GE Healthcare, Piscataway, NJ) and an Agilent 1100 series HPLC system
equipped with a UV detector. The SEC column was calibrated with various sizes of standard
proteins (Sigma-Aldrich, St. Louis, MO), including E. coli beta-galactosidase (464 kDa), rabbit
phosphorylase (97 kDa), bovine serum albumin (66.43 kDa), bovine carbonic anhydrase (29
kDa), bovine beta-lactoglobulin (18.4 kDa), and bovine cytochrome ¢ (12.4 kDa). Based on a
calibrated elution time, 12.5 mg (protein content) depleted sample (i.e., the AC flow through
fraction) was separated and species <20 kDa were collected, denatured for 1 h at 37 °C with 8
M urea, and diluted to 1.3 M urea with 50 mM NH4HCO3 (pH 8.0). The resulting solution was
concentrated in Amicon® Ultra-15 filters (3 kDa nominal MW limit, Millipore, Billerica, MA)
followed by buffer exchange to 50 mM NH4HCO3 (pH 8.0). The isolated peptidome
component content was determined by BCA assay (Pierce, Rockford, IL), which indicated
~600 g of the denatured <20 kDa species were obtained from a 12.5 mg depleted sample after
SEC and cleanup steps.

HRLC-FT MS/MS experiments

HRLC was performed on a 100 cm x 100 um i.d. LC column containing C4-bonded particles
(3- um, 300 A size, Sepax Technologies, Inc. Newark, DE) using a 20,000-psi LC system
(19). The sample (2.3 pg/uL) was injected onto the LC column, and separated with a gradient
generated by replacing mobile phase A (acetonitrile/H,O/acetic acid, 10:90:0.2, v/v/v) with B
(acetonitrile/isopropyl alcohol/H,O/acetic acid/trifluoroacetic acid, 60:30:10:0.2:0.1, v/viviv/
V) in a static mixer at a constant pressure of 13,000 psi.

An LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA) was used for
analysis of the LC eluent. The heated capillary temperature and spray voltage were held at 300
°Cand 2.0 kV, respectively. The FT MS and FT MS/MS data were collected with AGC targets
of 1x10° and 3x105, respectively. Spectra were acquired at a 60K resolution, using a survey
scan with 400 <m/z < 2000 followed by FT MS/MS of the 5 most intense ions from the survey
scan (monoisotopic precursor selection not enabled). FT MS/MS employed an isolation
window of 3 m/z units and 35% normalized collision energy for CID. Dynamic exclusion was
enabled with no repeat counts, using a mass window of +3 m/z units and a duration cycle of
30s. FT MS and MS/MS measurements with 1 and 3 micro scans were selected, respectively,
for two HRLC-FT MS/MS analyses. Mass calibration was performed according to the method
provided by the instrument manufacturer.

Data analysis

RESULTS

Both database searching-UStag and de novo sequencing-UStag methods were employed for
FT MS/MS identification of the human blood peptidome peptides from the IPI human protein
database, and are described in the Supplementary Notes.

Effectiveness of AC/SEC for isolation of the blood peptidome

Figure 1 summarizes the isolation/separation performances for blood peptidome components.
The combined AC/SEC approach enriched peptidome components ~330-fold [i.e. 1/(6% x
5%)]. The IgY12 AC column removed the 12 highest abundance proteins, which represent
94% of the human blood proteins (23). Subsequent SEC using a 20 kDa-cutoff resulted in
isolating ~5% of the protein mass (i.e., 0.6 ng/12.5 pug, see experimental section) from the AC-
depleted sample. Peak tailing across the 20 kDa-cutoff (evident at 280 nm) revealed that some
components with MWs >20 kDa may still be present in the isolated sample.
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Efficiencies of HRLC for separation of the blood peptidome

The isolated peptidome components were separated on a 100-cm packed capillary LC column.
The HRLC-FT MS base peak chromatogram (bottom Figure 1) shows an average base peak
width of ~5 min (see expanded portion of the chromatogram) for components with MWs of 2-
~12 kDa across the separation. Similar peak widths and shapes were also observed for species
up to 24 kDa. We estimated a peak capacity of ~300 (i.e., 1600/5), the LC highest peak capacity
reported to date for such large peptides, and similar peak capacities were observed for 200
2000 min long separations (data not shown).

Identification of the blood peptidome both small and large peptides

We searched the whole FT MS/MS dataset collected (http://www.ebi.ac.uk/pride/) against the
IP1 human database (ftp://ftp.ebi.ac.uk/pub/databases/IP1/), and identified 181 unmodified
peptides (Supplementary Table) for the tested sample. These unmodified peptidome peptides
originate from 24 protein substrates (Table 1). Additionally, we identified 43 peptidome
modified peptides (Supplementary Table) with the UNIMOD modification categories
(http://www.unimod.org/) including acetylation, acetylhexosamin, amidation, cysteinylation,
didehydro, hydroxylation (oxidation), pyro-glu, and mutations (Table 2). The most often
observed were oxidation of Arg, Lys, Met, Phe, and Pro residues, and these oxidized proteins
are the result of either post-translational modifications (e.g., on Arg, Lys, and Pro) or artifacts
(e.g., on Met and Phe). The blood peptidome peptides identified primarily have MWs in the
range of 1000-8000 Da (Figure 2A), and most are >3500 Da and also have identified
modifications and mutations (see below) that were absent in the previous blood peptidome
studies (5,6,13). The much less biased analyses obtained here for various peptide sizes allows
more quantitative characterization of the substrate cleavage specificities (Figure 2B), key
insights obtainable from degradome analyses (described below).

We present examples below of identified blood plasma peptidome larger peptides and their
modified forms not reported using previously described methods. Figure 3A shows a
ADEFKVKID sequence obtained from an FT MS/MS spectrum (and associated mass
uncertainties). The observed sequence is a UStag for apoA-1V (IPI database). The UStag is
constructed by y9-y17 (labeled in the figure) counted from apoA-1V Arg201. The UStag prefix,
measured from the UStag-containing smallest fragment (y9), agrees with theoretical prediction
for the specified protein (i.e., within the mass error tolerance of <10 ppm or sequence mass
error of <0.005 u). Similarly, the UStag suffix, measured from the difference between the
precursor and the largest UStag-containing fragment (y17), agrees with that predicted.
Agreements for both prefix and suffix of the UStag with the database predictions allow us to
assign the spectrum for apo A-1V Val147-Arg201 has having a MW of ~6 kDa, and with charge
state (CS, z) of 7 for the peptide dissociated.

Figure 3B shows the method for identification of modifications of the peptidome peptides.
QEKQAGE was sequenced and it is a UStag of thymosin beta-4, a small protein [MW 5 kDa,
(24)]. The UStag suffix [105.050 u, determined from the precursor (CS=5), and the largest
fragment] agrees with the predicted Ser. The UStag prefix has a mass shift of 58.002 u from
that of the database prediction. This mass shift can be explained either by substitutions
Ala—Glu and Gly—Asp, or alternatively also by one of 66 combinations of 2 modifications
according to UNIMOD (based upon filtering with a mass tolerance of 0.005 u). Observation
of y37 and y38+0 (highlighted) led to determination of Met-oxidation (15.995 u) and
acetylation (42.010 u) that can occur on Lys, Cys, Ser, Thr, Tyr, His, and N-terminal sites
(UNIMOD). Observation of y41+0O is consistent with Ser-acetylation protein N-terminal
processing (25). Additional examples of modified blood peptidome peptide identifications are
given in Supplementary Figures 1-5.
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Confidence for blood peptidome peptide identifications

Few previous blood peptidome studies to date have reported false identification rates. The
present results display extremely low (near zero) false identifications for blood peptidome
peptides even using the large IP1 human protein database, as determined using a reversed decoy
IP1 database (see Supplementary Notes). This is largely attributed to the accurate sequencing
(and molecular mass determinations) of amino acid residues, as illustrated in Figure 3. Not a
single UStag was obtained from the decoy database search, highlighting the extremely low
probability of randomly matching UStags. When UStags obtained were used to identify the
non-modified peptidome peptides, as shown in Figure 3A, additional criteria for the UStag
prefix and suffix masses were applied, which further ensured confident identification. To this
point we have not found the UStags approach to provide false identifications for the non-
modified peptidome peptides, even from the IPI human database. When the UStags were used
to determine modifications and mutations, the proteins were first-pass specified by the UStags
approach. Based on the database predictions, the mass shifts for the modified prefix or suffix
regions were determined by alignment of the FT MS/MS-measured fragments and the FT MS-
measured parent precursors. These mass shifts were assigned as modifications and mutations
according to those listed in UNIMOD, and with manual inspection of spectra for determination
of the site(s) of modification(s) and/or mutation(s) in the UStag-specified prefix and suffix
regions (all FT spectra used for identifications are provided at http://www.ebi.ac.uk/pride/).
The error rates associated with possible uncertainties for the exact sites of modifications and
mutations arising from the manual aspects of the analysis have not yet been determined.

Direct measurement of the degradome substrate cleavage specificity

Determination of cleavage specificity is a key aspect of the degradome analysis, and a complex
procedure has been developed for this purpose (26). In contrast the present approach provides
significant simplicity and precision in characterizing substrate cleavage specificity. As
exemplified in Figure 2B for apoA-1V, the cleavage specificity is directly accessed by counting
the terminal amino acids of the peptidome peptides identified. The Arg201_1Ser202 is the
major cleavage site where further truncations of the long sequences (e.g., 67-residue sequence
Arg135-Arg210) start towards both N- and C-terminal directions. We note that the cleavage
specificity for individual degradome substrates may be useful for distinguishing healthy
subjects from diseased patients, and needs to be further explored.

Identification of the blood plasma peptidome peptides having MWs of >10 kDa

Figure 4 shows an identification of an 11.5-kDa peptidome peptide originated from inter-a-
trypsin inhibitor heavy chain H4. The peptide, carrying 12 charges and having a signal/noise
ratio of 3.5, can be confidently identified using the method as described for Figure 3A, showing
the method effectiveness for identification of >10-kDa peptidome peptides. Identification of
such larger peptidome peptides can possibly reveal the roles of functional protein domains
(e.g., propeptides, preactivation peptides, etc.) during degradation.

Discovery of protein sequence database errors

Any reference protein database will have errors or differences in protein sequences. We use
2-M as an example to show the potential for revealing protein database errors. UStag
PKIVKWD was sequenced for IPI p2-M (IP100004656.2) and its similar sequence
(IP100796379.1) (see sequences listed at the top of Figure 5). The precursor, however, is 713
Da smaller than the 2-M theoretical sequence, which could not be explained by UNIMOD
modifications, nor by sequence truncations as both b and y fragments were observed (see those
labeled). We then speculated that the IPI p2-M sequence was possibly in error and inspected
IP1 B2- M-similar sequence, and found only small b fragments. Alignment of the UStag to IPI
2-M led to determining a mutation 11e99—Met in IP1 2-M-similar sequence, which produces
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a sequence that agrees with the human B2M gene prediction for 32-M [ref. (27) or SwissProt
B2-M]. With 11e99—Met and disulfide Cys25-Cys80 (28), the precursor and most of the
fragments were explained (see labeled peaks). The spectrum for precursor measurement
(bottom of the figure) additionally indicated the existence of many different p2-M variants
evidenced with p2-M y fragments (see the two spectra inserted). $2-M-Fe were speculated to
be responsible for the serial peaks based on different types of information including the mass
shift of 52.9 Da that agrees with that of Fe3* —H?3*, the reduced MS/MS spectrum quality that
would result from the formation of the complex, and the co-existence of Fe with $2-M (29).
2-M has been found to be correlated to the clinical course of disease (30) and involved in
cancer (31), however, the relevance of the 32-M different forms remains to be explored.

Identification of complex peptidome mutations

Using TTR as an example, we demonstrate the capability for identifying mutations that have
not been previously reported for the blood peptidome analysis. TTR can have 73 mutations
(32,33). Three TTR variants (Figure 6, top) were found in the sample, and Cys10-cysteinylation
TTR (variant 1) identified has been reported (34). Other two variants (sequences 2 and 3) had
similar UStag sequences (black spheres in the sequences) as variant 1. For variant 2, a mass
shift of 57.02 u was observed for both of the parent molecular ions (see spectrum) and the
b18 and b44 fragments (see MS/MS spectrum 2). We searched the UNIMOD (filtered with a
mass range of 57.020 u + 0.005 u) with consideration of modifications and mutations, and
obtained mutations Gly6— Ser that has been previously reported (32) and Ser8—Asn, not
reported yet, for explanation of the mass shift prior to Asp18. Using the same method, TTR
variant 3 was determined to have additional mutations, i.e., Alad5—Asp, Gly47—Arg, and
Ala97—Gly, all of which have been previously reported (32). TTR mutations have been
analyzed in study of cardiac and amyloid diseases (32,33), although the origin of the three TTR
sequences identified here remains uncertain.

DISCUSSION

The results shown in Figures 2-6 illustrate that the method described in this work enables
analysis of blood plasma peptidome peptides (with or without modifications) over a larger
molecular size range than previous reports (6, 13). [The peptides reported in ref. (6) have the
similar size range as those from ref. (13).] In fact, the large peptides shown in Figures 3—-6 were
missed by the previous studies (6, 13). The identifications were achieved with a near zero false
identification rate, and without requirements for specific peptide termini (“the enzyme rule”).
These features, including the capabilities for identification of the modifications and mutations,
as well as probing the database errors, enable realization of a global analysis of the blood
peptidome for blood degradome study, e.g., the degradome substrate cleavage specificity
(Figure 2B) and the degradome substrate selectivity (not shown here).

More than 200 peptidome peptides that originated from 29 degradome substrates were
confidently identified from the blood plasma of a single healthy person. In a separate work to
be reported later this method has identified ~1000 peptidome peptides from ~70 degradome
substrates from blood plasma pooled from the early-state breast cancer patients (not shown
here). This analytical coverage should be mainly contributed from the AC/SEC-HRLC
isolation and separation efficiency of the strategy that effectively enriched the peptidome by
>300 fold and separated the peptidome components with a peak capacity of ~300. C4-bonded
stationary phase was selected since the SEC-isolated peptidome contained some large species
which were observed from the C4 column, but not from the C18 (3 um, 300 A pores) column.
Data collected during sample loading indicated that very few species eluted from the long
column. Any possible losses of small hydrophilic peptides could be minimized, if necessary,
by reducing the organic solvent content in mobile phase A, e.g., from 10% in this study to 5%
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or lower. The use of other (e.g., C5, C8 or phenyl) bonded particles as the stationary phase
may also be an alternative, but needs to be optimized for the peptidome samples to be analyzed.

The blood peptidome peptides were analyzed without subjecting samples to any chemical
reactions during processing. Although the strategy increases the difficulty of identifying some
native peptidome components, it provides a powerful capability for identifying the structures
of naturally occurring peptidome peptides, e.g., sequences linked by disulfides (will be reported
elsewhere). This also reduced the chances of reaction side products (35) from interfering with
the spectral interpretation (20). A concern associated with not inhibiting reactions is the
possible ex vivo proteolysis of the peptides after sampling, which can be solved by addition of
protease inhibitors in the samples prior to sample processing or even during blood sampling.

A preliminary application of this strategy to the blood plasma peptidome of the early-stage
breast cancer patients and matched healthy controls has shown striking differences, including
the degradation performances of the protease system activity, the substrate selectivity, and the
cleavage specificity for individual substrates. Instead of searching for individual peptidome
peptides as the targets for investigation of biomarkers, these data suggest the possible utility
of degradome features constructed through the unbiased, global analysis of the blood plasma
peptidome for diagnostic purposes. The separation and methodology for identification
described here is the basis for our future studies in which large numbers samples of clinical
applications will be able to be rapidly screened using the accurate mass and time tag strategy
(36).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FT MS/MS Fourier transform tandem mass spectrometry
UStags unique sequence tags
HRLC high-resolution LC
AC affinity chromatography
SEC size exclusion chromatography
LMW low molecular weight
MALDI-TOF matrix-assisted laser desorption/ionization time of flight
SELDI surface-enhanced laser desorption/ionization
LMW low molecular weight
References

1. Ldpezin-Otin C, Overall CM. Nat Rev Mol Cell Biol 2002;3:509-519. [PubMed: 12094217]

J Proteome Res. Author manuscript; available in PMC 2011 May 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shen et al.

Page 8

2. Puente XS, Sanchez LM, Overall CM, Lo6pezin-Otin C. Nat Rev Genet 2003;4:544-558. [PubMed:
12838346]

3. Koblinski JE, Ahram M, Sloane BF. Clin Chim Acta 2000;291:113-135. [PubMed: 10675719]

4. Petricoin EF, Belluco C, Araujo RP, Liotta LA. Nat Rev Cancer 2006;6:961-967. [PubMed: 17093504]
5. Hortin GL. Clin Chem 2006;52:1223-1237. [PubMed: 16644871]

6. Villanueva J, et al. J Clin Invest 2006;116:271-284. [PubMed: 16395409]

7. Koomem JM, Li D, Xiao LC, Liu TC, Coombes KR, Abbruzzese J, Kobayashi R. J Proteome Res
2005;4:972-981. [PubMed: 15952745]

8. Villanueva J, Philip J, DeNoyer L, Tempst P. Nat Protoc 2007;2:588-602. [PubMed: 17406620]

9. Villanueva J, Nazarian A, Lawlor K, Yi SS, Robbins RJ, Tempst P. Mol Cell Proteomics 2008;7:509—
518. [PubMed: 17986438]

10. Zhang Z, et al. Cancer Res 2004;64:5882-5890. [PubMed: 15313933]

11. YiJ, Kim C, Gelfand CA. J Proteome Res 2006;6:1768-1781. [PubMed: 17411080]

12. Washburn MP, Wolters D, Yates JR. Nat Biotechnol 2001;19:242-247. [PubMed: 11231557]
13. Bakun M, et al. Proteomics Clin Appl 2009;3:932-946.

14. The minimun information about a proteomics experiment (MIAPE).
http://www.nature.com/nbt/consult/index.html

15. Mischak H, et al. Proteomic Clin Appl 2007;1:148-156.
16. Carr S, et al. Mol Cell Proteomics 2004;3:531-533. [PubMed: 15075378]
17. Cravatt BF, Simon GM, Yates JR I1l. Nature 2007;450:991-1000. [PubMed: 18075578]

18. Shen Y, Hixson KK, Toli¢ N, Camp DG, Purvine SO, Moore RJ, Smith RD. Anal Chem
2008;80:5819-5828. [PubMed: 18578501]

19. Shen Y, Zhang R, Moore RJ, Kim J, Metz TO, Hixson KK, Zhao Z, Livesay EC, Udseth HR, Smith
RD. Anal Chem 2005;77:3090-3100. [PubMed: 15889897]

20. Shen Y, Toli¢ N, Hixson KK, Purvine SO, Pasa-Toli¢ L, Qian WJ, Adkins JN, Moore RJ, Smith RD.
Anal Chem 2008;80:1871-1882. [PubMed: 18271604]

21. Anderson NL, Anderson NG. Mol Cell Proteomics 2002;1:845-867. [PubMed: 12488461]

22.Shen Y, Toli¢ N, Hixson KK, Purvine SO, Anderson GA, Smith RD. Anal Chem 2008;80:7742—
7754. [PubMed: 18783246]

23. Liu T, Qian WJ, Mottaz HM, Gritsenko MA, Norbeck AD, Moore RJ, Purvine SO, Camp DG I,
Smith RD. Mol Cell Proteomics 2006;5:2167-2174. [PubMed: 16854842]

24. Hannappel E. Ann N'Y Acad Sci 2007;1112:21-37. [PubMed: 17468232]
25. Li X, Chang YH. Proc Natl Acad Sci USA 1995;92:12357-12361. [PubMed: 8618900]
26. Schilling O, Overall CM. Nat Biotech 2008;26:685-694.

27. Glssow D, Rein R, Ginjaar I, Hochstenbach F, Seemann G, Kottman A, Ploegh HL. J Immunol
1987;139:3132-3138. [PubMed: 3312414]

28. Isenman DE, Painter RH, Dorrington KJ. Proc Nat Acad Sci USA 1975;72:548-552. [PubMed:
47633]

29. Miranda CJ, Makui H, Andrews NC, Santos MM. Blood 2004;103:2847-2849. [PubMed: 14656877]

30. Traut M, Haufe CC, Eismann U, Deppisch RM, Stein G, Wolf G. Blood Purif 2007;25:432-440.
[PubMed: 17957097]

31. Nissen MH, Bjerrum OJ, Plesner T, Wilken M, Rarth M. Clin Exp Immunol 1987;67:425-432.
[PubMed: 3038438]

32. Hou X, Aguilar MI, Small DH. FEBS J 2007;274:1637-1650. [PubMed: 17381508]

33. Hesse A, Altland K, Linke RP, Almeida MR, Saraiva MJM, Steinmetz A, Maisch B. Br Heart J
1993;70:111-115. [PubMed: 8038017]

34. Kingsbury JS, Laue TM, Klimtchuk ES, Théberge R, Costello CE, Connors LH. J Biol Chem
2008;283:11887-11896. [PubMed: 18326041]

35. Boja ES, Fales HM. Anal Chem 2001;73:3576-3582. [PubMed: 11510821]

36. Shen Y, Strittmatter EF, Zhang R, Metz TO, Moore RJ, Li F, Udseth HR, Smith RD. Anal Chem
2005;77:7763-7773. [PubMed: 16316187]

J Proteome Res. Author manuscript; available in PMC 2011 May 7.


http://www.nature.com/nbt/consult/index.html

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shen et al.

37.

38.

39.

40.

41.
42.

43.
44,
45.

46.

Page 9

Katsurada A, Hagiwara Y, Miyashita K, Satou R, Miyata K, Ohashi N, Navar LG, Kobori H. Am J
Physiol Renal Physiol 2007;293:956-960.

Conard J, Brossatd F, Lie Larsen M, Samama M, Abildgaadr U. Haemostasis 1983;13:363-368.
[PubMed: 6667903]

Greenstein JD, Peake PW, Charlesworth JA. Clin Exp Immunol 1996;104:160-166. [PubMed:
8603521]

Smith DB, Janmey PA, Sherwood JA, Howard RJ, Lind SE. Blood 1988;72:214-218. [PubMed:
2839253]

Kleniewski J. Thromb Haemost 1979;42:1045-1055.

Hilgenfeldt U, Puschner T, Riester U, Finsterie J, Hilgenfeldt J, Ritz E. Am J Physiol 1998;275:F88—
93. [PubMed: 9689009]

Weivoda S, et al. J Immunol Methods 2008;336:22-29. [PubMed: 18436231]
Ogata N, et al. J Clin Endocrinol Metab 2007;92:1176-1179. [PubMed: 17213275]

Laurell M, Christensson A, Abrahamsson PA, Stenflo J, Lilja H. J Clin Invest 1992;89:1094-1101.
[PubMed: 1372913]

Lauridsen AL, Vestergaard P, Nexo E. Clin Chem 2001;47:753-756. [PubMed: 11274031]

J Proteome Res. Author manuscript; available in PMC 2011 May 7.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Shen et al. Page 10

Plasma sample

Chad —)
: —214 nm v
'''' 280 nm Peptidomic
sample

.,
g
RLLLTTTTT

Sl .
=
{

~_ " MW<20 kDa (~5%) FT MS/MS

Flow-through fraction (~6%)

1

MW~24.4 KDa

1220830
220

MW~11.3 KDa MW~7.5 KDa MW~2.8 KDa

1621.041 1622083

1494.708 1494908 919459

EOC T MW~11.7 KDa

920127

MW~4.1 kDa

1045198
1045531

920461
920795

S0 G186 9202 9208

MW~7.3 KDa

1454563 16785 16795 16805
1454363 11454 762 mz

6210 16220 16230

wousey | | r9sass " MW ~6.8 KDa "

1575.6%
1975.4:
1046.199 9749 Tharsea

104653

1375229 1a76.080

1454.163 1454.963
1455.163 12202 ?%ggs 12214
14sases 1455.363
1285083
[ 1455563 1285

0.5 10455 10465 10475

~N

1376.230
1375.029
1376.431
1374 528 1376631

13750 13760 1377.0 14540 14550 14560 Tie2gog

Base peak
chromatogram

| |
Il ‘ *
H\H 1A " *

Lol I ‘.Uu “““ H : ‘,
:l,,n-.‘w‘\\wH\"J Wyt

e WY W “'\WA,JMM A ‘4
0 200 ) 1000 1200 1600
Tlme (mln)
Figure 1.

AC/SEC-HRLC isolation and separation of the peptidome components from the human blood
plasma. The plasma elutes through an AC column to deplete the top 12 abundant proteins with
a yield of ~6% for the flow-through fraction. Next, the flow-through fraction is separated
through a SEC column with a yield of ~5% for species cut off by <20 kDa. Finally, the SEC-
isolated components are separated using HRLC with a separation peak capacity of ~300. These
features and experimental conditions are further detailed in the text.
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Figure 2.

The molecular size (MW) distribution of the blood peptidome peptides identified (A) and an
example for the substrate cleavage specificity determined for apoA-1V (B). A) The blue and

red lines represent the blood plasma peptidome peptides identified in this work and a previous
study (ref. 13), respectively. B The sequence encased in red is the signal peptide; the detected
peptides are represented by the yellow curves that start from Glu21, and cleavage specificities
are presented at P11 P1".
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Figure 3.

Examples of using the FT MS/MS-UStags method for identification of non-modified (A) and
modified (B) peptidome peptides. A) The UStag sequenced from the FT MS/MS spectrum is
black color-circled; the UStag-containing smallest fragment (m/z 515.785) is aligned as y8
(m/z 515.786) of the UStag-assigned peptide, and the precursor isotopic peaks agree with those
of the assigned peptide. Black peaks and numbers represent measurements and red, predictions
of the assigned-peptide sequence. B) The UStag sequenced is black color-circled, and the mass
difference measured from the precursor and the UStag-containing largest fragment (m/z
1218.864) predicts the UStag suffix as Ser without modification; the mass difference of the
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UStag-containing smallest fragment (m/z 1026.276) is determined as the result of UStag prefix
Ser-acetylation and Met-oxidation.
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Figure 4.

Identification of an 11.5 kDa peptidome peptide using the method described in this work. The
UStag is black-color circled; the black- and red-colored peaks and numbers represent the
measurements and the predictions from the assigned-peptide’s sequence, respectively. The
peptide identification is completed with the same method as for Figure 3A.
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-2-microglobulin (IPI00004656.2):

IQRTPKIQVYSRHPAENGKSNFLNCYVSGFHPSDIEVDLLKNGERIEKV
EHSDLSFSKDWSFYLLYYTEFTPTEKDEYACRVNHV QMUY ® RDM

B-2-microglobulin-similar sequence (IP100796379.1):
IQRTPKIQVYSRHPAENGKSNFLNCYVSGFHPSDIEVDLLKNGERIEKV
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Figure 5.

Examples of correcting the IPI human database errors and finding complex modifications on
the blood p2-M. Top: Two IPI database sequences for Bo-M and a similar sequence; the grey-
colored sub-sequence is the protein signal peptide. The green-colored sub-sequence HLIWAIR
in B2-M does not agree with the measurements from FT MS/MS. The red-colored sub-sequence
TLS and mutation lle—Met for the p2- M-similar sequence were determined experimentally,
and the sequence black color-circled is the protein UStag. Middle: The FT MS/MS spectrum
provides evidence of potential errors in the p,-M database sequence. Bottom: An FT MS
spectrum and two FT MS/MS spectra show the existence of complex modifications and
truncations on the ,-M sequence. Further detail provided in the text.
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3 GPTGTG(—S)ES(—N)KC(-Cysteinylation)PLMVKVLDAVRGSPAINV
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EHAEVVFTA(—G)NDSGPRRYTIAALLSPYSYQUUAIIOD PKE

FTMS 1:—2:—;3:— z=13 z=12
. 1073.161 1157.672 1162.424 =11
LC elution 1 100; 2-14 1068.621 0 1279740
e 996.506 173179 1268.008
z= 992.505
926.272

< 930073
| 938.677

3

2080 Time (min) 2180 950 1000 1050 1100 1150 1200 1250 m/z

FT MS/MS 1201120

b-cysteinyl ions 1189.778
1189.778

1 z=11
100 |
95
920
85
80

b126
449 Precursor FT MS
i 1218.614 MW~13.9 KDa
z=11

1189.778 1249.450
z=11

75 z=11 = 1157.0 m/z 1158.4

65 -
§ 60 1180 1190 1200 1210 1220 1230 1240 —

B

& a5
40 y8

y6 857.473

35 687.368 857.473 )

687367 z=1 958.521
30 457222 ¥5 241 958.521
487.250 588.299 ot

z=1 58

18;1 b42-cysteinyl
905.459

1308.655
z=10

y3

373.209 -

20 373.208 905»4560
ol

1350.078
z=?

1397.698

- 1509.427
Z:

5 | z=2
Omlunnulnmll N NI | wolo el

400 500 600 700 800 900 iz 1000 1100 1200 1300 1400 1500 1600

15 z=1
0 14-cysteinyl
739.329
639.383 739.329
MRTRTIN I AT

J Proteome Res. Author manuscript; available in PMC 2011 May 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Shen et al. Page 17

b-cysteinyl &
modified ions

Precursor FT MS
MW~14.0 KDa

N PK 1223.797
z=11

1162.418 1162.501
1162.418 1162.510
b113 1162.334

1

1

) 02594 1162.585
116234 1162502
8 b126 1162.251

1254.63¢ 1 118203

b125-H20 1584:832 1162.260 1162.673
z=11

\
1161.8 mz 1163.0

1194.962
1252.996 z=11
Z=11

—
1186.686
z=11

65
60 1180 1190 1200 1210, 1220 1230 1240 1250

1254.632
z=11

30 i 6756
ss7252 vs 687.368 s
487.251 588.299 -

25 o 229 288508 z=1 358 1314.356

20 373.209 = 218, z=10

373.208 a16.

22

1527.769
227

1442.104
2.7

Jutl

1000 1100 1200 1300 1400 1500 1600

i

m/z

o |||l|| T AT (7YY NITR KT Il Ll il u
400 500 600 700 800 900

o

v v T N ) PK

A

g Dboysteinyi & >
modified ions 1898:8

1

Precursor FT MS
MW~14.1 KDa

1206.692
z=11

o5 b120-2H20

1188.588 1266.365

1266.363
=11

bi26 1235.527
=11

1230 1240

m/z

7
786.436
55 786.436 857.473

N T v v =1

1266.363
z=11

ya

40 487.252

487.250
2=1

y5
588.299
30 588.298

1327.060
y3 = -7
» o 7 -
.. ba2(¢,G—»S,S—
20 z=1 AR

10
[JULU
o Ll

1357.479
2=7

1431.390 1594.996
639.382 =2 z=?
27

vt b fw b bl ol

400 500 600 700 800 9200

1000 1100 1200 1300 1400 1500 1600

m/z

Figure 6.

Examples showing three TTR variants in a human blood sample. From top to bottom: the 3
TTR variant sequences identified (the signal peptide is grey-colored); the LC-MS base peaks
numbered for the corresponding 3 identified sequences and their FT MS measurements (black-,
blue-, and brown-color peaks represent normal sequence 1, variant 2, and variant 3,
respectively); and 3 FT MS/MS spectra acquired for the z = 12 precursors shown in the FT MS
measurements and used to identify the three sequences. Determination of the three variants
containing cysteinylation and mutations is detail in the text.
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Table 2

Modified human blood peptidome peptides and LMW proteins identified using the HRLC-FT MS/MS-UStags

method.

Human plasma protein

Modifications

Apolipoprotein A-1V
Beta-2-microglobulin
C1 esterase inhibitor
Complement C4
Complement factor D
Fibrinopeptide B
Fibrinogen alpha chain

Inter-alpha-trypsin inhibitor heavy chain H4

Kininogen-a (HMW)

Pigment epithelium-derived factor
Plasma serine protease inhibitor
Plasminogen

Thymosin beta-4

Transthyretin

Pro-oxidation

Cys—dehydro; Met—oxidation

Pro—oxidation; Met—oxidation

Gly-amidation

Cys—dehydro

Gln-dehydration

Lys—oxidation; Tyr- oxydation Met—oxidation; Phe—oxidation

Met-oxidation; Arg—oxidation; Phe—oxidation; Ser—acetylhexosamine; Gln—-pyro—-glu; Ser—
acetylation

Thr—acetylhexosamine
Met-oxidation

Arg-oxidation; Pro—oxidation
Pro—oxidation

Ser—acetylation; Met—oxidation

Cys—cysteinylation
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