
Abstract and Introduction 
The accurate diagnosis of renal allograft rejection currently depends on a biopsy. Transplant medicine would 
benefit greatly from the availability of non-invasive tests for early detection of rejection as well as 
immunosuppressive drug therapeutic monitoring. Only a limited number of studies have been published to date 
on specific proteins associated with allograft rejection. Typically, renal dysfunction due to humoral transplant 
rejection or other pathologies results in the increase of protein excreted in urine (1). In blood, endogenous peptides 
(not generated by trypsin digestion ex vivo) are likely candidate biomarkers for many diseases and pathologies as they are 
secreted from tissues and enter the bloodstream (2,3). By a similar mechanism, the analysis of endogenous protein 
and peptide fragments in urine may also provide a non-invasive, early indication of kidney transplant rejection or 
disease. 

Endogenous peptide recovery from body fluids poses numerous hurdles. First, proper collection and storage must 
minimize the generation of artefactual peptides that may be generated ex vivo. Second, the dynamic range of molecular 
size and abundance requires separation of proteins from peptides and metabolites. 

Recently, there has been an increased focus in the clinical community on the development of targeted SRM-
based assays as an alternative to traditional but less specific ELISA. Mass spectrometry-based assays offer a 
number of alternatives over antibody-based assays including higher specificity, robust quantification based on 
heavy labeled standards and the ability to monitor a panel of diagnostic markers in a multiplexed assay format.  
Unfortunately, designing effective targeted assays still remains a challenge, and may require large amounts of 
samples and multiple iterations to empirically determine the optimal proteotypic peptides and transitions. 
Fortunately, in many cases, SRM experiments are preceded by discovery-based experiments to develop a list of 
target proteins and peptide biomarkers. We have found that high resolution MS2 spectra generated during the 
discovery process can be directly used to increase the efficiency and accuracy of SRM assay development by 
guiding the selection of optimal transitions (Figure 1). 

In this study, we describe the development of a workflow utilizing off-line size fractionation coupled with on-line 
liquid chromatography and  high resolution tandem MS on an LTQ-Orbitrap XL hybrid mass spectrometer 
specifically geared toward the identification of differentially expressed proteins and endogenous peptides in 
urine. A panel of the protein or peptide biomarkers identified in the high-resolution discovery workflow were 
subsequently quantified in targeted selective reaction monitoring (SRM) assays on a TSQ Quantum Ultra triple 
quadrupole mass spectrometer. 
The described quantitative workflows were used to analyze urine samples from normal, early rejection and acute 
humoral rejection transplant patients.

Results and Conclusions 
• A robust workflow was created for the recovery of intact endogenous peptides (not generated by 

proteolytic cleavage ex vivo) from urine Fig 2A., 4A.

• Quantitative, label-free differential analysis was applied to high-resolution MS spectra to drive the 
selection of a panel of putative peptide markers for early transplant rejection Fig 2, 3, 4BC.

• The high-resolution MS2 fragmentation data facilitated design of a targeted SRM assay,  Fig  5.

• A targeted SRM assay for one of the peptides in the panel was tested on the patient sample set and 
quantitative data were obtained, Fig 6.

• Future experiments will optimize other peptides/proteins in the panel and subsequently the targeted 
assay panel will be tested the current and other other sample cohorts to determine sensitivity and 
specificity of the panel, Fig 2 B.

• The described workflows can serve as a model to link biomarker discovery and validation. 
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FIGURE 2. Schematic of the overall workflow for recovery and analysis of endogenous peptides from urine 
Urine samples are collected and processed to eliminate small molecule metabolites and intact proteins before 
analysis by high resolution LC MS/MS.  A panel of differentially expressed proteins/peptides are selected  for 
targeted quantification.  High resolution MS2 fragmentation data from the targeted  peptides are used to create 
an optimized SRM method. 

FIGURE 1. Workflow for integrating differential 
expression analysis with targeted protein 
quantitation.

TABLE  1. Summary of label-free differential analysis results.
The top 31 peptides/proteins increased in stable vs pre-rejection (putative early markers) and stable vs rejecting (putative late markers) 
are shown in Table 1. Several of these proteins (in yellow) have been previously identified as associated with transplant rejection or  
impaired kidney function (4-7).

FIGURE 5. Discovery driven design of SRM assay method. High resolution MS2 spectra of target 
proteins/peptides (A) were analyzed to determine the most sensitive or intense transitions. The selected 
peptides and transitions were used to build a method for Quantum with SRM Builder software (B).  
Individual transitions for a vitronectin peptide (C) and a uromodulin peptide (D) are illustrated.

Differential Expression Analysis

Identify Targeted
Proteins/Peptides

Identify SRM Transitions (3 to 6 per peptide)

Hypothesis-Based Bio-informatics 
-Based

Perform a BLAST Search to Check 
for Sequence Conservation

Perform Uniqueness Study on Each SRM Transition

Build the Method and Acquire the Data

URINE SAMPLE COLLECTION

DENATURE PROTEINS TO 
PREVENT FURTHER 

DEGRADATION EX VIVO

REDUCTION/ALKYLATION AND 
SOLID PHASE EXTRACTION 

PASS THROUGH MWCO FILTERS 
TO EXCLUDE  INTACT PROTEINS

LC/MS NANOSPRAY ON 
ORBITRAP

DIFFERENTIAL EXPRESSION 
ANALYSIS WITH SIEVE

BIOLOGICAL 
CONTEXT/PATHWAY ANALYSIS

Quantitative, 
label-free 
differential 
expression 
analysis

List of differentially expressed 
proteins

Raw high 
resolution 
MS 
spectra

Sequest search 
of high 
resolution MS2

CHOOSE CANDIDATE 
PROTEIN PANEL

ANALYSIS OF HIGH 
RESOLUTION MS2 DATA TO 

DETERMINE 
OPTIMALPEPTIDES AND 

TRANSITIONS

CREATE INSTRUMENT METHOD 

TSQ MS ANLYSIS  OF SAMPLES 

QUANTIFICATION OF 
TARGETED PEPTIDE(S)

VALIDATION OF TARGET PANEL 
WITH A BLINDED SAMPLE SET

CALCULATION OF SENSTIVITY 
AND SPECIFICITY OF MARKER 

PANEL

A. B.

Gene 
Name Protein name

Presence: 
Early or  
Early and 
Late 

Fold 
Change 
Early

p-value 
Early

Number 
of  
peptides 
detected, 

Fold 
Change 
Late

p-value 
Late

Number of  
peptides 
detected, 
Late

 TAF1C  TATA box binding protein (TBP)-associated f E 3032.132 0.041 1    
 EIF4G2 (in eukaryotic translation initiation factor 4 gammE 343.174 0.072 1    
 MYH14  myosin, heavy chain 14 E 343.174 0.072 1
 ADAM20  ADAM metallopeptidase domain 20 E 59.244 0.339 1    
 PTGDS  prostaglandin D2 synthase 21kDa (brain) E 31.801 0.505 1
 ERP29  endoplasmic reticulum protein 29 E 27.143 0.407 1    
 MTUS1  mitochondrial tumor suppressor 1 E 27.143 0.407 1    
 SIGLEC5  sialic acid binding Ig-like lectin 5 E 27.143 0.407 1    
 STIL  SCL/TAL1 interrupting locus E 10.919 0.051 1    
 PPM1G  protein phosphatase 1G (formerly 2C), magneE 9.256 0.485 1
 MBD4  methyl-CpG binding domain protein 4 E 7.206 0.327 1    
 TIAL1  TIA1 cytotoxic granule-associated RNA bindinE 5.151 0.333 1    
 AZGP1  alpha-2-glycoprotein 1, zinc-binding E 4.835 0.638 2    
 IBTK  inhibitor of Bruton agammaglobulinemia tyrosE 4.759 0.042 1    
 TF  transferrin E 4.356 0.523 6
 OTOR  otoraplin E 2.936 0.115 1    
 ASPN  asporin E 2.538 0.428 1    
 CCT7  chaperonin containing TCP1, subunit 7 (eta) E 2.08 0.526 1    
 PTPRS (in protein tyrosine phosphatase, receptor type, SE 1.74 0.522 1    
 PCTK3  PCTAIRE protein kinase 3 E 1.738 0.888 1
 TP53RK  TP53 regulating kinase EL 3032.132 0.041 1 66.092 0.334 1
 UMOD  uromodulin (uromucoid, Tamm-Horsfall glycoEL 760.173 0.142 4 42.433 0.324 4
 ALB  albumin EL 462.544 0.434 28 7.228 0.532 7
 TTR  transthyretin (prealbumin, amyloidosis type I) EL 133.893 0.199 1 1043.262 0.089 7
 SERPINA1 serpin peptidase inhibitor, clade A (alpha-1 anEL 51.572 0.451 17 1940.058 0.068 24
 LMAN2  lectin, mannose-binding 2 EL 25.029 0.398 1 81.286 0.62 1
 DNAH5  dynein, axonemal, heavy chain 5 EL 11.505 0.041 1 2.45 0.417 1
 WWTR1  WW domain containing transcription regulato EL 6.063 0.612 1 36.653 0.319 1
 INCENP  inner centromere protein antigens 135/155kDEL 2.538 0.428 1 2.134 0.494 1
 B2M  beta-2-microglobulin EL 1.439 0.407 3 10.869 0.533 4

A. B.

FIGURE 6. SRM assay  results. Preliminary results for uromodulin peptide  SVIDQSRVLNLGPITR are 
presented below. The 5 transitions for the uromodulin peptide, charge state +3, 590.007 (but not charge 
state +2, 884.507) were observed in the pre-rejection and rejecting patient samples but not in the stable 
patient samples (A, B). This is an example of presence/absence of a specific endogenous peptide. in a 
patient sample set.  The  confidence level for this result is high because all 5 transitions for the peptide 
were observed. The probability of this result due to random chance is very low or non-existent. The next 
steps will be to optimize other proteins/ peptides/transitions and test the complete panel with larger and 
blinded sample sets. 

FIGURE 4. Clinical samples and experimental design. Three sample sets were compared. A matched set of 2 samples from 
pre-rejection and rejecting transplant patients were compared with a set of 5 samples from stable transplant patients.  The 
raw, high-resolution mass spectral data were processed with SIEVE algorithm to identify differentially expressed 
peptides/proteins (see Table 1). (B) shows an example of a non-differentially expressed peptide (ration 0.8) identified as 
mitochondrial ribosomal protein. A peptide with increased expression (ratio 167.4) identified as serine proteinase inhibitor 
Clade A is shown in (C).
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Materials & Methods 
Urine samples were collected from study 
participants with full consent and approval under 
IRB protocols. Details of experimental design and 
sample preparation are given in Fig 2, 3. Prepared 
samples were run on an LTQ Orbitrap XL 
instrument (Thermo Scientific, Bremen, Germany)  
with CID and HCD as the fragmentation modes. 
Label-free differential analysis was performed 
using SIEVE algorithm. 
Targeted peptide quantitation experiments were 
performed using a TSQ Quantum Ultra (Thermo 
Scientific, Bremen, Germany) .Quantitative 
differential analysis of peptides was carried out 
using label-free analysis with SIEVE software 
algorithm. Proteotypic peptides and transitions for 
the targeted SRM assays were selected using a 
novel software algorithm automatically 
incorporating the most selective and sensitive 
predictions for SRM transitions. The automated 
data processing methodology utilizes alignment, 
probability scoring and ion ratio analysis for 
confirmation and quantitation. The workflow for 
integrating high resolution MS2 data (from 
discovery experiments) with the design of targeted 
SRM assays is shown in Figure 1. 
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