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ARTICLE

Surendar Tadi and Joshua S. Sharp*

Top-Down ETD-MS Provides Unreliable Quantitation of Methionine Oxidation

Department of Biomolecular Sciences, University of Mississippi, Oxford, Mississippi, 38677, USA

Methionine oxidation plays a critical role in many processes of biologic and biomedical importance, including
cellular redox responses and stability of protein pharmaceuticals. Bottom-up methods for analysis of methionine
oxidation can suffer from incomplete sequence coverage, as well as an inability to readily detect correlated
oxidation between 2 or more methionines. However, the methodology for quantifying protein oxidation in top-
down analyses is lacking. Previous work has shown that electron transfer dissociation (ETD)-based tandem mass
spectrometry (MS/MS) fragmentation offers accurate and precise quantification of amino acid oxidation in
peptides, even in complex samples. However, the ability of ETD-based MS/MS fragmentation to accurately
quantify amino acid oxidation of proteins in a top-down manner has not been reported. Using apomyoglobin and
calmodulin as model proteins, we partially converted methionines into methionine sulfoxide by incubation in
H,O,. Using top-down ETD-based fragmentation, we quantified the amount of oxidation of various ETD product
ions and compared the quantified values with those from traditional bottom-up analysis. We find that overall
quantification of methionine oxidation by top-down MS/MS ranges from good agreement with traditional
bottom-up methods to vast differences between the 2 techniques, including missing oxidized product ions and
large differences in measured oxidation quantities. Care must be taken in transitioning ETD-based quantitation of

oxidation from the peptide level to the intact protein level.

Key Worps: proteomics, post-translational modification, hydroxyl radical protein footprinting

INTRODUCTION

Proteins are sensitive to oxidative damage, which can lead to
disturbances in cellular and tissue homeostasis. Protein
oxidation is also known as a contributory factor in numerous
diseases." The sulfur-containing amino acids cysteine and
methionine are most susceptible to the reactive oxygen
species commonly generated in biologic systems.” Among
them, methionine (Met) residues play important roles as
antioxidant defense and regulation of cellular function via
reversible oxidation and reduction.”™ In the presence of
reactive oxygen species, Met readily forms methionine
sulfoxide (MetSO) by addition of oxygen to its sulfur'’; the
conversion of MetSO to methionine sulfone is much slower.
In last few decades proteins and peptides have become
important therapeutic agents for various diseases.'' How-
ever, the rise of biopharmaceuticals has brought a new need
for accurate measurement of protein modifications, in-
cluding oxidation, because the chemical stability of proteins
is important in development and storage.'> Oxidation,
particularly of Met, can lead to changes in secondary,
tertiary, and quaternary structure.'® ' Similarly, oxidation
of methionine is a known major degradation pathway of
purified proteins and is of major biomedical and economic
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importance in the development of protein pharmaceuti-
cals such as monoclonal antibodies. Methionine oxidation
occurs in pharmaceutical protein formulations during
processing and storage and can be induced by presence
of transition metal ions, contaminating oxidants, pH,
temperature, buffer composition, and light. Accurate
quantification of MetSO is challenging,15 * 16 and standard
bottom-up methods are unable to detect correlated
oxidation between Met residues. Correlation in methionine
oxidation is crucial because it helps indicate mechanisms of
oxidation-induced conformational change."” Our group has
previously shown that electron transfer dissociation (ETD)
fragmentation is able to quantify oxidation of various amino
acids, including methionine oxidation, in a peptide context
based on the ratio of oxidized vs. unoxidized product ion
abundance; the oxidation event does not alter the ETD
fragmentation pathway.'® '> However, this measurement
has only been made in peptides. ETD fragmentation of
proteins can be influenced by other factors, including
structural features.”® It is unknown if quantification of
amino acid oxidation by ETD product ion abundance
within an intact protein will be accurate. In the present
study, we investigate the accuracy and precision of top-
down ETD tandem mass spectrometry (MS/MS) to
quantify MetSO formation, regarded to be the most labile
common protein oxidation product in the gas phase.”" **
To test the accuracy and precision of top-down ETD MS/
MS for quantitation of MetSO formation, we examined
the incomplete oxidation of myoglobin and calmodulin by
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hydrogen peroxide. Myoglobin contains 2 methionines: one
closer to the N terminus and one closer to the C terminus.
Calmodulin is a much more complex model system, with 9
methionines. By comparing the quantitation of oxidation of
those methionines by both traditional bottom-up methods
and top-down fragmentation using ETD, we test the
accuracy of both ¢- and z-ion series for measurement of
protein oxidation products.

EXPERIMENTAL SECTION
Materials and methods

Apomyoglobin from equine skeletal muscle, calmodulin
from bovine testes, formic acid, propylene carbonate and
ammonium bicarbonate were purchased from Millipore-
Sigma (Burlington, MA, USA). Thirty percent hydrogen
peroxide was purchased from J. T. Baker (Thermo Fisher
Scientific, Waltham, MA, USA). Liquid chromatography
(LC)-mass spectrometry (MS) grade acetonitrile (ACN)
and water were purchased from Thermo Fisher Scientific.
DTT was purchased from Soltech Ventures (Beverly, MA,
USA). Sequencing-grade modified trypsin was purchased
from Promega (Madison, W1, USA).

Sample preparation

Five hundred microliters of 1 mM of protein was incubated
with 100 mM H,O,, shielded from UV light. The reaction
with apomyoglobin was allowed to proceed for 6 h, whereas
the reaction with calmodulin was allowed to proceed for 1 h.
The reaction was halted by buffer exchange through a 5 kDa
MW cutoff filter (Sartorius, Gottingen, Germany). A
sample (50 pl) was set aside for bottom-up analysis. The
remaining supernatant was dissolved in 50% ACN, 0.1%
formic acid, and 2% propylene carbonate supercharging
reagent™ for top-down analysis.

Top-down analysis

Sample was injected into a Thermo Orbitrap Fusion Tribrid
(Thermo Fisher Scientific) by direct infusion at 5 pl/min
in positive mode with a spray voltage 3200, capillary
temperature 300°C at a nominal Orbitrap resolution of
120,000. ETD fragmentation was performed with an
isolation window of 10 /z units to capture all protein
oxidation products. ETD reaction times ranged from 10 to
40 ms at an automatic gain control target of 5.0 X 10, We
found that a reaction time of 25 ms gave superior sequence
coverage for all apomyoglobin, whereas an ETD reaction
time of 15 ms gave superior coverage for calmodulin; all
ETD data presented are for a 25-ms reaction time for
apomyoglobin and 15 ms for calmodulin with electron-
transfer—higher-energy collision dissociation collision en-
ergy set to 5 to provide supplemental activation. Altered
ETD parameters altered the product ions identified but
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resulted in substantially lower sequence coverage, poorer
product ion abundance, and insufficient product ions for
assignment of methionine oxidation sites (unpublished
results). Direct infusion acquisitions were acquired for 10
min. The 10 min acquisition was split into two 5-min time
windows for spectra summation, and these 2 summed
spectra were used as technical duplicates for statistical
analysis. ProSight Lite was used for initial sequence coverage
analysis using a signal-to-noise threshold of 3, resolution of
120,000, a fit factor of 80, and remainder of 25,24 bur all
data were ultimately analyzed and annotated manually both
to validate automated product ion assignment and to
quantify oxidized vs. unoxidized product ion abundances.

Top-down fragmentation of apomyoglobin was per-
formed with an isolation window sufficiently wide to capture
all detected oxidation products. A similar method used with
oxidized calmodulin resulted in product ion spectra that were
largely uninterpretable (unpublished results). Top-down
fragmentation for calmodulin was performed using a narrow
isolation window of 1 Da to yield more fragment coverage and
reduce complexity in interpreting fragments.

Bottom-up analysis

For oxidized apomyoglobin and calmodulin, 50 mM of Tris
pH 8.0 and 5 mM DTT were added to the protein, and the
protein was heat denatured at 95°C for 30 min. After
cooling to room temperature, samples were digested
overnight with trypsin for apomyoglobin or GluC for
calmodulin at 37°C at an enzyme:protein ratio of 1:20. After
digestion, the enzyme was inactivated with 0.1% formic
acid. Prior to injection, samples were incubated with 5 mM
DTT at 65°C. The digested samples were stored in —20°C
until LC-MS/MS analysis. One microliter of the digested
sample was injected onto a PepMap reversed phase LC 75
pm X 15 cm C18 analytical column (2 wm particle size,
100A pore size) using an Ultimate 3000 Nano LC system
(Dionex, Thermo Fisher Scientific) coupled to a Thermo
Orbitrap Fusion Tribrid (Thermo Fisher Scientific) in
positive mode with spray voltage 2300, capillary tempera-
ture 200°C at 60,000 nominal Orbitrap resolution. Mobile
phase A was LC-MS grade water, 0.1% formic acid, and
mobile phase B was ACN with 0.1% formic acid. A gradient
elution was performed by equilibrating with 2% mobile
phase B for 6 min, increasing to 35% mobile phase B over 23
min, further increasing to 95% over 5 min, holding at 95%
mobile phase B for 3 min, returning to 2% mobile phase B
over 10 min. Samples were run in technical triplicate for
statistical purposes.

Data were processed using Thermo Xcalibur. The
peptide peaks were extracted with a mass tolerance of 10
parts/million and quantified by peak area integration for
both oxidized and unoxidized peaks. Sequence coverage and
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MS/MS fragments were validated with Byonic v.2.10.5
software (Protein Metrics, Cupertino, CA, USA), with
variable modification of methionine, 2 missed cleavages,
and 10 parts per million mass tolerance. MS/MS fragments
were validated manually to avoid false positives.

RESULTS AND DISCUSSION

Bottom-up quantification of Met oxidation
in apomyoglobin

In order to test the accuracy of top-down measurements, we
first measured methionine oxidation of our sample by
standard bottom-up methods for comparison. The distance
between the 2 methionines makes the measurement by
bottom-up MS/MS relatively straightforward and reliable.
Two partial digestion product peptides were identified
containing M55, whereas only 1 peptide containing M131
was detected. Oxidized and unoxidized peaks from peroxide-
free control was quantified, revealing 7% oxidation for M55
and 13% oxidation for M131. Intact MS analysis of
myoglobin without peroxide treatment shows a very low
amount of oxidation of the intact protein (Fig. 14), indicating
that most of this background oxidation occurred during
digestion, LC-MS analysis, or both. This background
oxidation was subtracted from the bottom-up data to
calculate oxidation of each methionine. The corrected
fraction of oxidation of each methionine after 6 h of peroxide
incubation are shown in Fig. 1B. No oxidation of other
peptides was detected at rates >1% (unpublished results).
Annotated MS/MS spectra of the oxidized peptides are
shown in Fig. 2. These spectra clearly show that oxidation
occurred solely on the methionine within each peptide.

Top-down measurement of methionine oxidation
in apomyoglonin
After incubation with hydrogen peroxide for 6 h and

postoxidation clean-up, we infused the intact myoglobin for

electrospray ionization—-MS using propylene carbonate to
increase charging and help ensure a uniform high charge state
distribution for the denatured intact protein to improve
ETD fragmentation efficiency. All charge states detected
gave an oxidation product distribution that reflected no clear
cooperativity between oxidation, with a distribution of M:
M+O:M+20 of ~0.16:0.51:0.33 (Fig. 3). We selected the +23
charge state for top-down ETD analysis. Distribution of
oxidation products of the +27 charge state looked identical
to the +23 charge state (unpublished results). Top-down
fragmentation was performed using a 10 7/z units window
ensure that all oxidation states for a given charge state were
isolated and fragmented. Postisolation intact MS showed
no substantial change in the distribution of oxidation products,
indicating the isolation window was wide enough to prevent
losses (unpublished results).

Figure 44 shows the sequence coverage of the +23
charge state of apomyoglobin after incubation with peroxide
for 6 h. We were able to achieve sequence coverage across
both oxidized methionines: M55 with the c-ion series and
M131 with the z-ion series. Representative zoomed-in,
annotated ETD spectra for each product ion quantified are
presented in Supplemental Fig. S14—0O. Product ions were
screened for mass accuracy, presence in the unoxidized
control sample, and proper charge state as determined by
['*C] isotopic clusters. As represented by the C54 ion
(Supplemental Fig. S14), no oxidation was detected for
c-ions prior to M55. Oxidation of M55 was measured using
2 nonadjacent c-ions identified in both technical replicates,
as shown in Fig. 4B. The measurements based on either
c-ion were very consistent with one another (0.60 * 0.10 vs.
0.53 = 0.03). Importantly, both measurements were close
to the value that was obtained by bottom-up analysis, as
shown in Fig. 4D. Moreover, the unoxidized control
apomyoglobin showed no detectable levels of oxidized
protein by intact MS analysis (unpublished results).
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Figure 4C shows measurement of oxidation of M131
using the z-ion series. Because M131 was closer to the C
terminus, we were able to measure a larger number of
product ions after M131 using the top-down method. More
variability is observed in the amount of oxidation measured
from z-ions as compared with c-ions, whereas reproducibil-
ity between technical replicates remained high. No clear
trends explaining the variability are immediately obvious
based on analysis of which product ions overestimate us.
underestimate methionine oxidation. Comparison of the
fragmentation pattern from the unoxidized control in-
dicated that interference from misassignment of y-ions was
not the cause of variability in quantification using the z-ion
series (unpublished results). The variation in quantification
from the z-ion series appears to center on the level of
oxidation measured by bottom-up methods, suggesting that
although an individual z-ion may overestimate or underesti-
mate oxidation at the methionine, the mean of all oxidation
measurements may be more accurate. As shown in Fig. 4D, the
mean measured amount of oxidation for all oxidized z-ions
reports an oxidation value for M131 of 0.39 = 0.11 after 6 h of
incubation, within measurement error of the value of 0.47 *=
0.03 obtained from traditional bottom-up methods.

JOURNAL OF BIOMOLECULAR TECHNIQUES, VOLUME 30, ISSUE 4, DECEMBER 2019

Charge state dependence of top-down quantification of
methionine oxidation

In order to test the charge state dependence of top-down
quantitation of methionine oxidation, we generated a second
sample after overnight oxidation that yielded a similar number
of oxidation events per molecule based on intact ion intensity
(~1.05 oxidations per molecule for the 6-h incubation

M+ 0 M+ 0O
oo 16966.96 100 ,»3
Y eo M
c M+ 20
o 70 M
16951.97 50
g 80 M+ 20
S w0 16983.96
@ 40
2z
g 30
L 738.01 738.66 739.40
€ ‘ | \ m/z
o, .lJ | lludl Il
16940 16960 16980
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FIGURE 3

Deconvoluted mass spectrum of intact protein apomyoglobin after
peroxide incubation for 6 h (inset: +23 charge state). All detected
charge states reflected a similar distribution of oxidation products.
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FIGURE 4

ETD-based top-down analysis of all oxidized and unoxidized forms of the +23 charge state of apomyoglobin after peroxide
oxidation for 6 h. A) Sequence coverage of apomyoglobin. lons labeled in red were only detected as unoxidized. lons labeled
in green were detected in both oxidized and unoxidized forms and were used for oxidation quantification. lons labeled in
black were undetected or had insufficient intensity for quantification. B) Oxidation of c-ions, as measured based on oxidized
vs. total product ion intensity for C55 and C59. Red hashed line represents the mean oxidation of M55 based on bottom-up
data; error bars indicate 1 sp. C) Oxidation of z-ions as measured based on oxidized vs. unoxidized product ion intensity. Red
hashed line represents the mean oxidation of M131 based on bottom-up data. D) Mean of all values of oxidation taken for
M55 and M131 by top-down analysis (red), compared with (blue) values of oxidation from bottom-up analysis (blue).

sample; ~1.17 oxidations per molecule for the 12-h incubation
sample). We used this sample to perform top-down analysis of
the +27 charge state. The results of this analysis are shown in
Fig. 5. Performing ETD at different charge states altered the
product ions that were observed; representative spectra of each
detected product ion are shown in Supplemental Fig. S24—P.
However, the same general trends were observed for the +27
charge state ions as for the +23 charge state. The c-ion series
gave more consistent oxidation values (Fig. 5B). The z-ion series
gave more variable values, with no obvious patterns regarding
which product ion underestimated oxidation and which
overestimated (Fig. 5C). Many z-ions gave consistent results
between charge states, but not all. Indeed, a z-ion could
underestimate oxidation in the +27 charge state but over-
estimate oxidation in the +23 charge state (e.g,, z25), or vice
versa (e.g., 238). However, the overall trend for the mean z-ion
oxidation measurements to reflect values obtained by bottom-
up at this level of overall oxidation held (Fig. 5D). The +27
charge state gave a value for fractional oxidation of M55 0f 0.53
0.03 and a value for fractional oxidation of M131 of 0.38 = 0.11.
This level was consistent with that of the +23 charge state and
was similar to that observed by bottom-up analysis (Fig. 4).

Bottom-up quantification of Met oxidation in calmodulin

Although apomyoglobin offers a simple model system, we
tested the ability of ETD-based top-down MS/MS to

54

accurately quantify methionine oxidation in a more complex
system. Calmodulin has 9 methionines, and their distance
from the N and C termini ensures that we have numerous
measurements prior to the methionine to test the likelihood
of misidentification of product ion oxidation. In order to test
the accuracy of top-down measurements, we first measured
methionine oxidation of calmodulin by standard bottom-up
methods. All 9 methionines were detected in 6 different GluC
peptides, and oxidation was quantified for each peptide (Fig. 6).
MS/MS spectra reveal no clear evidence of oxidation of residues
other than methionine, and no oxidation over 1% was detected
in peptides that do not contain methionine (unpublished
results).

Top-down measurement of methionine oxidation
in calmodulin

After incubation with hydrogen peroxide for 1 h and
postoxidation clean-up, we infused the intact calmodulin for
electrospray ionization—MS, using ACN, formic acid, and
propylene carbonate to increase charging and help ensure a
uniform high charge state distribution for the denatured
intact protein. All charge states detected gave an oxidation
product distribution that reflected no clear cooperativity
between oxidation (Fig. 7).

A wide isolation window that captured all oxidized
versions of the +15 charge state followed by ETD gave poor
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ETD-based top-down analysis of all oxidized and unoxidized forms of the +27 charge state of apomyoglobin after peroxide
oxidation overnight to yield comparable overall levels of oxidation to the previous sample. A) Sequence coverage of
apomyoglobin. lons labeled in red were only detected as unoxidized. lons labeled in green were detected in both oxidized
and unoxidized forms and were used for oxidation quantification. lons labeled in black were undetected or had insufficient
intensity for quantification. B) Oxidation of c-ions, as measured based on oxidized vs. total product ion intensity for C58 and
C59. Red hashed line represents the mean oxidation of M55 based on bottom-up data from a 6-h peroxide oxidation; error
bars indicate 1 sp. C) Oxidation of z-ions as measured based on oxidized vs. unoxidized product ion intensity. Red hashed
line represents the mean oxidation of M131 based on bottom-up data from a 6-h peroxide oxidation. D) Mean of all values

of oxidation taken for M55 and M131 by top-down analysis.

sequence coverage with no quantifiable oxidized product ions
(unpublished results). In order to simplify the sample, we
isolated and performed ETD on just the M+O oxidation
product. Figure 84 shows the sequence coverage of the +15
charge state of calmodulin isolated M+O 1121.400 2/z after
incubation with peroxide for 1 h. We were able to achieve good
sequence coverage for oxidized methionine’s M76. Oxidation
of c-ions, as measured based on oxidized vs. total product ion
intensities, represents the mean oxidation of M76. Error bars
indicate 1 sp (Fig. 8B). Representative zoomed-in, annotated
ETD spectra for each product ion quantified in Fig. 8B are
presented in Supplemental Fig. S34—G. Figure 8 C compares
the mean of all values of oxidation for M76 obtained by
bottom-up and top-down means. Product ions were screened
for mass accuracy, presence in the unoxidized control sample,
and proper charge state as determined by [">C] isotopic
clusters. As represented by the ¢75 ion (Supplemental Fig.
S3A), no oxidation was detected for c-ions prior to M76 even
though several methionines N-terminal to residue K75 are
detected as heavily oxidized in bottom-up date (Fig. 0).
Oxidized ETD ions could only be detected in the c-ion series
after M76, and the quantification of these ETD ions does not
match with bottom-up data.

These results indicate that, for calmodulin, top-down

ETD fails to properly identify all oxidized methionines.

JOURNAL OF BIOMOLECULAR TECHNIQUES, VOLUME 30, ISSUE 4, DECEMBER 2019

Because of the inability to obtain oxidized product ions
for simultaneous ETD fragmentation of all oxidized
versions of the +15 charge state, it is not straightforward
to quantitatively compare top-down measurement of
oxidation of M76 from the +16 Da precursor with
bottom-up measurement of the total oxidation of the
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FIGURE 6

Bottom-up measurement of oxidation of calmodulin after 1 h of
peroxide incubation. The level of oxidation in the peroxide-free
control was subtracted to correct for artifactual oxidation from the
digestion and LC-MS process.
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peptide containing M76 (as well as M71 and M72) from
all calmodulin oxidation products. However, unlike for
apomyoglobin c-ions, calmodulin c-ions displayed a high
variability in measured product ion oxidation. Several
c-ions, including ¢75, were detected with good abun-
dance but showed no oxidized product ion, despite M51
being the most readily oxidized amino acid in calmodulin.

CONCLUSIONS

Based on the data presented here, top-down ETD-based
MS/MS is not able to consistently quantify oxidation of
methionine oxidation, even under denaturing and super-
charging conditions. Although top-down measurements
of methionine oxidation in apomyoglobin were in good
agreement with bottom-up measurements, the method
failed to accurately quantify oxidation of methionine in a

FIGURE 8 A

more complex calmodulin system. In most cases, calmod-
ulin oxidation even failed to identify sites of oxidation. For
example, bottom-up data clearly show M51 to be the most
readily oxidized methionine in the protein (Fig. 6); however,
numerous c-ion products were detected between M51 and
K75, none of which exhibited a detectable oxidized version
of the product ion (Fig. 8A). Application of multiple
deconvolution algorithms failed to detect these oxidized
product ions (unpublished results). Although previous work
clearly demonstrated that methionine oxidation (along with
other amino acid oxidation products) could be clearly
detected and quantified by ETD MS/MS,'”> 2> ¢ this
method is currently unreliable for top-down analysis. The
success of this approach in the simpler apomyoglobin system
may indicate that the failure is due to the complexity of the
calmodulin system rather than an inherent property of ETD

ETD-based top-down analysis of all oxidized and
unoxidized forms of the +15 charge state of
calmodulin after peroxide oxidation for 1 hr. A)
Sequence coverage of calmodulin. lons labeled
in red were only detected as unoxidized. lons
labeled in green were detected in both oxidized
and unoxidized forms and were used for
oxidation quantification. lons labeled in black
were undetected or had insufficient intensity for
quantification. B) Oxidation of c-ions, as mea-
sured based on oxidized vs. total product ion
intensities. Red hashed line represents the mean
total oxidation of M71, M72, and M76 based on
bottom-up data; error bars indicate 1 sp. C) Mean
of all values of oxidation taken for M76 from top-
down analysis and bottom-up analysis.
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fragmentation. Further experiments using high-field Four-
ier transform—ion cyclotron resonance, as well as application
of electron capture dissociation, may enable more robust
top-down methionine oxidation.
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