
RESEARCH ARTICLE EDITORS’ PICK
Protein folding stabilities are a major determinant of
oxidation rates for buried methionine residues
Received for publication, December 21, 2021, and in revised form, March 19, 2022 Published, Papers in Press, March 26, 2022,
https://doi.org/10.1016/j.jbc.2022.101872

Ethan J. Walker1,2 , John Q. Bettinger1 , Kevin A. Welle3, Jennifer R. Hryhorenko3, Adrian M. Molina Vargas4,5 ,
Mitchell R. O’Connell2,5 , and Sina Ghaemmaghami1,3,*
From the 1Department of Biology, and 2Department of Biochemistry and Biophysics, School of Medicine and Dentistry, University
of Rochester, New York, USA; 3University of Rochester Mass Spectrometry Resource Laboratory, University of Rochester, New York,
USA; 4Department of Biomedical Genetics, School of Medicine and Dentistry, and 5Center for RNA Biology, University of Rochester,
New York, USA

Edited by Ursula Jakob
The oxidation of protein-bound methionines to form
methionine sulfoxides has a broad range of biological ramifi-
cations, making it important to delineate factors that influence
methionine oxidation rates within a given protein. This is
especially important for biopharmaceuticals, where oxidation
can lead to deactivation and degradation. Previously, neigh-
boring residue effects and solvent accessibility have been
shown to impact the susceptibility of methionine residues to
oxidation. In this study, we provide proteome-wide evidence
that oxidation rates of buried methionine residues are also
strongly influenced by the thermodynamic folding stability of
proteins. We surveyed the Escherichia coli proteome using
several proteomic methodologies and globally measured
oxidation rates of methionine residues in the presence and
absence of tertiary structure, as well as the folding stabilities of
methionine-containing domains. These data indicated that
buried methionines have a wide range of protection factors
against oxidation that correlate strongly with folding stabilities.
Consistent with this, we show that in comparison to E. coli, the
proteome of the thermophile Thermus thermophilus is signif-
icantly more stable and thus more resistant to methionine
oxidation. To demonstrate the utility of this correlation, we
used native methionine oxidation rates to survey the folding
stabilities of E. coli and T. thermophilus proteomes at various
temperatures and propose a model that relates the temperature
dependence of the folding stabilities of these two species to
their optimal growth temperatures. Overall, these results
indicate that oxidation rates of buried methionines from the
native state of proteins can be used as a metric of folding
stability.

Sidechains of methionine and cysteine residues contain
sulfur atoms that are readily oxidizable by reactive oxygen
species (ROS). While not as well-studied as cysteine oxidation,
methionine oxidation is an important enzymatically reversible
posttranslational modification that has been shown to play a
role in a number of physiological processes and cellular
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pathways (1–5). Methionine oxidation converts a hydrophobic
residue to a polar residue and as such can greatly alter the
biochemical and structural properties of proteins (1, 2, 6–9).
Methionine oxidation can destabilize proteins and deactivate
enzymes and thus is often considered a form of oxidative
damage (10–12). This effect has been particularly well docu-
mented in the context of aging and neurological diseases
where dysregulation of antioxidant pathways and loss of pro-
teostasis can bring about elevated levels of methionine
oxidation and other detrimental protein modifications (3, 13,
14). It has also been shown that methionine oxidation can
exacerbate protein misfolding or aggregation and worsen the
symptoms of age-related diseases (15).

More recent studies have indicated that methionine oxida-
tion is not solely a form of spontaneous protein damage and in
certain contexts can modify the normal biological function of
proteins in a regulated manner (16–19). For example, the
oxidation of specific methionine residues in actin is catalyzed
by the MICAL family of oxidoreductases that regulate cyto-
skeletal remodeling (5, 20). It has also been suggested that
methionine oxidation can act as an antioxidant scavenger in
cells (1, 2, 4). This theory posits that surface methionines can
become reversibly oxidized by ROS to prevent more
dangerous, irreversible oxidation elsewhere in the same pro-
tein or other macromolecules. Importantly, unlike some other
oxidatively modified macromolecules, oxidized methionines
can be enzymatically reduced by methionine sulfoxide re-
ductases providing a regeneratable sink for the removal of
damaging ROS (21).

Analysis of methionine oxidation is also of great significance
to commercial production of protein therapeutics, where trace
levels of peroxides during production or storage can cause
degradation and loss of activity. Antibody-based therapeutics
can be especially sensitive to methionine oxidation, making it
important to understand and prevent this modification
(22, 23). Because the levels of methionine oxidation can change
significantly in different environments, it is important to
monitor oxidation levels during development or long-term
stability studies of biopharmaceuticals (24, 25).

It has been shown that, within the same protein, different
methionines have widely different susceptibilities to oxidation.
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As just one example, among the 10 methionines in α1-
antitrypsin, five are prone to oxidation and five are relatively
protected from oxidation (26). The five oxidizable methionines
in antitrypsin have widely different oxidation rates that are
contingent on the conformation of the protein (27). Because of
its importance to protein stability and function, it is important
to understand the factors that influence the susceptibility of
methionines to oxidation. There have been a number of
published studies that have investigated factors that drive
methionine oxidation (25, 28–33). These studies have shown
that solvent accessibility (SA) and neighboring sequence ef-
fects are two major determinants of methionine oxidation
rates across the proteome. For example, a significant fraction
of methionines are located near aromatic residues, which have
been shown to reduce methionine oxidation rates in vivo
(31, 34). The fact that SA is a strong global predictor of
methionine oxidation is supported by a number of studies
showing that exposed methionines are typically oxidized faster
than buried methionines (27, 28, 35, 36). Indeed, this corre-
lation has allowed methionine oxidation to be used as an
experimental biochemical probe to monitor structural changes
in proteins (37). However, a number of studies have suggested
that SA and neighboring residue effects may not be sufficient
to fully predict the propensity of methionines toward oxida-
tion. Specifically, it has been argued that the oxidation of
buried methionines may also be influenced by the dynamics of
the native structure and conformational flexibility (29).

In this study, we considered the potential role of thermo-
dynamic folding stabilities in determining the oxidation rates
of buried methionines. Within a cell, most protein domains
exist in a dynamic equilibrium between folded and unfolded
conformations (38–40). The free energy difference between
these two states (ΔGfolding or ‘thermodynamic folding stabil-
ity’) establishes the fraction of its population that is in a fol-
ded conformation at equilibrium (41). For some buried
methionines, transient protein unfolding may be necessary to
expose the protein to oxidation. Thus, folding stability can
modulate the folding equilibrium and establish the rate of
methionine oxidation for buried methionines. To date, cor-
relations between oxidation rates and protein stabilities have
been reported for a few individual proteins (42, 43). However,
the general correlation between folding stability and methi-
onine oxidation rates has not been studied on a proteome-
wide scale.

We used mass spectrometry (MS)-based proteomics to
quantify oxidation rates of methionines within folded and
unfolded proteins and calculated relative oxidation protection
factors (PFs) for methionines on a global scale. We then
measured folding stabilities for the detected proteins using
SPROX (stability of proteins from rates of oxidation), a
proteome-wide methodology for conducting denaturation ex-
periments (37, 44). The resulting largescale datasets allowed us
to explore the correlation between PFs and folding stabilities
within the proteomes of the mesophile Escherichia coli and the
thermophile Thermus thermophilus. The analysis globally
quantified the influence of folding stabilities on methionine
oxidation rates and provided insights into the relationship
2 J. Biol. Chem. (2022) 298(5) 101872
between proteome stabilities and optimal growth temperatures
of these two bacterial organisms.

Results

Overview of experimental strategy

Oxidation of protein-bound methionines that are fully or
partially solvent-exposed can potentially occur from the folded
state of the protein without transient unfolding of the native
structure. For these exposed methionines, SA and neighboring
residue effects may strongly influence the rate of oxidation.
However, we reasoned that for buried methionine residues,
transient unfolding of the native structure is required to
expose the sulfur atom to oxidation (Fig. 1A). In this scenario,
transient protein unfolding may be the limiting step in the
oxidation process. Accordingly, under conditions where the
folding reaction is in a rapid pre-equilibrium relative to the
oxidation reaction, the folding equilibrium constant will be
directly correlated to the rate of oxidation (Fig. 1A and
Discussion). This concept is analogous to the EX2 model
commonly used to interpret hydrogen-deuterium exchange
(HDX) experiments where the rate of exchange of hydrogen-
bonded backbone protons are known to correlate with
folding stabilities (45). Thus, primary sequence, SA, and
folding stability can all potentially influence the rate of
methionine oxidation, and the relative contribution of each
parameter may depend on the conformational properties of
the methionine sidechain. To quantify the contribution of each
of these parameters to oxidation propensities of protein-bound
methionines, we conducted three orthogonal proteomic ex-
periments (Fig. 1B) to globally measure the following: (a)
intrinsic rates of methionine oxidation within unstructured
peptides, (b) rates of methionine oxidation within intact native
proteins, and (c) folding stabilities of methionine-containing
protein domains.

Intrinsic methionine oxidation rates within unstructured
peptides

To measure intrinsic rate constants for methionine oxida-
tion in unstructured peptides (kintrinsic), E. coli protein extracts
were digested with trypsin prior to treatment with H2O2

(Fig. 2A). Peptides were treated with varying concentrations of
18O-labeled H2O2 at 37 �C for 30 min and were subsequently
blocked by the addition of excess levels of 16O-labeled H2O2.
Fractional oxidation levels were determined with LC-MS/MS
by quantifying relative intensities of 18O- and 16O-oxidized
peptides using a bottom-up proteomics workflow. As previ-
ously described, this approach allows for accurate quantitation
of methionine oxidation while minimizing the effects of
spurious oxidation that could occur during sample processing
and LC-MS/MS analyses (46). kintrinsic values were measured
by analyzing the relationship between fractional oxidation and
concentrations of 18O-labeled H2O2 treatments using a first-
order kinetic model. We limited our analyses to peptides
containing single methionines and no cysteine residues in
order to minimize the confounding effects of multiple methi-
onine oxidation events and cysteine oxidation. In all, we were
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Figure 1. Schematic representations of proposed model and methods. A, for buried methionines, protein unfolding precedes oxidation. Oxidation
protection factors (PFs) of buried methionines are defined as the ratio of methionine oxidation rates from the unfolded state (kintrinsic) and the observed
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able to measure kintrinsic values for approximately 3900
methionine-containing peptides (Fig. 2B). Measured kintrinsic
values spanned approximately one order of magnitude with a
median of 1.02 M−1 min−1, which is in line with previously
measured oxidation rates for free methionine at this temper-
ature (23, 43).

We then used our proteome-wide data to analyze the ef-
fects of primary sequence on kintrinsic values (Fig. 2, C–E). We
observed that methionines located at the N-termini of pep-
tides have significantly faster oxidation rates in comparison to
methionines that are internal in the sequence (Fig. 2E). Other
neighboring residue effects were comparatively less pro-
nounced. For example, the presence of prolines at +1 posi-
tions and glycines at −1 positions of methionines correlated
with slightly slower oxidation rates, whereas the presence of
arginines at +1 positions correlated with slightly faster
oxidation rates. It should be noted that because peptides were
generated by trypsin digestion (which hydrolyzes proteins at
the carboxyl side of lysines and arginines), certain neigh-
boring residue combinations (e.g., arginines and lysines at -1
positions and methionines at C-termini) could not be
observed in our analyses. Furthermore, methionines that are
at -1 positions relative to lysines and arginines are necessarily
positioned near the C-termini of peptides which may bias
their oxidation rates. Nonetheless, our analysis indicates that
regardless of primary sequence context, most protein-bound
methionines in unstructured peptides are oxidized at rela-
tively similar rates that are close to oxidation rates of free
methionines.
Rates of methionine oxidation within intact proteins

To investigate the effects of higher order structure on
methionine oxidation, we next measured methionine oxidation
rates within intact proteins (kprotein) by exposing E. coli native
extracts to H2O2 prior to digestion and LC-MS/MS analyses
(Fig. 3A). To facilitate these experiments, two additional
changes were made to the experimental protocols described
above. First, oxidation reactions were carried out as a function
of time rather than as a function of H2O2 concentration.
Second, we took advantage of an isobaric tagging strategy
(tandem mass tag, TMT) to multiplex the larger number of
samples analyzed in this experiment (See Experimental
procedures for additional details and rationale for these pro-
tocol modifications).

We were able to measure native oxidation rates (kprotein) for
1778 methionines mapped to 831 different proteins in the
E. coli proteome. Among these methionines, �600 were
oxidized at fast rates that were within the range of peptide
kintrinsic measurements and free methionines (Fig. 3B). We
refer to these residues as “unprotected” methionines. The
remaining �1200 “protected” methionines are oxidized at
J. Biol. Chem. (2022) 298(5) 101872 3
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Figure 2. kintrinsic measurements and neighboring residue effects in the Escherichia coli proteome. A, experimental method. Trypsin-digested peptide
samples were exposed to varying concentrations of H2O2. Fractional oxidation levels were measured with LC-MS/MS and used to calculate pseudo-first
order oxidation rate constants. In the schematic, closed ovals indicate methionines in the native state, open squares indicate exposed methionines in
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distribution median. C and D, effect of neighboring residues on kintrinsic of methionines. E, effect of position relative to the N-terminus on kintrinsic of me-
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p-value < 0.001 using a Mann-Whitney U test, corrected for family-wise error rate with a Holm–�Sidák method (significance level = 0.001).
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Figure 3. kprotein measurements within native proteins and correlations with solvent accessibility (SA). A, experimental method. Native lysates were
treated with H2O2 using a range of oxidation times. Fractional oxidation levels were measured with LC-MS/MS and used to calculate pseudo-first order
oxidation rate constants. In the schematic, ovals indicate methionines in the native state, squares indicate exposed methionines in peptides, black indicates
unoxidized methionines, and red indicates oxidized methionines. B, the relative log10 distribution of kprotein measurements. The dotted line indicates the
distribution median. Gray and white bars indicate protected and unprotected methionines as defined in the text. C, the relative distribution of PFs in the
E. coli proteome. D, the relationship between PF and SA measurements. Methionines were categorized into three groups (buried, partially buried, and
exposed) based on their SA values. Boxes indicate the interquartile range and whiskers show the entire range of values excluding outliers (>2 SD). The total
pairwise comparison between PFs and SAs had a significant level of correlation (Spearman rank test ρ <0.001). PFs, protection factors.
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significantly slower rates in comparison to unstructured pep-
tides. The overall range of kprotein measurements spans at least
three orders of magnitude, representing a significantly broader
distribution than kintrinsic values. This observation indicates
that for most protected methionines in proteins, higher order
structure, and not primary sequence, is the dominant factor in
establishing oxidation rates. The distribution of measured PFs
for protected methionines (the ratio of kprotein and kintrinsic
measurements for individual methionines) is plotted in
Figure 3C. According to the simplified two-state unfolding
model illustrated in Figure 1A and described in Experimental
procedures, PF values are expected to be equal to the folding
equilibrium constant and are logarithmically correlated with
thermodynamic folding stabilities (ΔGfolding).

We next examined the relationship between methionine
SAs and PFs. SA values for methionines were calculated as
described previously (44) using either their experimentally
determined structure in the Protein Data Bank (PDB) or as
predicted by Alphafold2 (47). In total, we were able to calcu-
late both PF and SA values for 1731 distinct methionines in
E. coli. Overall, there is a significant statistical correlation
between PF and SA (Spearman Rank Correlation ρ < 0.001). A
closer examination of the relationship between SA and PF
values indicated that methionine residues can be categorized
J. Biol. Chem. (2022) 298(5) 101872 5
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into one of the three general categories based on their oxida-
tion properties (Fig. 3D). Highly exposed methionines (SA ≳
44 Å2) are oxidized rapidly at rates that are equivalent to free
methionines (PF ≈ 1). Partially buried methionine residues (SA
≈ 3–44 Å2) have a range of PF values that are correlated to
their SA. Buried methionine residues (SA ≲ 3 Å2) have high PF
values that are independent of SA.

The above data suggest that oxidation rates of fully exposed
methionines are likely dictated by their primary sequence
context. For partially buried methionines, oxidation is corre-
lated to SA established by the native structure of the protein.
This suggests that for this class of methionines, oxidation likely
occurs from the native state and does not require transient
conformational unfolding of the protein structure. For fully
buried methionines, oxidation rates are significantly slower
and independent of SA. Yet, these methionines have a wide
range of PFs spanning three orders of magnitude. We reasoned
that for this class of methionines, oxidation occurs from the
unfolded state of the protein and hence transient protein
unfolding must precede oxidation. Hence, we hypothesized
that for fully buried methionines, oxidation rates may be
correlated to protein thermodynamic folding stabilities.

Thermodynamic folding stabilities of methionine-containing
protein domains

We used the proteomic methodology SPROX to conduct
denaturation experiments on E. coli extracts and quantify
protein folding stabilities on a global scale (Fig. 4A). In SPROX,
proteins are gradually unfolded by the addition of increasing
concentrations of a chemical denaturant such as guanidinium
chloride and subsequently pulse-oxidized by exposure to H2O2

(37, 44). Measurements of relative fractional oxidation as a
function of denaturant concentration are used to generate
denaturation curves and determine C1/2 values (the denaturant
concentration that induces the unfolding of half of the protein
population). Protein domains with higher C1/2 values have
higher conformational stabilities and lower ΔGfolding values
(See Experimental procedures for a detailed description and
assumptions of the folding model).

Using this method, we were able to measure C1/2 values for
434 protein domains (Fig. 4B). Overall, there was a significant
positive correlation between methionines’ PF and C1/2 values
(Fig. 4 C, Spearman Rank Correlation ρ = 1.8⋅10−10). As pre-
dicted, this correlation was particularly significant for well-
buried methionine residues, where most stable protein
domains generally contained the most highly protected
methionine residues (Fig. 4D). These results demonstrate that
thermodynamic folding stabilities can play a major role in
establishing the propensity of protein-bound methionines to-
ward oxidation.

Oxidation PFs of thermophilic bacteria

In order to verify that thermodynamic folding stabilities can
strongly influence methionine oxidation rates, we analyzed the
oxidation properties of the highly stable proteome of a
model thermophile, T. thermophilus. By conducting SPROX
6 J. Biol. Chem. (2022) 298(5) 101872
experiments, we showed that, as expected, the proteome of
T. thermophilus has significantly higher C1/2 values in com-
parison to E. coli (Fig. 5A). We subsequently quantified
methionine PFs at multiple temperatures and observed that
the T. thermophilus proteome is considerably more resistant to
methionine oxidation than the E. coli proteome (Fig. 5B). It is
important to note that overall, methionines within the
T. thermophilus and E. coli proteomes measured in this study
have similar SAs (Fig. 5C), with T. thermophilus being slightly
higher. Hence, the high PF values of the T. thermophilus
proteome cannot be explained by increased buriedness of
methionines and are instead likely due to increased confor-
mational stabilities.

Our observations suggest that oxidation PFs of buried me-
thionines from the native state can be leveraged as a quanti-
tative metric of protein folding stabilities. Considering PFs as a
proxy for folding stabilities, our data indicate that of the sta-
bilities of the E. coli and T. thermophilus proteomes decrease
as a function of temperature, and that, at both 25 �C and 37 �C,
the T. thermophilus proteome is more stable than the
E. coli proteome (Fig. 5B). The folding stabilities of the
T. thermophilus proteome at higher temperatures (37 �C and
50 �C) are similar to the folding stabilities of the E. coli pro-
teome at 25 �C. It is interesting to note that T. thermophilus is
not viable at 25 �C, a temperature at which its proteome is
highly stable. This observation is consistent with the idea that
both destabilization and overstabilization of proteomes may be
detrimental to viability. As has been previously suggested,
optimal function may require proteomes to retain folded
structures, but at marginal stabilities (48).
Discussion

Our results indicate that protein-folding stabilities can play
a major role in limiting the oxidation of buried methionine
residues. Accordingly, we showed that the proteome of the
thermophile T. thermophilus is significantly more resistant to
oxidation than the mesophile E. coli. Interestingly,
T. thermophilus has the highest levels of oxidation protection
at low temperatures where it is unviable. Natural proteins
generally have marginal folding stabilities (10 kcal/mol or less).
It is generally accepted that the lower limit of protein stability
is established by the requirement of folded structures for most
protein functions. Additionally, unstable proteins have larger
unfolded populations that are nonfunctional and prone to
degradation and aggregation. However, the reasons for upper
limits of protein stability within proteomes are generally less
understood and are typically attributed to decreased flexibility
that may be required for optimal activity (49, 50). Our results
suggest an additional explanation as to why overstabilization
may be detrimental to function. Similar to oxidation of buried
methionines observed in this study, important post-
translational modifications of buried residues may be limited
by the folding stability of proteins. Hyperstable proteomes may
be generally less conducive to covalent modifications required
for posttranslational regulation. This effect may provide one
explanation as to why thermophiles are not viable under
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correlation for total pairwise comparisons. PFs, protection factors; SPROX, stability of proteins from rates of oxidation.
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conditions where their proteomes surpass a maximal stability
threshold.

From an application standpoint, our results indicate that
oxidation rates of buried methionines from the native state can
be used as a convenient proxy for thermodynamic folding
stabilities. To date, measurement of protein stabilities using
MS-based proteomics has required methodologies that are
based on the incremental unfolding of proteins using de-
naturants or temperature (37, 51, 52). However, these ap-
proaches are complicated by the fact that protein denaturation
often results in irreversible aggregation. Furthermore, mea-
surement of protein stability from denaturation curves typi-
cally involves making assumptions regarding the two-state
nature of protein unfolding and model-dependent
extrapolation from measurements under denaturing condi-
tions to native conditions (40, 53). Here, we used principles
previously outlined for native HDX (45) to show that oxidation
rates under native conditions can be used to directly measure
protein stabilities without extrapolation from denaturing
conditions. This approach should significantly facilitate future
proteomic analyses of folding stabilities.

The phenomenon of methionine oxidation is of particular
practical interest for the development antibody-based thera-
peutics where methionine oxidation over long-term storage
can lead to deactivation and degradation (22, 23). Under-
standing the factors that influence methionine oxidation will
enable the identification of labile methionine residues and
streamline the development of drug candidates (25, 54). The
J. Biol. Chem. (2022) 298(5) 101872 7



A

C 1/2
 va

lue
 (M

)

All data
peptide count: 748 293

Buried (SA < 3 Å2)B C

T. thermophilus
E. coli

T. thermophilus
E. coli

50

100

150

So
lve

nt 
ac

ce
ss

ibi
lty

  (
Å2 )

T. thermophilus
E. coli

**

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Lo
g 10

 (P
F)

**

**

**
*

**

0

25oC 37oC 25oC 37oC 50oC

0
1
2
3
4
5
6 **

*

*

**

Figure 5. Comparison of C1/2 and PF measurements between Escherichia coli and Thermus thermophilus proteomes. A, comparison of the distribution
of C1/2 values for E. coli and T. thermophilus at 25 �C. B, comparison of the distributions of PF values for buried methionines within E. coli and T. thermophilus
at varying temperatures. C, comparison of the distributions of SAs for methionines analyzed in (B). Boxes indicate the interquartile range and whiskers show
the entire range of values excluding outliers (>2 SD). * and ** indicate p-values greater than 0.05 and 0.001, respectively, using a Mann-Whitney U test.
PF, protection factor; SA, solvent accessibility.

EDITORS’ PICK: Folding stability influences methionine oxidation rates
results of this study indicate that enhancing folding stabilities
through genetic or chemical approaches may significantly
mitigate the detrimental oxidation of protein therapeutics.
Experimental procedures

Culture growth and lysate preparations

E. coli K-12 W3110 was a generous gift from Dr Gloria
Culver (University of Rochester) and was cultured in lab-made
lysogeny broth at 37 �C. T. thermophilus strain HB8 (ATCC)
was cultured at 70 �C in Thermus medium (ATCC medium
697) made in house. For both species, initial overnight growths
were streaked onto agar plates, from which single colonies
were picked for 200-ml batches, grown to late-log phase, and
aliquoted into glycerol stocks at −80 �C. All further cultures
were propagated from these stocks. For both species, 5- or
10-ml overnight cultures were diluted at a ratio of 1:100,
grown to late-log phase, and collected on ice. Resulting cell
pellets were immediately frozen at −80 �C until use. All cells
were lysed at 4 �C using gentle sonication in a native lysis
buffer (EDTA-free protease inhibitor mini tablets (Pierce) in
filtered 20 mM sodium phosphate buffer (pH 7.4) with 50 mM
NaCl), with 1 min resting periods on ice. Protein concentration
was subsequently measured using a bicinchoninic acid assay
8 J. Biol. Chem. (2022) 298(5) 101872
and standardized to a final concentration of 2.5 mg/ml for all
intact protein experiments. After standardization, lysates were
aliquoted and flash-frozen in liquid N2 and kept at −80 �C
until use.
Peptide oxidation

Proteomic peptide samples were prepared from native
lysate, as above, which was immediately purified and digested
with trypsin (see ‘Sample purification and TMT labeling’ sec-
tion below). Oxidation was then performed on the purified
peptides in a manner similar to that published previously (46).
Peptides were brought to a final concentration of 1 mg/ml, and
oxidative labeling was accomplished using a concentration-
gradient of heavy-labeled H2

18O2 (Cambridge Isotope Labo-
ratories). Specifically, samples were treated with 0, 0.02, 0.04,
0.08, or 0.16 M O-18 peroxide, for 30 min at 37 �C in a heat
block. All samples were quenched using an excess of 1 M
sodium sulfite and lyophilized. Quenching reagent was
removed via desalting using lab-made C18 spin columns.
Columns were first conditioned using elution buffer contain-
ing 50% acetonitrile (ACN) in 0.1% TFA (Thermo Scientific)
and washed with sample buffer (0.1% TFA in water). Samples
were resuspended in sample buffer, added to the columns, and
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washed. After elution, samples were lyophilized and then
oxidized using a final concentration of 0.16 M H2

16O2 for
30 min at 37 �C to block any remaining methionines. Samples
were lyophilized again to remove peroxide and resuspended in
sample buffer for MS analysis.

Native oxidation

Samples were thawed on ice and then incubated for 10 min
at RT with a final concentration of 100 μM sodium azide to
prevent the degradation of peroxide by native catalases.
Oxidation was achieved via a time course, as this was more
amenable to measuring the slow rates expected for buried
residues. Time courses were optimized for their given tem-
peratures to account for the change in kinetics, and exact
time points are listed in Table S1. For each set of samples, a
native, unoxidized control and a fully denatured, oxidized
(final concentration of 5% SDS heated to 90 �C for 10 min)
control were also prepared. Samples were oxidized using a
final concentration of 0.98 M peroxide for 25 �C and 37 �C, or
0.245 M for 50 �C, then purified as described in below in
‘Sample purification and TMT labeling’. An Amplex Red
(Invitrogen) hydrogen peroxide assay kit was used to validate
the steady state levels of peroxide in samples treated with
100 μM sodium azide under each condition (data not shown).
To capture the large range of rates expected for these sam-
ples, it was advantageous to adopt a labeling method more
amenable to high-throughput analysis. Thus, we opted for
using Tandem Mass Tag (TMT)10plex (see TMT labeling
section below) reagents to quantify the fraction of oxidation
in multiplexed samples. This allowed us to maximize
coverage by using peptide fractionation protocols while cut-
ting down on the number of MS runs.

SPROX

SPROX oxidation, denaturation, and sample cleanup were
performed as described previously (44). The guanidinium
chloride concentrations used for each experiment are listed in
Table S1. Stability measurements were performed using
quality control filters as described previously (44).

Sample purification and TMT labeling

Native oxidation and peptide samples were purified using an
S-Trap mini kit 2.1 (ProtiFi) using manufacturer’s protocol.
Hundred millimolar iodoacetamide was used as the alkylating
agent, and overnight trypsin digests were conducted at a
trypsin-protein ratio of 1:25 at 37 �C. SPROX sample cleanup
was performed as previously described (44) and digested
overnight with a trypsin-protein ratio of 1:100 at 37 �C. After
digestion, TMT labeling for SPROX and native oxidation
samples was conducted with a TMT10plex mass tag labeling
kit (Thermo Scientific), using 0.2 mg of isobaric label per 10 μg
of lysate digest.

Peptide fractionation by spin column

To increase coverage, all peptide samples were fractionated
using C18 spin columns prior to LC-MS/MS analysis.
Columns were first conditioned using ACN and 100 mM
ammonium hydroxide (AH). Samples were resuspended in 50
to 100 μl of AH and added to the columns. After washing the
columns with ACN and AH, samples were eluted with a
gradient of 16 concentrations of ACN ranging from 2 to 50%.
Eluent fractions were then recombined into eight fractions in a
staggered manner (#1 with #8, #2 with #9, etc.), dried down,
and resuspended in 0.1% TFA at a concentration of
0.25 mg/ml for LC-MS/MS analysis.

LC-MS/MS

TMT-labeled peptides originating from the native oxidation
and SPROX methods were injected onto an Easy nLC-1200
HPLC instrument (Thermo Fisher) using a 30 cm C18 col-
umn packed with 1.8 μm beads (Sepax), made in-house, for
analysis via a Fusion Lumos Tribrid mass spectrometer
(Thermo Fisher). Peptides were eluted from the column using
a gradient of two solvents: A (0.1% formic acid in water) and B
(0.1% formic acid in 80% ACN). The gradient started with 3%
B for 2 min, increased to 10% B over 7 min, then to 38% B over
94 min, finally ramped up to 90% B over 5 min, and held for
3 min, before returning to starting conditions in 2 min and
re-equilibrating for 7 min, for a total runtime of 120 min.
Ionization was carried out using a Nanospray Flex source
operating at 2 kV. The Fusion Lumos was operated in data-
dependent mode, acquiring both MS1 and MS2 scans in the
Orbitrap with a cycle time of 3 s. Monoisotopic Precursor
Selection was set to Peptide. The scan range was 400 to
1500m/z, with an AGC target of 4e5, a resolution of 120,000 at
m/z of 200, and a maximum injection time of 50 ms. Only
peptides with a charge state between 2 to 5 were picked for
fragmentation. Precursor ions were fragmented by higher-
energy collisional dissociation, using a collision energy of
38% and an isolation width of 1.0 m/z. MS2 scans were
collected with a resolution of 50,000, a maximum injection
time of 105 ms, and an AGC setting of 1e5. Dynamic exclusion
was set to 45 s.

Analysis of samples generated by the peptide oxidation
experiment was conducted as above with the following
changes. The runtime was reduced to 90 min, while the cycle
time was set to 1 s to ensure enough scans across the peak for
accurate MS1 quantitation. Precursor ions were fragmented by
collision-induced dissociation, using a collision energy of 30
and an isolation width of 1.1 m/z. MS2 scans were collected in
the ion trap with the scan rate set to rapid, a maximum in-
jection time of 35 ms, and an AGC setting of 1e4. Dynamic
exclusion was set to 20 s.

Database searches and quantitation

For SPROX and native oxidation experiments, MS2 data
were searched against the E. coli (4352 entries, downloaded
1/18/2019) or T. thermophilus (2227 entries, downloaded
1/18/2019) UniProt databases using the integrated Andromeda
search engine with MaxQuant (version 1.6.5) software (55),
with mass tolerances of 4.5 ppm for precursor ions and
0.003 Da for reporter ions, respectively. Searches included the
J. Biol. Chem. (2022) 298(5) 101872 9
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TMT10plex labels as fixed modifications and methionine
oxidation as a variable modification (Δmass = 15.99491) and
allowed for up to two missed cleavages of trypsin protease
(cutting at R and K) with maximum false discovery rate
thresholds of 1%. Resulting ion intensities were then normal-
ized using total channel intensity of non-Met peptides and
median normalization. MS searching, quantification, and curve
fitting to acquire intrinsic rate constants for proteomic E. coli
peptides were performed as previously described (46).
Coverage for all MS experiments is shown in Table S2.

SA measurements

SA measurements from PDB structures were computed for
available E. coli and T. thermophilus proteins as previously
described (44). Briefly, solvent accessible surface areas of
methionine residues were calculated in Pymol, with dot den-
sity set to three. If a protein was represented by more than one
PDB file, the value reported is the median value for all struc-
tures. A maximum of three PDB files were analyzed for each
protein. Multimeric structures were analyzed with all subunits
present. Additionally, SA values for E. coli were computed
using structures available from the AlphaFold (AF) Protein
Structure Database using AlphaFold2 (47). Structures for
T. thermophilus were not available in the AF database.
Therefore, they were predicted using ColabFold (56), utilizing
the fast homology search of MMseqs2 with AlphaFold2, with
the AlphaFold2_advanced option set to the default parameters
for all proteins. This analysis was conducted using the
computational resources of the University of Rochester’s
Center for Integrated Research Computing Linux cluster. The
top five ranked models for each protein were then used to
calculate SAs as above, keeping only models with an average
plDDT value >70. Where SA measurements for both PDB and
AF structures were available, the two values were averaged. SA
measurements are reported in Table S3.

Measurements of oxidation rate constants and PFs

Pseudo-first order observed rate constants for oxidation of
peptides and proteins (kobsprotein and kobsintrinsic, respectively) were
measured by least-squares fitting of fractional oxidation (fox) of
each methionine-containing peptide to the following equation:

fox ¼ ek
obs�t (1)

Where t is the oxidation time in minutes. Given that con-
centration of H2O2 was in excess of methionines in all ex-
periments, the above pseudo-first order rate constants can be
converted to second-order oxidation rate constants for pro-
teins and peptides (kprotein and kintrinsic, respectively) by
dividing kobs values by the molar concentration of H2O2. For
intact proteins, PFs were measured by taking the ratio of
kprotein and kintrinsic:

Protection Factor ðPFÞ¼ kintrinsic
kprotein

(2)
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Since measured peptide kintrinsic values closely matched the
oxidation rate of free methionine (23), we used the latter as our
reference kintrinsic value for measuring PFs [after correcting for
temperature using the Arrhenius equation (43)]. For E. coli,
where it was possible to calculate PFs for a portion of the data
using kintrinsic values derived from peptide rate measurements,
the measured PFs were very similar to those measured using
kintrinsic values derived using free methionine. We chose to use
the latter as it significantly increased the number of measured
PFs (as there was limited overlap between proteomic coverages
of peptide and protein oxidation experiments). Since our time
course was optimized to survey slow, protected methionines,
the maximum value of kprotein in each experiment was set to
the respective value for kintrinsic. Rates for proteins and peptides
were kept only for tryptic peptides containing a single Met,
which also lacked Cys, and had a r2 (goodness-of-fit to
Equation 1) ≥ 0.75. The filtered rate data and resulting PFs are
listed in Table S3.
Model for relating PFs to folding stabilities

For protected methionines where protein unfolding is
required for oxidation, the oxidation reaction can be modeled
based on the following reaction:

Metprotected
kopen
!
kclose

Metexposed →
kintrinsic

MetO (3)

Where kopen and kclose are the folding and unfolding rate
constants, respectively, and can be related to the folding
equilibrium constant:

Kfolding ¼ kclose
kopen

(4)

Analogous to the model used for analysis of HDX experi-
ments (45, 57), the following relationship is established be-
tween the observed rate constant for oxidation (kprotein) and
the three rate constants employed in the model:

kprotein ¼ kopenkintrinsic
kopenþkcloseþkintrinsic

(5)

A survey of available protein-folding rates from the protein
folding database indicated that the average protein has a
folding rate roughly 15,000 times faster than the oxidation of
free methionine (58). Therefore, this reaction is expected to be
in an EX2 regime (45, 57) where kclose is significantly faster
than kopen and kintrinsic, and therefore:

kprotein ¼ kopenkintrinsic
kclose

(6)

From Equations 2, 4 and 6:

Kfolding ¼ PF (7)
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PFs can thus be related to folding stabilities (ΔGfolding) and
midpoints of denaturation curves (C1/2):

ΔGfolding ¼ −RT ln
�
Kfolding

�¼ −RT lnðPFÞ¼mC1=2 (8)

Where R is the gas constant, T is the temperature (in Kelvin),
and m is the slope of the linear relationship between ΔGfolding

and denaturant concentration in accordance to a two-state
folding model (44). Therefore, if the assumptions of the
above model are valid, oxidation PFs are expected to be
correlated with folding stabilities and C1/2 values.
Data availability

All raw and processed data are available in the included
Supporting Information and at the ProteomeXchange Con-
sortium via the PRIDE (59) partner repository (accession
number PXD030245).
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