
Real-world Application of Skyline in the Development  

of a Clinically Actionable Protein Measurement 

Christopher M. Shuford 

Laboratory Corporation of America® Holdings 

 



Clinical Proteomics 

#
 P

ep
ti

d
es

 #
 S

am
p
les 

Discovery Translation Application 

Clinical Proteomics Pipeline 



Industrialized Proteomics 
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Discovery Translation Application 

The “Real” Clinical Proteomics Pipeline 

Assay 

Development 



Differentiated Thyroid Cancer (DTC) 

C. Spencer, et. al., Curr. Opin. Endorcrinol., 2014, 21 (5), 394-404. 



Immunometric Autoantibody Interference 

Goal:  

LLOQ ≤ 0.2 ng/mL  

200 amol on column target 

<12 hours tube-to-result  

PC-IDMS 



In-silico peptide filters 

114 Peptides  
0 missed cleavages  

6 - 25 aa 

70 Peptides  
Exclude Cys  

Exclude Met 

39 Peptides  
Specific for Tg 

Common among Tg 

28 Peptides  
Exclude PTMs 

Exclude SNPs 

Automated Semi-Automated Manual 



Empirical Peptide Filters 

Mass Spectrometry Chromatography 

Digestion 

 

• Additive 

• pH 

• Incubator 

• Trypsin Type 

• [Trypsin] 

• Time 

Peptide Enrichment 

 

• Sorbent 

• pH (L/W/E) 

• Buffer (L/W/E) 

• Recon Solvent  

Protein Enrichment 

 

 

na 

Assay Workflow 

Development Workflow 

Digestion Peptide Enrichment Protein Enrichment 

Mass 

Spectrometry 

 

• Precursor Ion 

• Product Ion 

• Source Tune 

• Optics Tune 

Chromatography 

 

• Solvent 

• Ion Pair 

• Stationary Phase 

• Dimension 
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Poor “flyers” 
Poor retention Poor Digesters 

(practicality) 
Slow Digesters 

Sensitivity  
& Specificity 



Automated Tuning via Flow-Injection 

Flow injection with 70/30/0.1, H2O/ACN/FA 

1 precursor ion optimized per injection (29 peptides ~ 40 injections ~ 60 minutes)  

[M+2H+]2+ 

[M+3H+]3+ 

MacLean et al., Anal. Chem., 2010, 82 (24), 10116-10124 



Automated Tuning via Flow-Injection 

[M+3H+]3+ 
 y6

+ 

[M+3H+]3+ 
 b2

+ 



Solvent Chemistry 

96 chemistries x  26 peptides = 2496 injections  



Column Screening 

ARIA™ Transcend TLX-4 

(4 × 2D-LC Systems  1 MS) 

Mobile Phase 1 Mobile Phase 2 Mobile Phase 3 Mobile Phase 4 

1 2 3 4 1 MS Detects 



Column Screening 

12 columns 

× 11 injections/column  

× 4 mobile phases/column 

 

528 injections  20 hours 1104 chromatograms 
Max 230 ms  

cycle time  



Column Screening 

Tier 1 Column Screen 
12 Columns (Multimodal ) 

4 Mobile Phase 

(ACN-FA, ACN-AA, MeOH-FA, MeOH-FA) 

528 injections 1004 Chromatograms 

Tier 2 Column Screen  
12 Columns (“Optimal” Mode) 

2 Mobile Phase 

(ACN-FA, MeOH-AA) 

72 injections  552 Chromatograms 

 

 



Preliminary Digestion Screen 

8 Trypsin Evaluation 
• 1 Bovine TPCK-treated 

• 4 “Sequencing Grade” 

• 1 LysC/Trypsin Mixture 

• 2 Immobilized 



Preliminary Digestion Screen 



Empirically Driven Peptide Attrition 

28 Peptides  
In-silico Filters 

26 Peptides  
Exclude  

Poor Flyers 

26 Peptides  
Exclude  

Poor Retainers 

8 Peptides  
Select  

“Easy Digesters” 



Digestion Recovery 

cleavable IS peptide 
Signature 

IS 

ISB 

FYQRRRFSPDDSAGASALLRSGPYMP 

RFSPDDSAGASALLRS 

FSPDDSAGASALLR 

recovery IS peptide (ISB) 

Recovery of Signature Peptide 
 

 

 

Recovery of Internal Standard Peptide 

Denature Digest 

Acid Quench 

LC-SRM 

1.35 1.45 1.55 1.65 1.75 

Retention Time (min) 

Spiked Serum  

(~200 ug/mL Tg) 

ASig 

AISB 

× [ISB] = [Sig] 

AIS 

AISB 

× [ISB] = [IS] 

1 

2 



Digestion Recovery 

Signature 

IS 

ISB 

ISB 



Additive Screening 

Additive LED TFP VIF VIL SQA GGA EFS FSP   # >85% of max 

0.25 M Urea 61.7 77.7 82.0 44.6 94.0 63.2 58.7 47.2   5 

1.0 M Urea 66.5 83.4 83.6 52.6 94.4 55.6 60.6 48.2   6 

0.25 M GnHCl 45.2 79.9 83.2 53.3 92.5 36.9 60.7 39.2   4 

1.0 M GnHCl 26.0 65.2 81.7 53.2 113.4 63.7 61.9 51.5   6 

0.0675 M Thiurea 52.2 74.8 81.9 42.8 90.5 57.5 57.1 49.0   4 

0.25 M Thiourea 66.4 82.0 80.7 55.5 94.7 54.7 64.2 48.5   6 

0.2% DOC 60.0 82.4 89.4 52.1 96.6 53.8 66.1 49.7   7 

0.8% DOC 16.7 76.4 91.9 49.4 83.1 42.0 60.6 58.2   5 

0.125% CHAPS 31.7 69.1 81.5 26.7 88.2 49.3 41.0 34.6   1 

0.5% CHAPS 69.8 76.2 76.5 50.0 89.0 47.3 56.1 46.5   3 

1.25% TFE 69.6 83.1 83.4 55.3 88.8 55.9 63.3 55.3   7 

5.0% TFE 57.3 76.3 81.3 57.8 83.4 54.6 60.5 57.8   6 

10% ACN 33.8 77.0 93.4 21.5 100.6 56.5 64.3 35.3   5 

37.5% ACN 3.0 13.0 65.9 3.9 45.3 14.4 5.3 9.1   0 

10% MeOH 1.9 7.7 53.4 1.0 35.6 5.3 3.1 6.5   0 

37.5% MeOH 16.3 64.1 80.5 40.7 58.2 30.2 44.5 26.9   1 

10% 1-PrpOH 21.1 21.1 77.7 44.7 79.9 43.0 41.6 38.3   0 

37.5% 1-PrpOH 1.0 1.0 56.8 2.3 27.3 6.1 2.1 9.3   0 

No Additive 1.3 3.1 56.2 0.6 29.6 3.1 1.8 7.7   0 

Maximum Recovered 69.8 83.4 93.4 57.8 113.4 63.7 66.1 58.2     

% Recovery @ Max 44% 53% 59% 37% 72% 41% 42% 37%     20 hrs 

4 hrs 

1 hr 

100%

95%

90%

85%

80%

70%

60%

50%

40%

30%

20%

10%

0%

% of max 

yield 

min time 

to 85% of 

max yield 

9 additives x 2 levels x 3 time points x 3 replicates = 162 injections 

Shuford et al., ASMS., 2014, Wed Poster #134 



Peptide Thermomixer REDS MARS6 Barocycler

A 73.73 13.17 12.59 42.44

B 129.70 63.98 57.68 105.40

C 138.50 92.14 65.47 124.00

D 86.97 18.26 20.51 59.90

E 168.80 82.72 71.02 146.21

F 109.32 44.36 46.21 101.74

G 119.85 23.86 28.33 55.75

H 96.46 39.23 33.89 88.77

Peptide Recovery (nmole/L)

“Enzyme Reactors” 

Peptide Thermomixer REDS MARS6 Barocycler

A 18.00 2.86 0.84 0.51

B 3.85 4.00 0.63 0.33

C 3.42 4.00 0.46 0.43

D 13.18 2.19 2.13 1.46

E 3.86 4.00 0.61 0.35

F 4.74 4.03 0.89 0.47

G 16.90 2.28 5.48 1.47

H 5.19 4.14 1.32 0.52

Digestion Time (hours)

VIL GGA EFS 

LED 

TFP 

VIF 

VIL 

SQA 

GGA 

EFS 

FSP 

LED 

TFP 

VIF 

VIL 

SQA 

GGA 

EFS 

FSP 

Shuford et al., ASMS., 2014, Wed Poster #134 

Thermomixer® 
(Heat Block) 

Rapid Enzyme Digestion System 
(Microwave Reactor) 

MARS6 
(Microwave Reactor) 

Barocyler® 
(Pressurized Reactor) 

 



Trypsin Type Comparison 

Peptide Unmod. Mod. A Mod. B Mod. C LysC Mix

A 39.11 41.81 28.35 23.23 28.52

B 71.10 70.81 71.53 71.62 68.21

C 76.64 76.22 75.72 78.28 71.84

D 50.61 48.92 45.32 42.42 47.71

E 83.99 83.85 81.65 80.89 72.65

F 51.67 51.12 56.37 55.80 40.53

G 64.21 66.19 57.12 54.59 60.81

H 50.41 48.25 46.00 44.27 35.00

Peptide Recovery (nmole/L)

Peptide Unmod. Mod. A Mod. B Mod. C LysC Mix

A 15.64 23.07 19.54 16.75 22.08

B 1.58 0.94 1.83 2.40 1.14

C 0.73 0.14 0.89 0.66 0.46

D 9.84 10.05 20.97 29.30 15.14

E 1.40 0.86 1.18 1.57 1.11

F 2.57 3.12 6.35 8.10 6.77

G 10.30 19.69 61.53 67.59 1.73

H 1.86 2.08 2.25 2.54 2.51

Digestion Time (hours)

VIL GGA EFS 

LED 

TFP 

VIF 

VIL 

SQA 

GGA 

EFS 

FSP 

LED 

TFP 

VIF 

VIL 

SQA 

GGA 

EFS 

FSP 

Shuford et al., ASMS., 2014, Wed Poster #134 

Bovine 
(TPCK-treated) 

Modified Porcine A Modified Porcine B Modified Porcine C LysC/Trypsin Mix 



Trypsin Titration (Bovine TPCK-treated) 

Peptide 1:200 1:100 1:50 1:20

A 46.02 52.94 60.09 58.22

B 69.72 67.49 69.69 69.91

C 74.27 69.91 71.13 70.93

D 61.91 55.21 55.55 59.14

E 81.01 77.92 78.07 74.30

F 51.20 44.37 43.55 40.08

G 69.02 60.87 60.07 59.00

H 48.08 50.27 52.00 50.46

Peptide Recovery (nmole/L)

Peptide 1:200 1:100 1:50 1:20

A 15.64 23.49 16.50 10.43

B 1.39 1.54 0.77 0.63

C 0.56 0.70 0.12 0.11

D 14.06 7.03 3.64 1.97

E 1.31 1.34 0.83 0.11

F 2.15 1.72 1.14 1.10

G 12.42 6.11 2.88 0.94

H 2.17 2.00 1.72 1.39

Digestion Time (hours)

LED 

TFP 

VIF 

VIL 

SQA 

GGA 

EFS 

FSP 

LED 

TFP 

VIF 

VIL 

SQA 

GGA 

EFS 

FSP 

VIL GGA EFS 

Shuford et al., ASMS., 2014, Wed Poster #134 

1:200 
(Enzyme:Subtrate) 

1:100 1:50 1:20 



Functional Sensitivity 

Neat Tg Digest 

(PBS) 

Serially Diluted with ISB Solution 
ISB 

SQA 

Evaluation with “top 3” transitions 



Functional Sensitivity 

Estimate impacted by ionization/fragmentation efficiency AND digestion efficiency 

PBS 

Serum 



After Re-optimization …. 

Denature Digest 

cleavable IS peptide 

Enrich 

Analyte 

IS 

30 min, 56 °C 

DOC/DTT 

LC-SRM 

30 min, 37 °C 

Trypsin 

2 hrs, 20 °C 

anti-FSP mAb 

FYQRRRFSPDDSAGASALLRSGPYMP 

1.35 1.45 1.55 1.65 1.75 

Retention Time (min) 

<5 hours from tube-to-instrument 

112 samples per hours (~30 seconds inject-to-inject) 

Capable >2000 patient samples per day on ONE LC-MS System 

0.2 ng/mL LLOQ 

Intra/Inter (n=20) 

CV (%) 10.5/17.2 

Bias (%) +0.4/-1.5 

200 amol on-column LLOQ 



Summary 

• Development of a front-line clinical proteomics assay is data intensive (data per unit time) 

 

• Considerations for 1) Throughput, 2) Cost, and 3) Sensitivity 

 

• Data volume is effeciently managed by Skyline 
 

• CE Tuning via flow injection – facile alternative to LC with scheduled SRM 

 

• Chemistry screening provides valuable repository of information 

 

• Critical for assay refinement/re-optimization 

 

• Efficient digestion can be fast & cheap! 

 

• Optimize all conditions as a function of time 

 

 

MacLean et al. , Bioinformatics, 2010, 26 (7), 966-968 
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