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Overview
• Hydroxyl-radical footprinting often uses (or produces) H2O2.
• Removal of the hydrogen peroxide after footprinting ensures 

that no chemical oxidation occurs during sample work-up.
• Freezing or lyophilization of apomyoglobin in the presence of 

H2O2 causes oxidation of the protein in a temperature, 
concentration and time-dependent manners.

• The oxidation does occur on solvent-exposed residues, but 
electron transfer may also occur during the incubations.

Introduction
• Chemical footprinting with OH is used to determine changes in 

protein solvent exposure as demonstrated by studies of:
– protein-protein interactions (MR Chance, Biochem, 44, 3166)

– protein-peptide interactions (KM Downard, JASMS, 16, 225)

– protein-small molecule interactions (Hambly/Gross, JASMS,16, 2057)

– protein-metal interactions (RW Vachet, Anal. Biochem., 341, 122)

– protein surface exposure (RL Hettich, Anal. Biochem., 340, 201)

• Catalase effectively removes H2O2 from solutions (MR Chance, Anal. 
Chem., 77, 3029; Hambly/Gross, JASMS, 16, 225)

• Lyophilization was proposed as alternate method to remove H2O2
by sublimation (SK Sze, Anal. Chem., 77, 5814)
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Time course of  Oxidation at - 80 oC in 100-mM H2O2
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Methods & Experimental Design

Sample Incubate

1.) Time dependence?

2. & 3.) Dose and temperature dependence?

Observed Oxidations
• To obtain solvent exposure for apo, assume a static holo structure.
• All Met, Trp and Tyr are exposed and oxidized.  
• His 81-116 are not observed as a result of chymotryptic digestion.

Conclusions
• Apomyoglobin may be properly folded in solid state as 

evidenced by the observation of oxidations identical to 
those that occur in the solution state.

• Electron transfer from oxidized residues in van der
Waals contact with Val-17, Val-68 and Phe-123 may 
explain these additional oxidations.

• Lyophilization of the protein with H2O2, or incubation at 
cold temperatures causes oxidation.

• Catalase effectively removes H2O2 from solution, 
preventing further oxidation during protein storage.
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Extent of oxidation increases with time that 
protein is stored at low temperature.

Extent of oxidation depends on dose of H2O2 
and on the temp. used for storing protein.

mass

The oxidation does not occur owing to the 
freeze/thaw cycle or at room-temperature 
incubation. It occurs during lyophilization.  Is 
the oxidation a result of heating, low vapor 
pressure of H2O2 or the ordering of protein 
and peroxide in the ice matrix? 

Interpretation
• All oxidations, except at F-123, F-138, V-17 and V-68, 

are of exposed residues; these oxidations also occur 
at RT in solution, as reported in the literature.

• The oxidations occur following either protein unfolding 
or via electron transfer from surface to buried residue.

• F-138 is in the heme pocket and this may be forced 
open by ordered water.

• F-123, V-17 and V-68 are within van der Waal’s 
contact with other oxidized residues.

His 24

Trp 14

Val 17

Protein in100-mM H2O2: (Oxidation monitored 
by ESI Q-TOF with data processing by MaxEnt as 
shown in mass spectra below)

20-µM Apomyoglobin
10-mM NaH2PO4, 
pH 7.8, 150-mM NaCl
Vary the [H2O2]

Liquid N2
> 1 min

• Vary incubation 
temperature

• Vary incubation 
length

Desalt w/
C18 trap 
column
for MS

Trypsin digestion, C18 ZipTip purification
Eksigent, Nano LC-1D, Thermo LTQ-FTMS
MS/MS correlation analysis by I. Vidavsky (ThP 392) 
& manual interpretation (software by D. Rempel)

y9 y10

y9 y10+16

Ile 21 is oxidized

Custom software visualizes correlated dta’s to pinpoint ox. peptides 

A.A. 
Type

A.A. 
# -80oC -15oC Solvent  

Exp. (Å2)  A.A. 
Type

A.A. 
# -80oC -15oC Solvent  

Exp. (Å2) 
PHE 33   6  VAL 10   0 
PHE 106 Y Y 36  VAL 13   8 
PHE 123 Y Y 9  VAL 17 Y Y 0 
PHE 138 Y Y 30*  VAL 28   0 
PHE 151 Y Y 38  VAL 67   112 
HIS 24 Y Y 12  VAL 68 Y Y 44 
HIS 36 Y Y 29  VAL 114   10 
HIS 64 Y Y 28  
HIS 119 Y Y 24  

* Previously shown to be buried in the 
hydrophobic binding pocket. 
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