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Abstract

Hydroxyl radical protein footprinting (HRPF) is an MS-based technique for analyzing protein
structure based on measuring the oxidation of amino acid side chains by hydroxyl radicals
diffusing in solution. Spatial resolution of HRPF is limited by the smallest portion of the protein
for which oxidation amounts can be accurately quantitated. Previous work has shown electron
transfer dissociation (ETD) to be the most reliable method for quantifying the amount of oxidation
of each amino acid side chain in a mixture of peptide oxidation isomers, but efficient ETD
requires high peptide charge states which limits its applicability for HRPF. Supercharging reagents
have been used to enhance peptide charge state for ETD analysis, but previous work have shown
supercharging reagents to enhance charge state differently for different peptides sequences; it is
currently unknown if different oxidation isomers will experience different charge enhancement
effects. Here, we report the effect of m-nitrobenzyl alcohol (m-NBA) on the ETD-based
quantification of peptide oxidation. The addition of m-NBA to both a defined mixture of synthetic
isomeric oxidized peptides and Robo1l protein subjected to HRPF increased the abundance of
higher charge state ions, improving our ability to perform efficient ETD of the mixture. No
differences in the reported quantitation by ETD were noted in the presence or absence of m-NBA,
indicating that all oxidation isomers were charge-enhanced to a similar extent. These results
indicate the utility of m-NBA for residue-level quantification of peptide oxidation in HRPF and
other applications.

Introduction

Protein tertiary and quaternary structure are fundamental to determining mechanisms of
protein function. Understanding the structure and function of proteins and their interactions
in macromolecular assemblies is critical to achieve an overall understanding of biological
systems. Hydroxyl radical protein footprinting (HRPF) is a relatively recent covalent
labeling approach coupled with mass spectrometry, and has been developed over the last
decade to a powerful method for analyzing protein structure and dynamics. HRPF has
several advantages that recommend it for the analysis of protein structure, particularly for
difficult systems such as large, heterogeneous protein complexes, membrane proteins, and
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flexible protein systems [1-3]. HRPF takes advantage of the fact that the rate of oxidation of
each amino acid varies directly with the solvent accessibility of that amino acid [4, 5]. This
relationship allows for changes in protein structure to be monitored by monitoring the
apparent rate of oxidation of a particular amino acid side chain [6, 7].

Initial uses of HRPF were limited in spatial resolution to the size of a proteolytic peptide, as
the amount of oxidation of any individual amino acid within the peptide could not be
accurately quantified by CID [8-10]. As sub-microsecond HRPF technologies such as Fast
Photochemical Oxidation of Proteins (FPOP) [3] and pulsed electron beam radiolysis [11]
began to allow for heavier oxidation of proteins, the need to quantitate isomeric peptide
oxidation products became even more pronounced. Reports from Gross and coworkers have
used UPLC to separate isomeric peptide products and quantify based on peak area in a
selected ion chromatogram [12]; however, the only attempt to use UPLC separation coupled
with peak area quantification using known oxidized peptide standards found this method to
be inaccurate in some cases, while electron transfer dissociation (ETD) provided an accurate
and reliable quantification of oxidation at the residue level for isomeric mixtures [13].

While ETD gave reliable results for residue-level quantification of oxidation, ETD is widely
known for having poor fragmentation efficiency for doubly-charged peptides, which are
commonly observed for tryptic digestion products. This poor fragmentation efficiency limits
both the sensitivity of ETD-based quantification as well as the spatial resolution of HRPF
information, as cleavage of each peptide bond in the peptide is required for true residue-
level resolution. One approach to improve ETD fragmentation is based on addition of
supercharging reagent into electrospray solution to increase the charge state of tryptic
peptide ions [14, 15]. As the ability to quantify oxidation by ETD depends upon the ability
of mNBA to equally alter the charge state of each oxidation isomer of a given peptide
sequence, as well as the ETD fragmentation process remaining transparent to the site of
oxidation in the presence of m-NBA, the applicability of supercharging to ETD-based HRPF
remains in question. In this study, we test the effect of the charge-enhancing reagent m-NBA
on the ability to accurately quantify the amount of oxidation on each amino acid by ETD, as
well as the ability of m-NBA to positively impact actual HRPF studies of an oxidized
protein.

Experimental

m-Nitrobenzyl alcohol (m-NBA), catalase, formic acid and L-glutamine was purchased from
the Sigma-Aldrich Corporation (St. Louis, MO). Hydrogen peroxide (30%) was obtained
from J.T. Baker (Phillipsburg, NJ). Dithiothreitol (DTT) and HPLC-grade acetonitrile
(ACN) were purchased from Fisher Scientific (Fair Lawn, NJ). Methionine amide was
purchased from Bachem (Torrace, CA). Sequencing-grade modified trypsin was purchased
from Promega Corporation (Madison, WI, USA). All reagents were used as provided.
Purified water (18 M) was obtained from an in-house Milli-Q Synthesis system (Millipore,
Billerica, MA). Peptide oxidation analog standards of the peptides RPMFAIWK and
MLLPSGSLFFLR were synthesized and purified as previously described [13], and detailed
in Supplementary Information. Robol Ig1-2 protein was a gift from Prof. Kelley Moremen
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(University of Georgia) and expressed and purified as described in Supplementary
Information.

The working stock solutions of the four synthetic peptides were prepared in 50% ACN or in
50% ACN containing 0.1% m-NBA. The working solutions with or without m-NBA were
mixed in 1:1:1:1 volume ratios, respectively. The final molar concentration for each peptide
in the mixture is 2 uM. HRPF and tryptic digestion of Robol Ig1-2 was performed using
FPOP as described previously [16, 17] and summarized in Supplementary Information.
Mass spectral analyses were performed as detailed in Supplementary Information.

The fragment ion intensities from ETD and/or CID are used for the calculation of oxidation
rate at specific residue site using a similar approach reported previously [13, 18]. The actual
fractional oxidation of a given sequence ion is defined as the ratio between the oxidized
sequence ion intensity to the sum of the intensity of the corresponding oxidized and
unoxidized sequence ion. This is shown in Equation 1:

I(ci ) ozidized
oxidized+I(ci ) unozidized

f(c’i)actual: I(Ci) (1)

where f (Cj)actual denotes the fractional oxidation of c-ion i. 1(c;) denotes the intensity of the
c ion i, whether the oxidized and unoxidized form.
The relative oxidation rate for a specific residue i is calculated as the difference between the

fractional oxidation of adjacent residues. This is shown in Equation 2:

ozidation rate/residue;=F(¢:) gorwar — F(Cim1) getual )

Results and Discussion

Effect of 0.1% m-NBA on relative quantitation of synthetic peptide isomers by ETD and CID

The effect of different concentrations of m-NBA on the charge states of the oxidized peptide
RPMFA*IWK (where the alanine is oxidized) is shown in Table S1. The absolute intensity
of the triply-charged ion stopped increasing appreciably above a concentration of 0.1% m-
NBA, which was used in the following studies. A representative ESI mass spectra of the
peptide RPMFA*IWK with 0% and 0.1% m-NBA is shown in Figure S1, where it can be
seen that 0.1% m-NBA did not appreciably add to the background of the spectrum. Mobile
phase containing 0.1% m-NBA was not found to have a negative effect on either the
chromatographic peak ion intensity or the peak shape of peptide RPMFA*IWK in LC-MS
(data not shown).

In order for m-NBA to be useful for ETD-based high resolution HRPF, it is necessary that
both the supercharging effect and the subsequent ETD fragmentation of the peptide be
uninfluenced by the position of the site of oxidation in a mixture of isomers. Therefore, the
effect of 0.1% m-NBA on the relative quantification of oxidation isomers was evaluated by
direct infusion of a mixture of peptide oxidation isomers of either the peptide RPMFAIWK
or MLLPSGSLFFLR, the Robol tryptic peptide 64-75, present at an equimolar ratio in 50%
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ACN solutions containing 0% and 0.1% m-NBA. The amount of oxidation at each specific
residue site was determined based on the CID and ETD fragment ion intensity at different
charge states and calculated by Equations 1 and 2. The measured average oxidation
percentages from triplicate samples based on product ions from ETD are plotted against the
theoretical percentages oxidized in the mixture (Figure 1). The percentage of oxidation in
the mixture calculated based on abundance of the c-type and z-type product ion fragmented
by ETD with and without m-NBA correlates very well to the theoretical values for both
peptide oxidation isomer series, indicating m-NBA has no effects on ETD-based
quantification of oxidation isomers with multiple oxidation sites at adjacent sites. For
comparison, the same analysis for CID ion from these samples is shown in Figure S2. As
reported previously [13], the precursor charge state and oxidized side chain identity plays a
major role in CID quantification, with CID-based quantification remaining unreliable.
UPLC analysis was previously shown to be unable to quantitate the RPMFAIWK
methionine oxidation isomer [13], and was unable to separate the oxidized methionine and
oxidized proline isomers in the MLLPSGSLFFLR peptide after gradient optimization,
preventing quantification by UPLC (data not shown).

Application of m-NBA in protein structural characterization by HRPF

The effect of m-NBA on ETD-based analysis of Robol subjected to HRPF was also studied.
As shown in Table 1, addition of 0.1% m-NBA in mobile phase increases the relative
abundance of the +3 and higher charge states for all unoxidized peptides measured (64-75
was only detected in the oxidized state after HRPF). m-NBA was found to increase the
abundance of the higher charge states not only for the unoxidized peptides, but also for the
oxidized products. The practical effect of the increased charge states of the oxidized
peptides in the presence of 0.1%m-NBA in high resolution HRPF can be easily observed by
comparing the ETD MS/MS spectrum of the highest charge state precursor detected for the
oxidation product of peptide 194-205, shown in Supplementary Information Figure S3. In
the absence of m-NBA, no +3 charge state precursor for the oxidized peptide was detected;
the resulting ETD fragmentation of the +2 charge precursor resulted in poor ETD-based
sequence coverage and lower signal-to-noise ratios. Upon addition of m-NBA, a sufficient
abundance of the +3 charge state precursor ion could be detected for ETD fragmentation,
and the resulting spectrum yielded many more product ions and superior signal-to-noise
ratios.

To ensure that the measured amount of oxidation observed from the sample analyzed in the
presence of m-NBA yielded identical quantification results as the sample analyzed without
m-NBA, we compared the +3 charge states of the +16 oxidation products of other peptides
from Robol. A representative MS/MS spectra of oxidized peptide 140-149 are shown in
Supplementary Information, Figure S4. An obvious increase of the intensity of the triply-
charged ion of this oxidized peptide was found in 0.1% m-NBA sample compared to 0% m-
NBA (data not shown). In both the sample with 0% m-NBA and with 0.1% m-NBA, the
ETD spectra of the oxidized peptide 140-GHPEPTISWK-149, [M+O+3H]3* reveals no
oxidation of the ¢3-c7 ions, and both oxidized and unoxidized ¢8 and c9 product ions,
indicating residue S, W and K were oxidized in this mixture by HRPF. Furthermore, the
quantification of oxidation extent based on ETD fragmentation intensity clearly indicates
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that residue S, W and K were oxidized 14%, 59%, 27% respectively in the sample with 0%
m-NBA. In the sample with 0.1% m-NBA, 18% of S, 52% of W and 30% of K were
oxidized, indicating that 0.1% m-NBA has no substantial effect on quantitating site-specific
oxidation in HRPF samples. Similar consistency in the measured oxidation amounts were
found for other oxidized peptides of Robol in the presence and absence of 0.1% m-NBA
(data not shown).

Conclusion

In this work, we have demonstrated the ability of m-NBA in increasing charge state
distribution and thus improve sequence coverage of ETD spectra without affecting the ETD-
based quantification of site-specific oxidation. Both synthetic peptide mixtures and actual
tryptic peptides from an HRPF experiment of Robol gave a robust increase in the
abundance of higher charge states without negatively impacting the ETD-based
quantification, indicating the oxidation isomers all have their charge states affected similarly
by m-NBA. These results indicate that the use of m-NBA is a workable method for
increasing sequence coverage and spatial resolution in HRPF quantification as well as
quantification of protein oxidation in general by ETD-based LC-MS/MS.
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Figure 1.

Comparison of theoretical and experimental quantification of equimolar mixtures of four
oxidation isomers of the peptide RPMFAIWK based and three oxidation isomers of the
peptide MLLPSGSLFFLR on product ion intensities by ETD of triply-charged ions in the
presence of 0% or 0.1% m-NBA. The line represents the ideal 1:1 relationship between
theoretical and measured oxidation. Error bars represent one standard deviation from a
triplicate dataset.
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