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Hydroxyl radical footprinting is a technique for studying protein structure and binding that
entails oxidizing a protein system of interest with diffusing hydroxyl radicals, and then
measuring the amount of oxidation of each amino acid. One important issue in hydroxyl
radical footprinting is limiting amino acid oxidation by secondary oxidants to prevent
uncontrolled oxidation, which can cause amino acids to appear more solvent accessible than
they really are. Previous work suggested that hydrogen peroxide was the major secondary
oxidant of concern in hydroxyl radical footprinting experiments; however, even after elimina-
tion of all hydrogen peroxide, some secondary oxidation was still detected. Evidence is presented
for the formation of peptidyl hydroperoxides as the most abundant product upon oxidation of
aliphatic amino acids. Both reverse phase liquid chromatography and catalase treatment were
shown to be ineffective at eliminating peptidyl hydroperoxides. The ability of these peptidyl
hydroperoxides to directly oxidize methionine is demonstrated, suggesting the value of methio-
nine amide as an in situ protectant. Hydroxyl radical footprinting protocols require the use of an
organic sulfide or similar peroxide scavenger in addition to removal of hydrogen peroxide to
successfully eradicate all secondary oxidizing species and prevent uncontrolled oxidation of
sulfur-containing residues. (J Am Soc Mass Spectrom 2009, 20, 1123–1126) © 2009 Published by
Elsevier Inc. on behalf of American Society for Mass Spectrometry

In the last decade, hydroxyl radical footprinting hasproven to be a useful method for analyzing macro-
molecular structure, ligand binding, and conforma-

tional changes [1, 2]. Hydroxyl radical footprinting
takes advantage of the fact that the rate of oxidation of
each amino acid correlates directly with the solvent
accessibility of that amino acid; as the solvent accessi-
bility increases or decreases, the rate of oxidation of that
amino acid will increase or decrease in a corresponding
manner [3, 4]. Hydroxyl radicals have proven to be a
relatively high-resolution footprinting reagent, and
have been used to study the configuration of DNA,
RNA, and proteins [1, 2]. The sites of oxidation and
rates of oxidation at each site are determined by tandem
mass spectrometry [5].
Hydroxyl radicals can be efficiently generated in situ

by many methods, all of which use hydrogen peroxide
as a precursor oxidant (e.g., Fenton chemistry, UV
photolysis of peroxide) and/or produce hydrogen
peroxide as a product (e.g., X-ray radiolysis, electro-
chemistry, � radiolysis) [1]. After formation, hydroxyl
radicals self-quench in solution by recombination to
form H2O2, and oxidation of amino acid side chains

may also produce H2O2 as a side product [6]. Buffer
exchange [7] and protein precipitation [8] to remove
the hydrogen peroxide have been reported as strate-
gies to eliminate uncontrolled secondary oxidation.
Addition of catalase or methionine amide was found
to eliminate much, but not all, of the uncontrolled
oxidation in model systems [9].
Previous work has shown that peptidyl hydroperox-

ides (ROOH) are major products of oxidation of ali-
phatic amino acids [10]. Aliphatic amino acids are
useful targets for radiolytic footprinting, but whereas
previous studies using peptides found significant
amounts of peptidyl hydroperoxides (detected as a
mass shift of 32 Da in the mass spectrum) [11, 12], they
have not been identified in any of the hydroxyl radical
protein footprinting results reported [13]. It was previ-
ously suggested that peptidyl hydroperoxides were
inherently unstable, and thus did not survive the post-
oxidation processing and mass spectrometry [9]; how-
ever, studies of leucine oxidation indicated that the
peptidyl hydroperoxide was sufficiently stable to ana-
lyze by mass spectrometry [11]. This is of significant
concern, as peptidyl hydroperoxides are capable of
two-electron oxidation of sulfur-containing amino
acids, which could cause such amino acids to be oxi-
dized in an uncontrolled manner during processing.
Additionally, catalase is relatively ineffective at elimi-
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nating mixed hydroperoxides [14], and strategies based
on removing diffusing secondary oxidants would be
ineffective at removing protein-bound secondary oxi-
dants like peptidyl hydroperoxides. Therefore, if stan-
dard hydroxyl radical footprinting methodologies do
generate substantial amounts of peptidyl hydroperox-
ides, catalase treatment and buffer exchange by itself is
insufficient. In this report, we study the major oxidation
products of various aliphatic amino acids to determine
if peptidyl hydroperoxides are a major oxidation product,
and the ability of peptidyl hydroperoxides to directly
oxidize methionine is measured.

Experimental

Materials

Fmoc-Val-OH, Fmoc-Leu-OH, Fmoc-Pro-OH, Fmoc-Ile-
OH, and Fmoc-Gly-NovaSyn TGT were purchased
from Novabiochem/EMD Biosciences (Gibbstown, NJ).
Fmoc-L-Phe-OH and Fmoc-Gly-OH were purchased
from Applied Biosystems (Foster City, CA). Coupling
reagent 1-H-benzotriazolium-1-[bis(dimethyl-amino)
methylene]-5-chloro-hexafluorophosphate (1-),3-oxide
(HCTU) and additive 1-hydroxybenzotriazole anhy-
drous (HOBt) were purchased from Peptides Interna-
tional (Louisville, KY). N,N=-diisopropylethylamine
(DIEA), N,N=-dimethylformamide (DMF), trifluoroace-
tic acid (TFA), dichloromethane (CH2Cl2), methanol,
and bovine catalase were purchased from Sigma-
Aldrich (St. Louis, MO). Toluene was purchased from
VWR International (West Chester, PA). Hydrogen per-
oxide was purchased from J. T. Baker (Phillipsburg, NJ).
Methionine amide was purchased from Bachem Cali-
fornia Inc. (Torrance, CA). Ultrapure water (18 M�)
was prepared in-house with a Millipore Mill-Q water
purification system (Millipore, Bedford, MA).

Tripeptide Synthesis

Tripeptides Gly-Ile-Gly (GIG), Gly-Leu-Gly (GLG), Gly-
Pro-Gly (GPG), Gly-Val-Gly (GVG), and Gly-Phe-Gly
(GFG) were synthesized following a protocol similar to
earlier work [15, 16]. 100 mg TGT resin was placed in a
glass vessel (8.5 mL) containing a porous glass frit for
manual synthesis. Fmoc removal was achieved with
piperidine:-DMF (1:4) for 20 min, followed by 2-h
couplings of corresponding amino acid derivatives (4
equivalents), which were mediated by HCTU (4 eq)/
HOBt (4 eq)/DIEA (5 eq) in DMF (2 mL) at 25 °C.
Washings between reactions were carried out with
DMF and CH2Cl2, then DMF again, and no intermedi-
ate capping steps were done. After chain assembly was
completed and the N-terminal Fmoc group removed,
the resin was washed with DMF and CH2Cl2 and
dried in a desiccator overnight. The tripeptide resin
was then treated with TFA/H2O (50/50) for 2 h and
washed to recover peptides, which were used directly
following lyophilization.

Sample Preparation, Irradiation, and Analysis
of Peptides

Peptide solutions were prepared at 90 �M in a solution
of 147 mM hydrogen peroxide (H2O2). The peptides
were oxidized by hydroxyl radicals, using fast photo-
oxidation of proteins (FPOP) to generate these radicals
[17, 18]. A one-syringe flow system was used with a
capillary i.d. of 97 �m and flow rate of 17.7 �L/min.
The flowing mixture was illuminated with UV light
from one pulse of a KrF excimer laser (GAM Laser, Inc.,
Orlando, FL) at an average laser power of 60 mJ/pulse
as previously described [17, 18]. Under these condi-
tions, each fraction of sample was irradiated only once,
with �15% of the total sample volume remaining unirra-
diated to prevent overlapping irradiations. All samples
were purified by HPLC (Agilent Technologies 1200 series,
Santa Clara, CA) using a C18 analytical column to remove
all diffusing secondary oxidants. The post-LC samples
were examined via direct infusion by nanoelectrospray
using a Q-TOF 2 mass spectrometer (Waters, Milford,
MA) with a capillary voltage of 3.8 kV, cone voltage of 20
V, and flow rate of 0.4 �L/min. Catalase was added to 20
�L of a 90 �M solution of each oxidized peptide after
purification by HPLC to a final concentration of 50 nM
catalase tetramer. The mixture was incubated for 24 h at
room temperature and analyzed by MS. Methionine
amide (Me-NH2) was added to 20 �L of a 90 �M solution
of each oxidized tripeptide after purification by HPLC to
a final concentration of 1.45 mM and allowed to incubate
24 h at room temperature.

Results and Discussion

A series of tripeptides were generated for these studies,
four aliphatic and one aromatic. These tripeptides were
made as Gly-X-Gly, as glycine is the most unreactive
amino acid.

MS Analysis of Oxidation Products

The hydroxyl and carbonyl products are prominent in
the mass spectra of the oxidized aliphatic GXG solu-
tions, as exemplified by GIG in Figure 1a. The most
abundant oxidation product is M � 32, which could be
indicative of either a peptidyl hydroperoxide or a
dialcohol. This is in sharp contrast to previous reports
indicating that the M� 16 product is the most abundant
[12], but agrees with previous results of leucine oxida-
tion [11]. HPLC separation had no apparent effect on
the relative abundance of the oxidized products, indi-
cating that the oxidation is not a result of electrospray-
induced activation of hydrogen peroxide. The results of
catalase and methionine amide treatment on the M� 32
oxidation products of the various GXG peptides are
shown in Table 1. After incubating the HPLC-purified
GXG with 50 nM catalase tetramer for 24 h, very little
conversion of M � 32 to M � 16 was observed (Figure
1b). Upon an addition of 1.45 mM methionine amide to
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the oxidized solution, the MS revealed a marked but
incomplete conversion of M � 32 to M � 16 (Figure 1c).
When methionine amide and catalase were added to-
gether to the oxidized solution, the conversion of M �
32 to M � 16 was very similar to that of methionine
amide alone, with no additive effect observed (data not
shown).
The main area of concern regarding peptidyl hy-

droperoxides in hydroxyl radical footprinting is the
potential that the peptidyl hydroperoxides can directly
oxidize the sulfur-containing residues. To determine if
this is an issue, we measured the amount of oxidation of
methionine amide with an unoxidized peptide and with
an oxidized peptide. The results show that peptidyl
peroxides do oxidize methionine to the methionine
sulfoxide (Figure 2a). This suggests that the observed
M � 32 product is indicative of a mixture of peptidyl
hydroperoxides, which act as oxidants to modify the
methionine amide to the sulfoxide, and peptidyl dial-
cohols, which are unreactive to the methionine amide.

The slight conversion of the M � 32 product to M � 16
by catalase is probably due to oxidation of sulfur-
containing residues in the catalase tetramer by the
peptidyl hydroperoxide, and/or the peptidyl hydroper-
oxide acting as a suicide substrate, inactivating the
catalase in the process [19].
The initiating reaction in aliphatic residues is the

abstraction of a hydrogen from the side chain [20, 21],
resulting in a peptidyl radical. This radical rapidly
scavenges oxygen, forming a peptidyl peroxyl radical
that can undergo competing reactions to form carbon-
yls, alcohols, and peptidyl peroxides [6, 10]. In all four
aliphatic peptides, the hydroxyl and carbonyl products
were present, however the M � 32 oxidation peak was
consistently found in much greater abundance than the
other oxidation products, and the incomplete reactivi-
ties of the M � 32 products with methionine amide
support assignment as peptidyl hydroperoxides with
small amounts of isomeric dialcohols. MS/MS data of
the M � 32 product of oxidized GVG purified by HPLC
show a loss of 18 Da (water) and a loss of 34 Da
(hydrogen peroxide) [11] (see Supplemental Data,
which can be found in the electronic version of this
article), while MS/MS of the M� 16 product show only
a loss of 18 Da (data not shown). MS/MS data of the M�
32 product of oxidized GVG after incubation with
methionine amide show a loss of 18 Da but no loss of 34
Da (see Supplemental Data), indicating that the M � 32
product after incubation consists of dialcohols and not
peptidyl hydroperoxides. These data confirm that the
M � 32 products of the aliphatic residues before incuba-
tion with methionine amide are mainly comprised of
peptidyl hydroperoxides, which serve to oxidize the
organic sulfide of methionine amide, converting the
peptidyl hydroperoxide to the corresponding alcohols.
The oxidation products of the aromatic peptide GFG

were also investigated. The M � 32 product was less
abundant than the M � 16 product in the oxidized
sample, unlike in the aliphatic peptides. Addition of
methionine amide did result in some conversion of the

Figure 1. Mass spectra of GIG (a) oxidized by FPOP and purified
by HPLC, (b) oxidized by FPOP, purified by HPLC, and incubated
with 50 nM catalase for 24 h, (c) oxidized by FPOP, purified by
HPLC, and incubated with 1.45 mM methionine amide 24 h.

Table 1. Average ratio of oxidation products

Peptide sequence Avg �32/�16

GIG ox 1.6988 � 0.07
GIG ox�cat 1.5348 � 0.1
GIG ox�met 0.5115 � 0.04
GLG ox 1.0743 � 0.1
GLG ox�cat 0.9734 � 0.4
GLG ox�met 0.4255 � 0.05
GPG ox 1.2801 � 0.1
GPG ox�cat 1.4359 � 0.05
GPG ox�met 0.3023 � 0.01
GVG ox 0.8468 � 0.008
GVG ox�cat 0.5792 � 0.01
GVG ox�met 0.0948 � 0.01
GFG ox 0.5743 � 0.02
GFG ox�cat 0.5402 � 0.05
GFG ox�met 0.2652 � 0.008

Figure 2. (a) Unoxidized GVG incubated with 1.45 mM methio-
nine amide for 24 h. (b) Oxidized GVG incubated with 1.45 mM
methionine amide for 24 h.
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M � 32 product to the M � 16 product (Table 1),
although the results were not as drastic. Details of the
investigation of the GFG oxidation products are given
in online supplemental data.

Conclusion

Our studies have found that peptidyl hydroperoxides
are major oxidation products of aliphatic amino acids
and are capable of oxidizing sulfur-containing amino
acids. Removal of these secondary oxidants is neces-
sary to prevent secondary oxidation of the other
amino acid residues, especially during the enzymatic
digestion process that follows hydroxyl radical label-
ing in most experiments. Our results suggest that
peptidyl hydroperoxide-mediated oxidation can be
suppressed in hydroxyl radical footprinting experi-
ments of proteins and peptides with sulfur-containing
residues via competitive scavenging by methionine
amide. Alternative approaches using catalase and HPLC
separation are shown to be ineffective at removing
these peptide-based secondary oxidants, allowing sec-
ondary oxidation of methionine. Future hydroxyl radi-
cal footprinting protocols should include the use of
methionine amide or a related peroxide scavenger in
addition to other quenching strategies to eliminate the
contribution of peptidyl hydroperoxides and related
secondary oxidants from uncontrolled oxidation of
sulfur-containing residues.
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