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INTRODUCTION 

• The reversible phosphorylation of serine, threonine and tyrosine, is one of the most abundant and significant post-translational modifications involved in a 
variety of cellular functions.  Identification of phosphorylation sites by mass spectrometry is challenging due to the low abundance of phosphopeptides and 
their low ionization efficiency.  Therefore, it is critical to enrich the phosphopeptides prior to MS analysis. 

 
• One of the most commonly used enrichment techniques is immobilized metal affinity chromatography (IMAC).  With this approach the phosphorylated 

peptides are enriched by the selective chelation with metals, such as Fe3+.  With these methods, optimal enrichment and recovery depends largely on the type 
of metal ion used, packing material, and the loading/elution procedures.  Recently, Titanium oxide (TiO2) has been used as an alternative to IMAC (1).   

 
• IMAC sorbents, along with TiO2 sorbent, were evaluated for phosphopeptide affinity extraction in terms of selectivity and recovery, optimizing various 

loading and elution solutions using a standard sample containing synthetic phosphopeptides.  All three types of phosphorylated amino acids, such as 
phosphoserine, phosphothreonine and phosphotyrosine are represented in the sample.  The synthetic phosphopeptides are spiked into an enolase tryptic 
digest in various ratios.  All sorbents in this study were packed in a 96-well  micro Elution plate.  Selectivity was evaluated using LC/MS. 
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           METHODS 
Phosphopeptide Samples 
 
Four synthetic phosphopeptides derived from enolase peptides 
(Waters Part# 186003285) were mixed with Enolase tryptic peptides 
(Waters Part #186002325) in a 1:1 and 1: 50 molar ratio. The mixture  
was prepared in various loading solution for IMAC or TiO2 SPE protocol. 
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RESULTS 
 
 

 

CONCLUSION 
TiO2 and IMAC were compared in terms of selectivity and recovery for 
phosphopeptide enrichment using a standard Enolase peptide/
Phosphopeptide mixture. 
 
• This standard mixture sample allowed us to perform unbiased comparison 
  of different phosphopeptide enrichment devices.  
 
• The SPE protocol for TiO2 involves less steps than IMAC since metal 
  chelation is not required. 
  
• For TiO2: 

The highest recovery from these loading conditions is with the 0.1 
TFA  in high organic. 
 
 Loading samples mixed with an unique reagent, Enhancer™, onto 
 TiO2 SPE improves the phosphopeptide selectivity significantly. 
 
 Additives, such as detergents and salts, at low levels do not alter 
 the mechanism of action for TiO2, unlike IMAC, and can 
 additionally be used as a sample clean-up device. 

Phosphopeptide 
Description Sequence [M+H]+ [M+2H]2+ 

T18_1P NVPL(pY)K 813.39 407.20 

T19_1p HLADL(pS)K 863.40 432.21 

T43_1p VNQIG(pT)LSESIK 1368.68 684.84 

T43_2P VNQIGTL(pS)E(pS)IK 1448.64 724.83 

 

A 96 well  
micro Elution 
plate packed 
with 2.5 mg  
TiO2 sorbent 

Phosphopeptide Enrichment Protocols 
 
IMAC protocol 
• Sample loading condition: 100 µl in 25% MeCN  in 1% Acetic Acid 
• Washing condition: 200 µl of 25% MeCN  in 1% Acetic Acid  
• Elution: 50 µl of 0.3N Ammonium Hydroxide 
• IMAC sorbent amount used: 2.5 mg Poros MC, 50 µl NTA-Ni agarose gel 
• Metal chelation: Fe (III) 
TiO2 protocol  
• Sample loading conditions: 100 µl in 0.1% TFA in 80% MeCN or  
     in 200 mg/ml of Enhancer™ solubilized in 0.1% TFA with 80% MeCN.  
• Washing condition: 200 µl of 0.1% TFA in 80% MeCN and 200 µl of 0.1% TFA 
     in Milli-Q water 
• Elution: 50 µl of 0.3N Ammonium Hydroxide  
 
 
Instrumentation 
• Waters Separation Module 2795 and Waters Micromass ZQ 
• Waters NanoACQUITY UPLC (with 75 µm NanoACQUITY column) 
• Waters Q-TOF API US 
• Waters MALDI micro MX  
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Functional Mechanism 
 
Phosphorylated amino acids (S, Y, T) selectively bind to the  
affinity sorbent.  Peptides with acidic acid residues (D, E) also 
have some secondary degree of affinity to both the sorbents. 
 
To improve the selectivity of TiO2  towards phosphopeptides, a 
displacing reagent, EnhancerTM, was applied during the loading 
step. This reagent saturates the -COOH binding sites on TiO2, 
hence, improving the selectivity of phosphopeptides.  

• Recovery Comparison 

• Enriching Alpha casein (S1, S2) Phosphopeptides  

• TiO2 is tolerable towards contaminants such as 
detergents 
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Figure 4. TiO2 sorbent is also tolerable to low amount of detergents and salts in the 
sample. See the above chromatograms. Enolase peptides were mixed with the 4 
synthetic phosphopeptides in 50:1 molar ratio solubilized in 0.01% detergent, 
RapiGest SF. A) IMAC (NTA-Fe) shows that detergent, RapiGest was retained on the 
sorbent along with the peptides, the selectivity is altered significantly. Without 
removing the detergent, the peaks in the LC/MS chromatogram are smeared 
significantly. B) The detergent was not retained on TiO2 during the sample 
processing. Hence, the TiO2 performance does not suffer.  

Figure 2. A mixture of enolase tryptic peptides with 4 synthetic phosphopeptides in a 50:1 molar ratio was used to compare 
the phosphopeptide selectivity between TiO2 and IMAC. LC/MS analysis of the elution from TiO2 and IMAC is shown.  The  
first chromatogram is the LC/MS of the control sample followed by the TiO2 method using Enhancer solution in the loading 
step. The last two chromatograms are the two IMAC materials with Poros MC and NTA both chelated with Fe (III). TiO2 with 
Enhancer in the loading step offers better selectivity than IMAC. 
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Figure 3. The left panel is the LC/MS data 
of TiO2 enrichment of alpha-casein 
phosphopeptides (Enhancer is used). The 
right panel shows the MALDI-TOF analysis 
of the sample analyzed using MALDI-TOF 
MS (positive, negative ion mode).  All 
phosphopeptides, except T3 (S2), were 
identified using both MS instrumentation 
modes. 

Figure 1. Enolase peptides mixed with 4 synthetic phosphopeptides (see method section) in a 1:1 molar ratio were used to 
compare the recovery of TiO2 vs. IMAC. The recovery yield of the 4 Phosphopeptides from the elution is listed for both TiO2 
and IMAC sorbent. LC/MS was used to obtain the recovery for each phosphopeptide. The best recovery was observed for 
TiO2 with 0.1% TFA loading condition and the IMAC (NTA-Fe III). Significant loss of T43_1P was observed for TiO2 (with 
enhancer loading condition) and IMAC Poros MC.  
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• Selectivity Comparison 
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