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ABSTRACT: Oxidation of methionine residues is involved in several biochemical processes and in degradation
of therapeutic proteins. The relationship between conformational stability and methionine oxidation in
recombinant human interleukin-1 receptor antagonist (rhIL-1ra) was investigated to document how
thermodynamics of unfolding affect methionine oxidation in proteins. Conformational stability of rhIL-
1ra was monitored by equilibrium urea denaturation, and thermodynamic parameters of unfolding (∆GH2O,
m, andCm) were estimated at different temperatures. Methionine oxidation induced by hydrogen peroxide
at varying temperatures was monitored during “coincubation” of rhIL-1ra with peptides mimicking specific
regions of the reactive methionine residues in the protein. The coincubation study allowed estimation of
oxidation rates in protein and peptide at each temperature from which normalized oxidation rate constants
and activation energies were calculated. The rate constants for buried Met-11 in the protein were lower
than for methionine in the peptide with an associated increase in activation energy. The rate constants
and activation energy of solvent exposed methionines in protein and peptide were similar. The results
showed that conformational stability, monitored using theCm value, has an effect on oxidation rates of
buried methionines. The rate constant of buried Met-11 correlated well with theCm value but not∆GH2O.
No correlation was observed for the oxidation rates of solvent-exposed methionines with any thermodynamic
parameters of unfolding. The findings presented have implications in protein engineering, in design of
accelerated stability studies for protein formulation development, and in understanding disease conditions
involving protein oxidation.

Protein methionine (Met1) oxidation is a predominant
degradation pathway of proteins with both structural and
functional consequences. Control of Met oxidation in protein
pharmaceuticals continues to be a critical issue in developing
stable formulations (1). The biological activity of proteins
can be significantly affected, with complete loss of func-
tionality upon oxidation of Met to methionine sulfoxide
(MetSO) or sulfones. Some examples of proteins that show
decreased activity upon Met oxidation include but are not
limited to calmodulin (2); R1-protease inhibitor (3); human
chorionic somatotropin (4); subtilisin (5); and recombinant
human granulocyte colony stimulating factor (6). Met

oxidation in thrombodulin disrupts its structure with conse-
quent loss of anticoagulant activity (7). Furthermore, Met
oxidation was found to increase during aging and has been
associated with inflammatory diseases, neurologic disorders,
and cataractogenesis (8-10). Therefore, it is of importance
to understand the factors modulating Met oxidation in
proteins and thus rationalize strategies to counter this process
in vitro and in vivo.

Evidence in the literature points to the conformational
control of Met oxidation in proteins. For example, surface
accessibility or the lack of it can strongly modulate the
oxidation rates of Met residues in proteins (4-6, 11-13).
If a Met residue is significantly surface exposed, it shows
greater tendency to be oxidized compared to a partially or a
fully buried residue in the interior of the protein. Hence, Met
oxidation has been typically correlated with the solvent-
accessible area (SAA) of these residues in protein. More
recently, Chu et al. (14) have proposed the “water-mediated”
mechanism for Met oxidation in recombinant human granu-
locyte colony stimulating factor. They suggest that, rather
than the SAA, the water coordination number (WCN) of the
Met residues that incorporates both protein and solvent
dynamics is a better predictor of the rates of Met oxidation
in proteins.
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Solution conditions, such as pH (11), temperature (15),
and presence of cosolutes (5), can be modulated to reduce
Met oxidation by stabilizing the protein’s native state.
Chemical mutagenesis involving substitution of Met residues
by other amino acids is another strategy of preventing protein
oxidation and loss of functionality (16-18). A link between
protein’s conformational stability and Met oxidation has been
shown in a few published studies (5). For example, Depaz
et al. (5) demonstrated that conformational stabilization of
subtilisin by the thermodynamic stabilizer sucrose reduced
the rate of Met oxidation. Sucrose shifted the protein
population toward species with a more compact conforma-
tion. As a result, susceptibility of the partially buried Met
residue to oxidation and the loss of enzyme activity were
reduced.

To gain insights into the nature of the interactions between
conformational stability and Met oxidation, we have inves-
tigated Met oxidation in recombinant human interleukin-1
receptor antagonist (rhIL-1ra). The overall goal was to
document how thermodynamic properties (∆GH2O, m, and
Cm) govern Met oxidation in rhIL-1ra. The understanding
derived from such studies is important in developing
stabilization strategies against Met oxidation in therapeutic
protein formulations and is also crucial in understanding
disease conditions where Met oxidation is involved. rhIL-
1ra was chosen as the model protein for this study because
its crystal structure indicates the presence of Mets with
distinct degrees of solvent accessibility (19, 20). There are
6 Met residues in rhIL-1ra; the Mets at positions 11, 126,
137, and 143 have been analyzed in this study (Figure 1).
The Met at position 1 has been introduced in the sequence
of the recombinant protein for expression purposes in
Escherichia coliand is not shown in Figure 1. Structurally,
this 153 amino acid residue protein exhibitsâ-trefoil topology
with each trefoil consisting of fourâ-strands and a total of
12 strands.

There are two components to our study. We first examined
the conformational stability of rhIL-1ra by performing
equilibrium urea unfolding studies over the temperature range
5-50 °C. The temperature dependence of thermodynamic
parameters∆GH2O (free energy of unfolding in the absence
of denaturant),m (denaturant concentration dependence of
∆G), andCm (concentration midpoint for denaturant induced-
unfolding) were evaluated. From the temperature dependence
of ∆GH2O, the stability curve for the protein was constructed
using the Gibbs-Helmholtz relationship (21).

Second, we measured H2O2 induced oxidation rates of
Mets at temperatures between 5 and 45°C, for buried and
surface exposed residues in rhIL-1ra. Monitoring Met
oxidation in buried and surface exposed residues allowed
us to assess the role of solvent accessibility in correlations
between thermodynamic stability and oxidation.

An intrinsic challenge in understanding the effects of
protein conformational stability on Met oxidation involves
separating conformational dependence from the temperature
dependence of reaction kinetics. This was achieved by the
analysis of Met oxidation kinetics during coincubation of
rhIL-1ra with peptides, which are representative of specific
regions of the protein and carry the reactive Met residues.
For the analysis of a buried residue, we monitored the rates
of oxidation of Met-11 in the protein. rhIL-1ra was coincu-
bated at equimolar concentrations with peptide-1 (SSKM-

QAFRIWDV), which has the Met corresponding to Met-11
in rhIL-1ra. This strategy allowed us to determine simulta-
neously the oxidation kinetics of Met-11 in the conforma-
tionally constrained protein and in conformationally uncon-
strained peptide-1 in the same sample.

As representative of surface-exposed Met residues, we
monitored the rates of oxidation of the three C-terminal Mets
in rhIL-1ra, Met-126, Met-137, and Met-143. The analysis
of a single peptide from the peptide map containing these
three methionines stems from a preliminary investigation that
showed first-order kinetics for their oxidation (data not
shown). This led to our assumption that their oxidation rates
are similar for each Met, and hence the triple Mets were
treated as a single entity. For the oxidation of these Mets,
rhIL-1ra was coincubated at equimolar concentrations with
peptide-2 (TAMEADQY) and peptide-3 (TNMPDEGVM-
VTKF). The Met residues in these peptides are representative
of Met-126, Met-137, and Met-143 in rhIL-1ra. Again, the
Met oxidation kinetics was determined for the peptide and
protein in the same sample. In this case, the Mets in the
protein are expected to be equally susceptible to oxidation

FIGURE 1: Crystal structure of rhIL-1ra (PDB ID: 1ILR) showing
(A) Met-11 and (B) Met-126, Met-137, Met-143. The computer
graphics and modeling of rhIL-1ra utilized DS Viewer Pro (Accelrys
Inc., CA), MOLMOL (42), MolSoft ICM browser softwares. Color
scheme: helices, dark pink;â-strands, green;â-turns, green; loops,
gray. The carbon atoms are shown in white; oxygen, red; nitrogen,
blue; sulfur, yellow.
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as the corresponding Met in the peptide. The coincubation
technique used in this study has an important advantage over
separately incubated samples because the Met residues in
both the protein and peptide see identical amounts of reactive,
oxidizing species. This is critical since sample-to-sample
differences could lead to slight changes in the concentration
of oxidizing species and result in significant variations in
reaction rates.

MATERIALS AND METHODS

Materials. rhIL-1ra was provided by Amgen Inc. (Thou-
sand Oaks, CA). The purified protein was obtained as a stock
solution of 220 mg/mL in pH 6.5 buffer (CSE buffer: 10
mM sodium citrate, 140 mM sodium chloride, 0.5 mM
EDTA). The stock protein was dialyzed against excess CSEP
buffer, pH 6.5 (CSEP buffer: 10 mM sodium citrate, 140
mM sodium chloride, 0.5 mM EDTA, 0.1% polysorbate 80).
High purity urea was purchased from MP Biomedicals
(Salon, OH). Ultrapure H2O2 was obtained from J. T. Baker
(Phillipsburg NJ). Endoproteinase Lys-C (sequencing grade)
was purchased from Roche Diagnostics (Indianapolis, IN).
Bovine catalase was purchased from Sigma Chemical
Company (St. Louis MO). All other chemicals used were of
reagent grade or higher. The peptides used in the study were
generated and supplied by Amgen Inc. The peptide sequences
were the following: peptide-1, SSKMQAFRIWDV; peptide-
2, TAMEADQY; and peptide-3, TNMPDEGVMVTKF.

Conformational Stability Studies.Urea induced unfolding
of rhIL-1ra was monitored in a Jasco circular dichroism
spectrometer (model J720) at temperatures of 5, 10, 15, 20,
25, 30, 37, 40, 45, and 50°C. A urea stock solution (∼10.0
M) was prepared in CSEP buffer and pH adjusted to 6.5.
The concentration of the urea stock solution was determined
by refractive index measurements on a refractometer (Bausch
and Lomb) as described by Pace (22). Each set of samples
were studied isothermally, and fresh samples were prepared
and used for each temperature. A stock solution of rhIL-1ra
at 22.0 mg/mL was prepared in CSEP buffer to allow for
dilution with other components of the solution. The protein
concentration for the experiments was determined on an
Agilent spectrophotometer (model 8453) using an extinction
coefficient of 0.77 (mL-1 mg-1 cm-1) at 280 nm. rhIL-1ra
stock was diluted in CSEP buffer and urea stock solution to
the desired final urea concentrations between 0 and 8.0 M
and a fixed protein concentration of 1 mg/mL. Samples were
incubated at each temperature and in a thermostatted cuvette
to ensure equilibrium before measurements were made. At
temperatures between 5 and 50°C, samples were equilibrated
overnight at each temperature. Between 30 and 50°C,
samples were initially equilibrated at room temperature and
then at the required final temperature for 2 h prior to
measurement. Circular dichroism at 230 nm was used to
monitor urea induced unfolding of rhIL-1ra between 5 and
50 °C. The mean residue ellipticity at 230 nm for the protein
was recorded in a 1.0 mm path length cuvette as an average
of a 60 s kinetic scan, with a bandwidth of 2.0 nm and
response time of 4.0 s. The reversibility of rhIL-1ra unfolding
in urea was tested by recording scans at room temperature
and after dilution of samples containing urea to lower sub-
denaturing urea concentrations. Shock dilution of samples
to lower denaturant concentrations resulted in reversibility

lower than expected with sequential dilution process. Re-
versibility was greater than 90% between 5 and 40°C and
above 60% at higher temperatures. A two-state approxima-
tion was used to analyze the transition between the native
and the denatured states of the protein. The data in the
transition region was analyzed using a linear extrapolation
model to obtain the thermodynamic parameters:∆GH2O, m,
andCm (23).

Endoproteinase Lys-C Digestion of rhIL-1ra for Analysis
of Oxidized Methionines.The analysis of oxidation of specific
Met residues in rhIL-1ra required a robust peptide map from
which peak areas corresponding to Met containing regions
could be isolated and monitored. rhIL-1ra was digested with
endoproteinase Lys-C, which cleaves preferentially at the
carboxy side of the nine lysine residues of rhIL-1ra producing
up to 10 fragments for rhIL-1ra. About 200µg of rhIL-1ra
from samples at 0.5 mg/mL (concentration used in the
coincubation study) were dissolved in 150µL of digestion
buffer (50 mM Tris HCl, 0.8 M GdnHCl at pH 8.0).
Endoproteinase Lys-C was prepared at a concentration of
0.1 µg/µL in the digestion buffer and added to the protein
sample to obtain a final enzyme:substrate ratio of 1:50 by
weight. No reduction and alkylation steps were necessary
during enzyme digestion since rhIL-1ra does not contain any
disulfides. The enzyme treated samples were incubated at
37 °C for 16 ( 1 h to allow for complete digestion of the
protein. Enzyme digestion was halted by acidification with
10% TFA, and the digested samples were stored at 4°C.
The fragments generated from Lys-C digestion were analyzed
using reversed-phase HPLC and mass spectrometry.

RP-HPLC-Mass Spectrometric Analysis of the Peptide
Map.The fragments from Lys-C digestion of rhIL-1ra were
separated on a Jupiter C4 column (Phenomenex, 00F-4167-
B0) and detected spectroscopically at a wavelength of 215
nm. The mobile phases used were solvent A (0.1% TFA in
water) and solvent B (0.1% TFA in 90% acetonitrile). The
separation of peptides was performed at 50°C using a flow
rate of 0.2 mL/min with an initial equilibration using 5%
solvent B for 3 min, then a ramp to 50% solvent B in 50
min and 90% solvent B in 53 min, and finally 5% solvent B
from 54 to 75 min. Masses of the peptides generated were
identified by introducing the sample directly from the HPLC
column onto a Finnigan LCQ mass spectrometer equipped
with an ion-trap mass detector (Thermo Finnigan, San Jose,
CA). Mass spectra were collected over them/z range 400-
2300, and the peptide sequence information was obtained
from the MS/MS data collected. In an identical procedure,
the peptide map and mass spectrometric analysis was carried
out on the protein after oxidation with 1 mM H2O2 to validate
the applicability of the Lys-C digestion method to identify
oxidized methionine peaks and mass.

Chemical Stability Studies: Coincubation To Study Oxida-
tion of Protein and Peptide with H2O2. Coincubation of rhIL-
1ra with Peptide-1.rhIL-1ra (0.5 mg/mL) was coincubated
with peptide-1 (SSKMQAFRIWDV) at equimolar concen-
trations (28.9µM) in CSEP buffer at pH 6.5. Preliminary
experiments revealed that protein aggregation could be a
competing reaction for oxidation especially at high temper-
atures and at relatively high protein concentrations. To
identify the protein concentration at which aggregation could
be diminished during the reaction time for oxidation,
aggregation was monitored in CSEP buffer at protein
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concentrations between 0.5 mg/mL and 2 mg/mL at 45 and
50 °C, because the protein was more susceptible to aggrega-
tion at elevated temperatures (24). No protein loss due to
aggregation was detected at 0.5 mg/mL at these temperatures
for up to 10 days (data not shown). Hence, a final rhIL-1ra
concentration of 0.5 mg/mL was chosen to perform oxidation
experiments.

The oxidation of the protein is not significant in CSEP
buffer during storage at 25°C. As a result, H2O2 was added
in to the solution to accelerate oxidation. Oxidation was
initiated by the addition of H2O2 to a final concentration of
1 mM. A 1 mL sample was incubated at each time point in
a 1.5 mL eppendorf tube at 5, 15, 25, 30, 37, and 45°C. At
the end of each hour for up to 10 h, oxidation was terminated
by the addition of 1.0µL of bovine catalase to 1.0 mL of
sample. The samples were centrifuged at 5000g (5 min at
25 °C) and the supernatant was collected. Then the oxidized,
coincubated samples were digested with endoproteinase

Lys-C and analyzed as described above. A 75.0µL portion
of sample from each time point was injected onto a C4
column, and the extent of oxidation of Met-11 in the protein
and in peptide-1 was determined from the peptide map.

Coincubation of rhIL-1ra with Peptide-2 and Peptide-3.
In a second set of coincubation experiments, rhIL-1ra (0.5
mg/mL) was incubated with peptide-2 (TAMEADQY) and
peptide-3 (TNMPDEGVMVTKF) at equimolar concentra-
tions (28.9µM of each peptide) and samples were maintained
at 5, 15, 25, 30, 37, or 45°C. Oxidation of coincubated
samples with H2O2 and protein digestion with endopro-
teinase Lys-C were carried out as described above. After
termination of oxidation with catalase, each oxidized sample
was divided into two aliquots. One aliquot was directly
injected into the reversed-phase column, and the degree of
methionine oxidation in peptides-2 and -3 was determined.
The second aliquot was digested with Lys-C and then used
for reversed-phase chromatography. Such difference in
treatment was necessary since intact peptide peaks coeluted
with peptides from Lys-C digestion of the protein. The
analysis of oxidation in the C-terminal Mets, that is, Met-
126, Met-137, and Met-143, of the protein was carried out
by monitoring the peak corresponding to these three Mets
from the peptide map.

Kinetic Analysis of Methionine Oxidation in rhIL-1ra and
Peptides.Pseudo-first-order rate constants were obtained for
the initial rate of Met oxidation, assuming an excess molar
concentration of H2O2 in the reaction. The decrease in
Met containing peptide peak areas with time was monitored.
By using the corresponding unincubated peak area at
each temperature, the percentage of unoxidized Met was
calculated. The percentage unoxidized Met in the protein or
peptide was normalized to their initial concentrations, and
the rate constants for Met oxidation in protein and pep-
tide were obtained from the slopes of the best-fit lines to
the semilog plots of percentage of unoxidized Met versus
time.

RESULTS

Equilibrium Denaturation of rhIL-1ra by Urea.The
mean residue ellipticity at 230 nm versus urea concen-
tration and the fraction folded plots obtained at different
temperatures are shown in Figure 2A and B. rhIL-1ra has a
melting temperature (Tm) of 62 °C as measured by a thermal
denaturation scan using CD spectral analysis (24). How-
ever, the onset of thermal denaturation for the protein
starts at approximately 55°C, and unfolding may become
irreversible at temperatures above this. At temperatures used
in this study, urea denaturation of rhIL-1ra was highly
reversible.

The plot of mean residue ellipticity at 230 nm versus urea
concentration was sigmoidal. The plot at each temperature
was approximated to a two-state transition between the native
and unfolded states (23). Similar estimates for∆GH2O were
obtained when unfolding of rhIL-1ra was monitored by CD
and fluorescence spectroscopies (data not shown). A non-
linear regression of each curve shown in Figure 2A by fitting
to eq 1 provided the slope (mf) and intercept of the upper
asymptote (yf), the slope (mu) and intercept (yu) of the lower
asymptote, and the slope and inflection point of middle
region (Cm).

FIGURE 2: (A) Change in circular dichroism at 230 nm for rhIL-
1ra at different urea concentrations in CSEP buffer between 5 and
50 °C. (B) Fraction folded plots obtained from the equilibrium urea
denaturation curves of panel Ab, 5 °C; 9, 10 °C; 2, 15 °C; 1,
20 °C; [, 25 °C; |, 30 °C; O, 37 °C; 4, 40 °C; 3, 45 °C; ],
50 °C.
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Using eqs 1 and 2,∆G for each denaturant concentration
was calculated. From the∆G values in the transition region
(in which there is approximately 20-80% folded protein),
the free energy of unfolding in the absence of denaturant
(∆GH2O) and them values were estimated by the linear
extrapolation model given by eq 3 (23). Them value, which
is defined as the denaturant concentration dependence of∆G,
reflects the degree of solvent exposure of the hydrophobic
groups of the protein in the presence of denaturant (25). As
seen in Figure 3, the∆GH2O, m, and Cm values exhibited
nonlinear temperature dependence. The maximum value of
free energy of unfolding was obtained at 25°C. The change
in ∆GH2O as a function of temperature was fitted to the
Gibbs-Helmholtz equation (eq 4) to derive the stability
curve (Figure 3A) for the protein (21):

whereT is the temperature,∆H(T), ∆S(T), and∆Cp are the
changes in the enthalpy, entropy, and heat capacity at each
temperature respectively andTm is the midpoint of unfolding
temperature at which the fraction of folded and unfolded
protein are equal and thus∆G(Tm) ) ∆H(Tm) - Tm∆S(Tm)
) 0. The change in∆GH2O with temperature was similarly
fit to eq 4, with the additional constraint that∆H be negative
to estimate the thermodynamic parameters for the low
temperature side of the stability curve (26). The calculated
values are shown in Table 1.

Lys-C Peptide Map for rhIL-1ra To Monitor Methionine
Oxidation Rates.Figure 4A and B illustrates the reversed-
phase HPLC separation of peptides from endoproteinase
Lys-C digestion of unoxidized and oxidized rhIL-1ra re-
spectively. The Lys-C digestion protocol was optimized to
ensure that there was no intact rhIL-1ra remaining after
digestion. Intact rhIL-1ra eluted at∼42 min. After Lys-C
digestion, only negligible amounts of intact rhIL-1ra re-
mained. Presence of large or variable amounts of intact
protein after the digestion step can result in inaccurate
estimates of oxidation rate constants as observed from the
loss of Met containing peptides. The nine peptides from
Lys-C digestion are numbered sequentially starting from the
N-terminus of the protein as K1 through K9. All peptides
from Lys-C digestion of rhIL-1ra were recovered except K2,
which was too hydrophilic to be retained on the reversed-
phase column. The sequence of the different fragments
generated and their corresponding masses are shown in
Table 2.

A comparison of Lys-C peptide map of the oxidized and
native protein reveals no change in the chromatogram apart
from a shift to lower retention times for Met oxidized peaks
and a concomitant increase in mass corresponding to the
addition of an oxygen atom. The addition of an oxygen atom
to the Met to form MetSO increased the polarity of the

peptide, which resulted in earlier elution from the reversed-
phase chromatography (4). The prepeak that eluted before
peptide K3 labeled K3A (Figure 4A and 4B) showed an
increased mass of 16.1 Da suggesting oxidation of Met-11
in this fragment. The oxidation of the C-terminal peptide
K9 resulted in K9A (Figure 4A and 4B), with a mass
increment of 48.3 Da suggesting oxidation of all three Mets
in this region. The oxidized form of K9, K9A, appears in
the peptide map as a split peak. The K9A is a split peak

y ) {yf + mf[urea]} + {(yu + mu[urea]) exp[m[urea]]}
(1)

∆G ) -RT ln K ) - RT ln[(yf - y)/(y - yu)] (2)

∆G ) ∆GH2O - m[urea] (3)

∆GH2O(T) ) ∆H(1 - T/Tm) +
∆Cp(T - Tm - T ln(T/Tm)) (4)

FIGURE 3: Temperature dependence of (A)∆G, (B) m, and (C)
Cm values for rhIL-1ra from urea unfolding studies under isothermal
conditions between 5 and 50°C. Solid line in panel A was the best
fit to eq 4 to the plot of∆G vs temperature.∆G values reflect
∆GH2O obtained in the absence of denaturant. The error bars in all
panels were calculated from duplicate sets of samples.
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because oxidation of Met to MetSO forms a new chiral center
at sulfur atom and results in a racemic mixture of diastere-
omeric peptides (27). Both peaks within the “doublet”
showed a mass increment corresponding to oxidation of the
three methionines. However, the diastereomeric peptide
sulfoxides may be resolved by RP-HPLC only in certain
cases with Met forming MetSO. Other Met containing
peptides K1 (Met-1) and K6 (Met-66) were also identified
from the peptide map and mass spectral analysis but not
monitored for their oxidation kinetics. The peptide sequence
with Met 66 contains the two cysteine residues (YGIHG-
GKMCLSCVKSG). Our preliminary experiments indicated
that the free cysteines in the peptide cross-link with the
protein and between themselves on coincubation thus
complicating analysis.

Oxidation of Met-11, Met-126, Met-137, and Met-143 in
rhIL-1ra and Peptides.The rate of disappearance of peak
K3 was monitored to estimate the extent of oxidation of Met-
11 in rhIL-1ra (Figure 4A). The intrinsic oxidation rate of
Met-11 was determined in peptide-1 (SSKMQAFRIWDV)
from the peptide map after proteolytic treatment of the
coincubation sample (Figure 4B). The Lys-C proteolytic
cleavage of peptide-1 at its lysine residue gave rise to smaller
peptides SSK andMQAFRIWDV. The peptide SSK was not
retained during reversed-phase chromatography, however
both oxidized and unoxidized peaks corresponding to
MQAFRIWDV were well resolved from the other peaks in
the peptide map. The time course of the change in concentra-
tion of unoxidized Met and the pseudo-first-order rate
constants calculated for Met-11 oxidation in rhIL-1ra and
peptide-1 are shown in Figure 5A and B and Table 3
respectively. The linearity of the plots is consistent with that
expected for pseudo-first-order oxidation reactions.

The oxidation rates of Met-11 in both protein and peptide-1
increased with temperature, although at any temperature the
rate was significantly higher in the peptide (Table 3). H2O2

has been shown to react faster toward surface exposed Met
residues compared to buried residues of the protein (11).
Thus, the differential reactivity of Met-11 in protein versus
peptide to the oxidizing species provides some insight to their
relative degrees of protection. The faster rate of oxidation
for the Met-11 in peptide-1 was due to the lack of
conformational constraints compared to the slower oxidation
of the same Met in the protein and suggests protection of
this residue in rhIL-1ra. The crystal structure of rhIL-1ra
indicates that Met-11 is positioned on aâ-strand in the
protein with its sulfur atom being oriented toward a cleft
surrounded by amino acids glycine-10, aspartic acid-47,
valine-50, glycine-63, glycine-64, iso-leucine-86, and threo-
nine-87, limiting its accessibility to the oxidizing species in
solution. The solvent accessibility of the sulfur atom in Met-
11 (Figure 1A), to which the oxygen atom attaches during
oxidation, was calculated to be 9% in rhIL-1ra (MOLMOL).
The Met-11 oxidation rates in the protein were slower than
in peptide-1 at all temperatures and are reflected by ratios
of (oxidation rate of Met-11 in protein)/(oxidation rate of
Met-11 in peptide) in Table 3. The increased ratio of
oxidation of Met-11 in (protein/peptide) with temperature
suggests decreased protection provided by the conformation
of the protein with increased temperature.

The change in peak area for peptide K9 shown in Figure
4A was followed to determine the extent of oxidation of Met-
126, Met-137, and Met-143 in the protein. As indicated in
the Materials and Methods section, the analysis of intrinsic
rates of oxidation in Met-126, Met-137, and Met-143 in
peptides-2 and -3 that were coincubated with the protein was
carried out by directly injecting the coincubation mixture
onto the reversed-phase chromatography. Figure 6 illustrates
chromatograms that show the C-terminal Met oxidation in
peptides-2 and -3 obtained from intact coincubation sample
injection. Figure 7 shows the time course of oxidation of
Met-126, Met-137, and Met-143 in the protein and peptide.
The calculated pseudo-first-order rate constants for their
oxidation are shown in Table 4. The rate constants for the
three Mets in rhIL-1ra and the peptide increased with
temperature. Interestingly, the rate constant for the three-
Met oxidation in rhIL-1ra was similar to that of the peptide

Table 1: Thermodynamic Parameters Obtained from the Stability
Curve of rhIL-1raa

∆H
(kcal/mol)

∆Cp

(kcal mol-1 K-1) Tm (K)

heat denaturation 163.44( 1.27 4.94( 0.04 329.90( 0.28
cold denaturation-142.31( 1.11 4.94( 0.04 268.09( 0.43

a The mean( SD were calculated from duplicate set of samples.

FIGURE 4: (A) Reversed-phase chromatogram showing the Lys-C
peptide map for rhIL-1ra during coincubation with peptide-1 and
after hydrogen peroxide treatment for 1 h at 25 °C. (B) The
formation of methionine oxidized peptide peak for Met-11 (K3A)
in rhIL-1ra and peptide-1 is shown along with the oxidized peak
for C-terminal methionines (K9A). The oxidized peaks are indicated
with a suffix A to the main peak.
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at all temperatures. This is presumably due to the similar
extent of solvent exposure of the C-terminal Mets in rhIL-
1ra as for the Mets in the peptides-2 and -3. In other words,
there is an absence of conformational protection for these
C-terminal Mets. The sulfur atoms in the three C-terminal

Mets are highly solvent accessible (Figure 1B). The solvent
accessibility of the sulfur atoms in the methionines was
calculated to be 90%, 78%, and 49% for Met-126, Met-137,
and Met-143 respectively. We consistently observed at all
temperatures a slightly greater rate of oxidation of C-terminal
Mets in the protein relative to the peptide (Table 4).
However, the observed differences in the rates at any given

Table 2: Endoproteinase Lys-C Digested Peptides of rhIL-1ra Shown in Figure 4A and 4B

peptide residue no. obsd sequences of rhIL-1ra from Lys-C digestion mass obsd
mass obsd with

methionine oxidation

K1 1-7 MRPSGRKa 831.01 846.81 (+15.8)
K2 8-10 SSKb 320.35
K3 11-22 MQAFRIWDVNQKa 1535.78 1551.88 (+ 16.1)
K4 23-46 TFYLRNNQLVAGYLQGPNVNLEEK 2781.11
K5 47-65 IDVVPIEPHALFLYGIHGGK 2012.38
K4 + K5 23-65 TFYLRNNQLVAGYLQGPNVNLEEK IDVVPIEPHAL

FLYGIHGGKc

K6 66-72 MCLSCVKa 783.04 799.14 (+ 16.1)
K7 73-94 SGDETRLQLEAVNITDLSENRK 2488.69
K8 95-97 QDK 389.41
K9 98-146 RFAFIRSDSGPTTSFESAACPGWFLCTAMEADQPV

SLTNMPDEGVMVTK a
5301.00 5349.3 (+48.3)

K10 147-153 FYFQEDE 976.99
a All oxidizable methionines have been highlighted in the sequence.b Peptide K2 is hydrophilic and not retained in the reversed-phase column.

c Peptide K4+ K5 was generated from a miscleavage at residue K-46.

FIGURE 5: Time course of change in oxidation of methionine (Met-
11) in (A) rhIL-1ra and (B) peptide-1. Oxidation was with 1 mM
H2O2 in CSEP buffer (pH 6.5) between 5 and 45°C: 0, 5 °C; ],
15 °C; 4, 25 °C; 9, 30 °C; [, 37 °C; 2, 45 °C.

Table 3: Pseudo-First-Order Rate Constants for the Oxidation of
Met-11 in rhIL-1ra and the Corresponding Methionine in Peptide-1a

temp
(°C)

Met-11 in
rhIL-1ra (h-1)

Met-11 in
peptide-1 (h-1)

k oxidation protein/
k oxidation peptideb

5 0.002( 0.0003 0.012( 0.0008 0.149( 0.012
15 0.006( 0.0003 0.029( 0.0014 0.187( 0.019
25 0.008( 0.0004 0.045( 0.0024 0.203( 0.002
30 0.015( 0.0002 0.054( 0.0009 0.213( 0.006
37 0.023( 0.0016 0.090( 0.0016 0.253( 0.014
45 0.037( 0.0020 0.133( 0.0033 0.282( 0.008
a The mean( SD were calculated from duplicate set of samples.

b From each set of the replicate, the ratio of protein/peptide oxidation
rate was calculated. For duplicate samples at a given temperature, an
average and SD were calculated as shown in column 4.

FIGURE 6: Reversed-phase chromatograms of intact rhIL-1ra
coincubated at 25°C with peptide-2 and peptide-3. Intact coincu-
bated samples (undigested) were injected and peak areas corre-
sponding to peptides-2 and -3 were used in the analysis of oxidation
in these peptides. Descending peak areas of unoxidized peptide-2
and peptide-3 shown above indicate the progress of oxidation after
0, 4, and 8 h.
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temperature were not statistically significant (p > 0.05 at
95% confidence interval).

The crystal structure of rhIL-1ra illustrates the relative
positions of the three C-terminal Mets (Figure 1). Met-126
is positioned in aâ-turn region of the protein while Met-

137 and Met-143 are both in the loop regions of rhIL-1ra.
A preliminary investigation of the oxidation rate of the
C-terminal Mets in rhIL-1ra demonstrated a first-order
reaction suggesting that the oxidation of these Met residues
proceeded independently of each other albeit at a similar rate.
This understanding led us to consider the oxidation of the
three C-terminal Mets as a group. The oxidation of any single
C-terminal Met, Met-126, Met-137, or Met-143, led to loss
of peak K9 and contributed to the oxidation rate.

An Arrhenius plot was constructured from the oxidation
rates of the Mets in protein and peptides at different
temperatures (Figure 8A and B). The apparent activation
energy for oxidation of Met-11 in rhIL-1ra was 13.2( 0.37
kcal/mol, which is about 3.2 kcal/mol higher than for the
same Met oxidation in peptide. The observed difference in
activation energy for oxidation of Met-11 between the protein
and peptide was statistically significant (usingp < 0.05 and
95% confidence interval to indicate statistical significance).

FIGURE 7: Time course of change in oxidation of C-terminal
methionines (Mets-126, -137, -143) in (A) rhIL-1ra and (B)
peptides-2 and -3. Oxidation was with 1 mM H2O2 in CSEP buffer
(pH 6.5) between 5 and 45°C: 0, 5 °C; ], 15 °C; 4, 25 °C; 9,
30 °C; [, 37 °C; 2, 45 °C.

Table 4: Pseudo-First-Order Rate Constants for the Oxidation of
Mets-126, -137, and -143 in rhIL-1ra and the Corresponding
Methionine in Peptides-2 and -3a

temp
(°C)

Met-126, -137,
and -143 in

rhIL-1ra (h-1)
Met-126, -137,

-143 peptides (h-1)
k oxidation protein/
k oxidation peptideb

5 0.031( 0.002 0.022( 0.002 1.39( 0.14
15 0.051( 0.003 0.039( 0.002 1.32( 0.15
25 0.111( 0.008 0.089( 0.011 1.26( 0.11
30 0.135( 0.008 0.106( 0.011 1.28( 0.11
37 0.164( 0.004 0.127( 0.009 1.28( 0.05
45 0.233( 0.017 0.198( 0.007 1.25( 0.13
a The mean( SD were calculated from duplicate set of samples.

b From each set of replicate, the ratio of protein/peptide oxidation rate
was calculated. For duplicate samples at a given temperature, an average
and SD were calculated (column 4).

FIGURE 8: Arrhenius plots for determination of the activation energy
for oxidation of (A)9, Met-11 in protein;1, Met-11 in peptide-1;
(B) b, Mets-126, -137, and -143 in protein;2, Mets-126, -137,
and -143 in peptides-2 and -3. The apparent activation energies
for oxidation of Met-11 in rhIL-1ra and peptide were 13.2( 0.37
kcal/mol and 9.9( 0.16 kcal/mol respectively. The activation
energies calculated for the oxidation of Mets-126, -137, and -143
in rhIL-1ra and peptide were 9.16( 0.40 kcal/mol and 9.74(
0.32 kcal/mol respectively.
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The apparent activation energy for oxidation of Met-126,
Met-137, and Met-143 in the protein and peptide were in
the same range (9.16( 0.40 kcal/mol vs 9.74( 0.32 kcal/
mol), and any difference between them was statistically
insignificant (p > 0.05). The rate constants for the buried
and exposed Met oxidation in the protein were normalized
to the rate of Met oxidation in the corresponding peptide to
assess the degree of protection by protein conformation. The
normalized rates were correlated to the thermodynamic
parameters from equilibrium unfolding (Figure 9).

DISCUSSION

Thermodynamic Stability of rhIL-1ra.The conformation
of the native protein (i.e., in the absence of urea) only varied
slightly with temperature (Figure 2A). In contrast, the raw
CD signal for rhIL-1ra versus urea concentration showed
different post-transition plateaus at the different temperatures
studied (Figure 2A). This result suggests that the unfolded
states of the protein differ as a function of temperature.
Because it is possible to go from one type of unfolded state
to another in a cooperative process with no change in
thermodynamic properties, these states were treated as being
thermodynamically indistinguishable (28). Thus the transi-

tions at each temperature were approximated by a two-state
process to generate the fraction folded plots.

From the equilibrium denaturation of rhIL-1ra by urea,
the thermodynamic parameters of∆GH2O, m, andCm were
estimated. The free energy of unfolding (∆GH2O) of the
protein decreased on either side of the optimum temperature
for maximum stability and provided the complete free energy
profile for rhIL-1ra. The∆GH2O values for the protein from
urea unfolding were in good agreement with the free energy
values estimated previously for rhIL-1ra at 37°C from urea
induced unfolding studies (29). The∆GH2O dependence on
temperature derives contributions from the change inm and
Cm values with temperature. Them andCm values for rhIL-
1ra showed nonlinear temperature dependency: themvalue
increased with temperature, and theCm values decreased with
increased temperature. Different trends of temperature de-
pendencies have been noted for these parameters by previous
investigators. Them value has been typically correlated to
the amount of protein surface area exposed upon unfolding
in the presence of a denaturant (25). In some of the earlier
studies on small globular proteins like barstar, ferric uptake
regulator (Fur A), histidine containing phosphocarrier protein
(E. coli HPr), and muscle acylphosphatase, it has been
reported that them value is independent of temperature (26,
30-32). More recently for globular proteins, histidine
containing phospho carrier protein fromStreptomyces co-
elicolor (33), and hisactophilin (34), linear temperature
dependence has been observed where themvalue decreased
with increased temperature. These workers suggested that
this temperature dependent decrease may be larger for larger
proteins. Them value for maltose binding protein (MBP), a
large monomeric two-domain protein containing 370 amino
acids, was strongly temperature dependent, and the values
decreased on either side of the stability maximum (35). In
contrast to the observations made with other proteins, them
value for rhIL-1ra increased significantly between 5 and 25
°C followed by a gradual decrease or plateau between 30
and 50°C. This suggested that, for rhIL-1ra, the decreased
m value at lower temperatures has a greater contribution to
the decreased∆GH2O at lower temperatures than theCm

values.
The temperature dependentm values in rhIL-1ra could be

due to the interplay of several factors. First, the strength of
denaturant-protein interactions is weakened at high tem-
peratures (36). Zweifel and Barrick (37) propose a contribu-
tion from the heat capacity change as a result of denaturant-
protein interaction. Depending on whether the heat capacity
change from urea-protein interaction is positive, negative,
or zero, them value may increase, decrease, or plateau
respectively. A negative heat capacity from the urea-protein
interaction could lead to decreasedm values at lower
temperatures as noticed with rhIL-1ra. Since the heat capacity
change from the urea-protein interaction has not been
examined in this study, we could not assess the contribution
from this factor tomvalue changes. Another possibility could
be the structural fluctuations in the protein at varying
temperatures. Native rhIL-1ra has been reported to show
temperature dependent tertiary structural changes (38).
Consequently, the overall change in surface exposure upon
contact with denaturant solution may be affected by the
structural changes in the protein as a function of temperature.
The presence of residual structure in the unfolded state at

FIGURE 9: Correlation of conformational stability and methionine
oxidation: 9, Cm values; (A) 2, normalized rates for Met-11
oxidation; (B) [, normalized rates for Met-126, Met-137, Met-
143 oxidation. The normalized rates were calculated from the ratio
of oxidation rates of methionine in protein and their rates in the
corresponding peptide.
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low temperatures could also affect the extent of exposure of
hydrophobic surface area as a result of unfolding and cause
the decreasedmvalues (25). Finally, the origin of a decrease
in m value has also been attributed to the presence of
equilibrium intermediates (39). This is unlikely the case
because a two-state model adequately describes the unfolding
data at each temperature.

Myers et al. (25) have shown a strong dependence form
value and∆Cp to the amount of protein surface exposed to
solvent upon unfolding and have documented a good
correlation between these parameters. Them values calcu-
lated from urea unfolding of rhIL-1ra are comparable to the
values observed for other globular proteins of similar size
(25). However, the∆Cp value for rhIL-1ra is much higher
than what is observed for other proteins of similar size (Table
1). The heat capacity for unfolding (∆Cp) of rhIL-1ra was
estimated to be 4.94( 0.04 kcal mol-1 K-1 from the stability
curve. This value is unusually high for rhIL-1ra compared
to the∆Cp estimate based on 12-16 cal deg-1 mol-1/residue,
which should result in∼1.9 kcal deg-1 mol-1. However the
identical values of∆Cp obtained from analysis of the cold
and heat denaturation segments of the stability curve are
consistent with the inherent assumption of a temperature
independent heat capacity change (28). Both these parameters
(m, ∆Cp) correlate to changes in solvent accessible area upon
unfolding, but different factors contribute to the change in
surface area in each case (32). ∆Cp value is defined by the
curvature of the stability curve. Our interpretation of the large
value of∆Cp is associated with the moderately high∆GH2O

(∼8.48 kcal/mol) coupled to the high cold and low heat
denaturation temperature for rhIL-1ra. This results in a steep
stability curve for the protein where∆GH2O depends more
sharply on temperature.

TheCm values for rhIL-1ra decreased as temperature was
increased. Interestingly, rhIL-1ra is more prone to urea
induced denaturation at 50°C relative to 5°C as indicated
by the substantially lowerCm value, while their unfolding
free energies are the same at both temperatures. This could
be attributed to the difference in end states being populated.
Previous investigators have noted both linear (decreased with
increased temperature) and nonlinear temperature depend-
encies ofCm values (26, 30-35). For rhIL-1ra, theCm value
showed a temperature dependence opposite in trend to that
noted for them value. TheCm value plateaued between 3
and 25°C and decreased significantly between 30 and 50°C.
TheCm value decreased by 10% from its maximum value at
3 °C relative to 25°C, while it changed by almost 40% in
the temperature range of 30-50 °C. TheCm value directly
reflects the conformational stability of the protein at a given
temperature and the consequent change in resistance of the
protein to denaturant induced unfolding. The significant
change inCm value from 30 to 50°C is likely due to the
decreased conformational stability of the protein over this
temperature range.

Methionine Oxidation in rhIL-1ra.The oxidation rates of
the Met-11, Met-126, Met-137, and Met-143 in rhIL-1ra
showed a strong dependence on temperature and on their
relative solvent accessibility. Oxidation of Met-11 in rhIL-
1ra proceeded at rates 3 to 7 times slower (depending on
temperature) than the observed rates in the corresponding
peptide. This suggests that Met-11 is at least partially
protected by protein conformation. The Met-11 oxidation

rates in rhIL-1ra increased progressively with temperature
compared to peptide-1, suggesting possible local conforma-
tional changes around the Met residue that increased its
susceptibility to oxidation. On the other hand, the oxidation
of Met-126, Met-137, and Met-143 in rhIL-1ra proceeded
at rates comparable to its rates of oxidation in the peptide at
all temperatures. This is presumably due to the similar
degrees of solvent exposure of these Mets in the protein and
peptide. They oxidized to the same extent as the methionines
in the peptide, which are completely exposed to the solvent,
indicating that the C-terminal Mets in the protein have no
conformational constraints unlike Met-11 in the protein.

Further calculations were made to determine the rate-
limiting step of the oxidation reaction. In a reaction such as
methionine oxidation, for the Mets in the protein or peptide
to be oxidized, the oxidizing species and the protein or
peptide must approach each other in solution by diffusion,
followed by subsequent binding of the oxygen molecule to
the sulfur residue, implicating a possible diffusional limitation
mechanism in the reaction kinetics. The role of solvent
accessibility of the Mets and water coordination also needs
to be considered, as does the size difference between the
peptide and protein. The peptide is less structured, smaller,
and more solvent exposed than the intact protein, and it has
the ability to diffuse faster in solution and may thus be
inherently more reactive. Whether the increased diffusion
of the peptide due to its smaller size leads to greater reactivity
would depend on whether oxidation was diffusion limited.
To explore this question, the contribution of a possible
diffusion related mechanism in the oxidation of the Mets in
the protein or peptide may be assessed by estimating the
rate constant (kd) for the diffusion controlled oxidation
reaction between protein-O2 and peptide-O2 (eq 5). The
diffusivities were calculated for rhIL-1ra and peptide, as-
suming that both are spheres of radius 2.0 and 1.0 nm
respectively. The diffusion limited rate constant was calcu-
lated from the Stokes-Einstein equation given below:

DO2 andDproteinare the diffusivities of the oxygen and protein
(or peptide);RO2 and Rprotein are the radius of the oxygen
and protein (or peptide). To obtain the pseudo-first-order rate
constant, eq 5 was multiplied by the concentration of H2O2

(1 mM), which is assumed to be roughly constant because
it is in excess with respect to protein or peptide concentration
(5). Applying eq 5 resulted inkd values in the order of 107

h-1 for the peptide and rhIL-1ra. This is several orders of
magnitude larger than the rate constants obtained in Tables
2 and 3. This suggests that the oxidation in neither protein
nor peptide is externally diffusion limited. Furthermore, the
activation energies calculated for the Met oxidation in protein
and peptide were much higher than for a diffusion-limited
reaction, which typically have small activation energies on
the order of 0.5-1.0 kcal/mol. The activation energies
associated with oxidation of Mets in the peptides and Met-
126, Met-137, and Met-143 in rhIL-1ra are within the same
range (9.0-10 kcal/mol) due to their similar degrees of
solvent accessibility. The activation energy for oxidation of
Met-11 in the protein was about 3 kcal/mol more than the
activation energy associated with Met oxidation in the
corresponding peptide. This reiterates that the oxidation of
Met-11 in the protein is restricted by its conformation.

kd ) 4π(DO2 + Dprotein)(RO2 + Rprotein)NA (5)
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Conformational Dependence of Methionine Oxidation in
rhIL-1ra. Although protein oxidation has long been linked
to conformation, studies investigating the critical thermo-
dynamic property modulating reactivity are limited (5). In
addition, oxidation reactivity of specific residues is not
completely understood. Our goal was to determine relevant
thermodynamic parameters modulating Met oxidation in
rhIL-ra by investigating for linkages between the conforma-
tional stability of the protein and its oxidation. An integral
part of the study was to understand the temperature depen-
dence of the thermodynamic parameters∆GH2O, m, andCm

and the reaction rates for Met oxidation. Figure 9 shows the
normalized rates for oxidation of Met-11 and Met-126, Met-
137, and Met-143. Comparison of these rates to the results
from Figure 3 provides some interesting insights. As
expected, the oxidation rate constants of Met-126, Met-137,
and Met-143 oxidation showed no correlation to the ther-
modynamic parameters from equilibrium unfolding and are
consistent with the absence of conformational constraints for
their oxidation.

Urea induced unfolding studies of rhIL-1ra indicate that
rhIL-1ra unfolds through a two state FT U mechanism.
The protein is predominantly in the folded state at all
temperatures between 5 and 50°C in the absence of
denaturant (Figure 2). This indicates that the oxidation of
solvent exposed methionines proceeds even when a large
population of protein molecules is in the folded state and
matches the extent of oxidation in peptides across the broad
range of temperature studied. However, the buried Met-11
oxidation would occur from the unfolded state of the protein.
Even at 25°C, where the thermodynamic stability (∆GH2O)
of rhIL-1ra is maximum, there appears to be a population
of unfolded species (which is only a small fraction of the
total protein molecules) reactive to Met-11 oxidation. At
temperatures higher than 25°C, unfolding free energies
decreased significantly between 30 and 50°C and were
correlated to the increased oxidation rate for Met-11 in this
temperature range. The decreases in free energies suggest
an increased population of unfolded species. Our calculations
based on the free energy values obtained in the absence of
denaturant indicate that the percentage of unfolded species
may only be 0.002% at 25°C, while it increases to almost
0.09% at 37°C and up to∼7.0% at 50°C (data not shown).
This increase coupled to the effect of temperature on reaction
rates resulted in the increased oxidation rate of Met-11
between 30 and 50°C. At temperatures below 25°C, ∆GH2O

for rhIL-1ra decreased to an extent similar to that in the high
temperature range. However, even at 5°C where the∆GH2O

for the protein was a minimum, Met-11 oxidation showed
no substantial increase. According to expectations, the
decreased∆GH2O and the resulting increased population of
unfolded molecules should lead to increased Met-11 oxida-
tion rate. This lack of correlation is suggested to be due to
temperature effect on reaction rates that may suppress the
extent of Met-11 oxidation at these low temperatures. Thus,
despite the decreased free energies of unfolding at low
temperatures (<25 °C), Met-11 oxidation rate was not
increased to the same extent as seen at temperatures above
30 °C. This has interesting relevance to accelerated stability
testing of protein pharmaceuticals, where usually sample
stability at low temperatures for long-term storage is
predicted from accelerated storage at high temperatures. Such

predictions could result in overestimation of rates and
stability values not indicative of the actual stability at the
intended temperature of storage.

The m values from equilibrium unfolding experiments
showed no correlation to the Met-11 oxidation rates. The
biphasic trend of theCm value as a function of temperature
showed good correlation to the Met-11 oxidation rate
constants. Between the temperatures 5 and 30°C, theCm

value for rhIL-1ra slightly decreased and Met-11 rate
constants increased. Above 30°C, theCm values decreased
further rapidly and correlated with the increased Met-11
oxidation rate constants in rhIL-1ra. As the protein became
more prone to denaturation (decreasingCm value), the
oxidation rate of Met-11 was increased. The decreased
resistance of the protein to the denaturant is a direct
consequence of the reduced conformational stability of the
native state at that temperature. The correspondence between
the Cm value and the intrinsic oxidation rate of Met-11
suggests that thermodynamic stability indicated byCm value
is more relevant to the rate of oxidation of the buried Met
in rhIL-1ra. TheCm value has been used by others to define
the thermodynamic stability of proteins (40, 41). The buried
Met residue oxidation is most affected by the structural and
functional destabilization of protein molecules. Understand-
ing how thermodynamic stability correlates to a buried Met
oxidation in a protein has implications in the design of
accelerated stability studies as well as in predicting the impact
of temperature deviations during manufacturing, shipping,
and storage of therapeutic protein formulations. Furthermore,
such studies are also relevant to disease conditions where
Met oxidation has been implicated. Our studies indicate that
thermodynamic stability plays an important role in predicting
oxidation kinetics for buried methionines in proteins.
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