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ABSTRACT. The effect of protein conformation on the rate of chemical degradation is poorly understood.
To address the role of structure on chemical degradation kinetics, comparative oxidation studies of
methionine residues in recombinant human granulocyte colony-stimulating factor (rhG-CSF) were
performed. The kinetics of oxidation of methionine residues by hydrogen peroxi®)(ih rhG-CSF

and corresponding chemically synthesized peptides thereof was measured at different temperatures. To
assess structural effects, equilibrium denaturation experiments also were conducted on rhG-CSF, yielding
the free energy of unfolding as a function of temperature. A comparison of the relative rates of oxidation
of methionine residues in short peptides with those of corresponding methionine residues in rhG-CSF
yields an understanding of how protein tertiary structure affects oxidation reactions. For the temperature
range that was studied;415 °C, the oxidation rate constants followed an Arrhenius equation quite well,
suggesting the lack of temperature-induced local structural perturbations that affect chemical degradation
rates. One of the four methionine residues, Met 122, exhibited an activation energy significantly different
from that of the corresponding peptide. Extrapolation of kinetic data predicts non-Arrhenius behavior
around the melting temperature. Three phenomenological models based on different mechanisms are
discussed, and an application to shelf life prediction of pharmaceuticals is presented.

The oxidation of methionine amino acids is an important introduction of a new mechanism for methionine oxidation
reaction for proteins both in vivo and in vitro. In vivo, a in proteins by hydrogen peroxide. In this mechanism, water
number of processes of biological interest involve methionine molecules play an important role in stabilizing the transition
oxidation, such as agind{3), Parkinson’s diseasd); and state. They also found that3, 15—17) solvent accessible
Alzheimer’s disease5( 6). In addition, the oxidation of a  area is not sufficient to distinguish the disparate oxidation
methionine residue and its reduction by methionine sulfoxide rate constants among methionine residues, as previously
reductase are thought to be a regulatory mechanism forthought. Instead, they proposed a new structural quantity,
enzyme bioactivity 7, 8). In vitro, oxidation is important in ensemble-averaged two-shell water coordination number,
the production of protein pharmaceuticals. An inevitable derived from molecular dynamics simulations, which was
problem for these protein molecules in aqueous solution is found to correlate well with oxidation rate constants. An
the various physical and/or chemical degradation reactionsobvious next question then is how local variations in amino
that occur during the shelf life of the produ®)(Oxidation acids near a given methionine site affect oxidation in the
is one of the common chemical degradation pathways, oftenabsence of structural effects. There are two ways of address-
resulting in structural change4(@) and bioactivity losses  ing this question: through equilibrium denaturation experi-
(11). Minimizing oxidation as well as other forms of ments and by studying peptides that have the same sequence
degradation is essential in formulating pharmaceutical pro- in the local region around each methionine residue of interest.
teins (2). In this paper, we report the results of both kinds of studies,

At ambient temperature and at physiological temperature, performed on the very important therapeutic protein G-CSF.
the oxidation rate constants of different methionine residues Comparative kinetics studies were conducted using rhG-CSF
in a given protein, such as G-C5K13) and human and synthetic peptides, which were synthesized to mimic the
al-antitrypsin (4), can differ by an order(s) of magnitude. |ocal sequence around methionine residues in rhG-CSF. The
Chu et al. {3, 15—-17) explained this observation with the  differences in methionine oxidation rate constants as a
function of temperature were obtained from experimental
TWe gratefully thank Amgen Inc. for funding this project. measurements, and a correlation with free energies of

* To whom correspondence should be addressed. Phone: (617) 258 quilibrium denaturation of rhG-CSF at different tempera-
5021. Fax: (617) 253-2272. E-mail: trout@mit.edu. tures was made
* Massachusetts Institute of Technology. )

8 Amgen Inc. rhG-CSF is a four-helix bundle protein with 175 amino

! Abbreviations: CD, circular dichroism; DTT, dithiothreitol; G-CSF, i ; ini inni i
granulocyte colony-stimulating factor; LC, liquid chromatography; MS, acid residues(g), containing four methionine residues. The

mass spectrometry; rhG-CSF, recombinant human granulocyte colony-Crystal structureX9, 20) is shown in Figure 1, and all four
stimulating factor; TFA, trifluoroacetic acid. methionine residues are highlighted in a ball-stick represen-
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Ficure 1: Crystal structure of rhG-CSF from ref® and20. Four N-terminal residues missing in the X-ray structure (PDB entry 1cd9),
MTPL, were added. Their atomic position in space was determined by minimizing the potential energy in vacuum using the CHARMM
force field, with the constraints being that all known atomic positions from the X-ray structure were fixed.

tation; its main chain backbone is shown in a ribbon NaCl. Concentrated hydrogen peroxide [30% (w/wk]
representation. Met 1 is at the N-terminus, encoded by thewas added to the mixture solution at different concentrations
initiation codon in protein synthesis, and is therefore very at different temperatures. The actual concentration of the
flexible. Met 122 is within helix C, facing the interior and  stock solution of HO, [labeled 30% (w/w)] purchased from
buried to a great extent. Met 127 and Met 138 both face the Sigma-Aldrich was determined by following the W\Wis

protein interior and are located in the-& loop, which is  apsorbance at 240 nm using an extinction coefficient of 43.6
more flexible than the helix that contains Met 122. Also (the detailed procedure is contained in the Production
shown in Figure 1 is the location of the two tryptophan  |nformation Sheet). In all cases, hydrogen peroxide is in large
residues, Trp 59 and Trp 119, which serve as fluorescenceexcess, with KO,:rhG-CSF molar ratios ranging from 1:500

spectral probes of the local environment. Trp 59 resides in to 1:3000. Reaction mixtures were incubated at a range of

tr;]e .Iong .A;B Ioo?tbetWEen lhehctes r? and E_BI_W|t1hlgs S'dg temperatures, from 4 to 5@ in a water bath. After addition
chain pointing out toward solvent, whereas 1rp resIdes ot hydrogen peroxide and incubation at a specified temper-
within helix C with its side chain between the interface of - ) )

ature, aliquots of the reaction mixture were removed at

helix C and the &D loop. Trp 59 is far from all of the qiff i int d th ining hvd id
methionine residues and is much exposed despite its hydro- ierent ime points and the remaining nydrogen peroxide
was quenched with catalase (Sigma catalog no. c9284).

phobic nature, while Trp 119 is close to Met 122 and is i )
significantly buried. However, neither of the two tryptophan Samples were then centrifuged, and there were no consider-

residues has a similar microenvironment like any of the @ble soluble aggregates in these samples up to the end of

methionine residues. oxidation as verified by size exclusion chromatography. In
addition, there was full recovery with respect to total peak

MATERIALS AND METHODS area, suggesting no loss due to insoluble materials. The
supernatant was divided into two halves, one for the
Materials rhG-CSF expressed and producedEscheri-  quantification of the oxidation kinetics of the short peptides

Chia COIiWaS prOVided by Amgen Inc. Three ShOI’t peptides and the Other for the GIU'C pepude map of rhG_CSF
with sequences which mimic the corresponding sequences . _— N
in rhG-CSF around Met 122, Met 127, and Met 138 were The sample for the quantification of the oxidation kinetics

synthesized by SynPep Co. The peptide sequences are acetyPf the short peptides was analyzed by RP-HPLC using an
QQMEEY-CONH; (denoted pepl and corresponding to Met Agdilent 1100 series instrument or Beckman Coulter Gold
122), acetyl-LGMAPY-CONH (denoted pep2 and corre- With @ G column (Phenomenex, Jupitersn Cs, 300 A,
sponding to Met 127), and acetyl-GAMPAY-CONKde- 150 mmx 4.6 mm). The mobile phases were 0.1% TFA in
noted pep3 and corresponding to Met 138), all of which were water (A) and 90% acetonitrile with 0.1% TFA in water (B).
acetylated at the C-terminus and tagged with a tyrosine The column was equilibrated with 10% B initially. After the
residue at the N-terminus. Ultrapure guanidinium hydro- sample was injected, the separation was achieved by a linear
chloride was purchased from MP Biomedicals (catalog no. gradient from 10 to 40% B for 20 min, a gradient from 40
105696). All other chemicals were purchased from Sigma to 80% B for 30 min, a constant concentration of B of 80%
Aldrich. for 5 min, and back to 10% for an additional 10 min. The
Oxidation Kinetics Measurement for Peptidésmixture column temperature was controlled at 80, and the flow
of 0.5 mg/mL rhG-CSF with equimolar concentrations of rate was 0.8 mL/min. The absorbance signal was monitored
the three short peptides was prepared in 10 mM acetate buffelby a visible-ultraviolet diode array detector at a wavelength
at pH 4.0. lonic strength was adjusted to 100 mM by adding of 214 nm.



15432 Biochemistry, Vol. 45, No. 51, 2006 Pan et al.

RT: 0.00 - 75.01
1649.0 NL:
1007: 3.49E9
Base Peak F: +
L48-E94 c ESIFullms [

3 400.00-2000.00]
90 L125-E16 MS bp4082803

95-] 1343.3

85
80-]

75

60 M]-E20
1066.9

457 V164-P175

Relative Abundance
o
¥

L100-E124

35_5 Q21-E34 K3 —E4¢ 1418.4
E 1343.8

30_: 720.0
E s7-2 n I J/IV

3 768.2 \ ¥
205

G95-E99 1348.7

155 1 v
104 650.1 || 730.4 ¥
E 68 1osds 1120
3 906.3 11856 1137.4 254
1 1703.8 10414 ] 5 L L
oGP e A A UL . e as

o Ao
T S T by Y
10 20 30 40

L
50 60 70
Time (min)

Ficure 2: Mass spectrum of Glu-C-digested peptide fragments. The number over each peak refers to the molecular weight of the fragment,
with the fragment identification in rhG-CSF indicated by an arrow: (I) L3#363 with M138(0) and M127(0), (ll) L125E163 with
M127(0), (Ill) L125-E163 with M138(0), (IV) MEE20 with M1(0), and (V) L106-E124 with M122(O).

Peptide Mapping and Oxidation Kinetics Measurement for Among all the major peaks identified using MS/MS, no other
rhG-CSFE The sample used for rhG-CSF quantification was oxidized residues such as Trp or Tyr were found. Oxidized
first digested with Glu-C endoproteinase. Glu-C endopro- forms -V and unoxidized forms such as L12&163, M1
teinase selectively cleaves at the C-terminal side of glutamateE20, and L106-E124 are indicated. The areas under these
?_irt]esoilﬂ pro_teinbm?flecules under _redc;JCiP% gultf/le'rl'qongitéonMs. peaks were used to calculate the oxidation rate constants.

e digestion buiter was comprised of 0. s, . Equilibrium Denaturation Monitored by Intrinsic Fluo-
Tris-HCI, 0.4 M methylamine hydrochloride (GNH-HC), rescence Equilibrium denaturation by GdnHCI was per-

0.2MDTT, and 6 M urea. For a typical aliquot of the sample formed on rhG-CSF in 10 mM acetate at pH 4.0 over a range

\fg h f c;;o(l)u;n eg?fl lGOI?JuIé ezr? 3 o%l;o?;i?]gse; t\ll\(/)enreb :fézregngnd of temperatures. An AVIV model ATF105 fluorometer with
# £ MU ' an automated titration system was used to generate fluores-

the whole mixture was incubated at room temperature for i : . :
18 + 1 h. The digested sample was then analyzed by RP-C€NC€ datg. Two stock protein solutions Wlth a protein
HPLC with a G column (Phenomenex, Jupitep#n, 300 A, concentration of Q.S mg/mL were prepared with concentrated
250 mmx 2.0 mm). The mobile phases were 0.085% TFA GdnHCI (approximately 8 M) and no denaturant. The
in water (A) and 90% acetonitrile with 0.085% TFA in water litration system was comprised of a Hamilton pump, which
(B). The column was equilibrated with 2% B initially. After ~femoved a set volume of denatured protein solution from
the sample was injected, the separation was achieved with ¢he cuvette and injected an equivalent volume of protein
linear gradient from 2 to 30% B for 30 min, a gradient from solution from the syringe, decreasing the concentration of
30 to 60% B for 45 min, a gradient from 60 to 98% B for GUHCI by 0.1 M for each spectral measurement. After the
15 min, a constant concentration of B at 98% for 15 min, dilution of the denaturant, the solution in the cuvette was
and back to 2% B for 12 min. The column temperature was allowed to mix and equilibrate for 3 min at room temperature.
controlled at 40°C with a flow rate of 0.2 mL/min. The  The fluorescence intensity was recorded at an excitation
absorbance signal was monitored by a visihldétraviolet wavelength of 280 nm and an emission wavelength of
diode array at a wavelength of 214 nm. Most of the oxidation 340 nm, per previous work2().

kinetics measurements were performed in duplicate, and it gqilibrium Denaturation Monitored by Circular Dichro-

was found that the deviations from fitting to the pseudo- jso, (cp). The same buffer condition as in fluorescence

grstf,;,orde:\,\:e?#on k;nettcs \;vtgre gre_aier_lt_r;]an tfhe v?k?anons equilibrium denaturation was used for CD experiments,
etween two difierent Sets or ime points. Therefore, the error except that the rhG-CSF concentration was 0.02 mg/mL. A

bar; n the_reporteq °X'd"’?“°” rate cons.tants were ”0”? the model J810 CD spectrophotometer from JASCO was used.
variations in the linear fit to pseudo-first-order reaction L L
A similar automated titration system was used to prepare

kinetics. . o )
LC—MS/MS data were acquired using a model Finnigan mixtures with different denaturant concentrations. The CD
eS|gnal at 222 nm was collected by SpectraManager.

LCQ series mass spectrometer with an electrospray interfac
and XCaliber software from Thermo Electron Co. The data  Data Analysis of Tryptophan Fluorescence and CD Data
were used to identify each of the digested fragments andData from equilibrium denaturation experiments were pro-
the oxidized methionine-containing fragments. As shown in cessed according to a standard method developed by Tanford
Figure 2, oxidized and unoxidized forms of these methionine- (22). Raw CD and fluorescence data were fit to a two-state
containing fragments can be separated well by HPLC. model for protein unfolding and folding.
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those of methionine resides in rhG-CSF vary significantly.
Understanding these differences is essential, as explained
later.

Equilibrium Denaturation of rhG-CSF at Different Tem-
peratures Both fluorescence and CD signals were used to
- track the structural changes in the equilibrium denaturation
and renaturation processes. There are two tryptophan residues
10% . w w w w w in rhG-CSF, Trp 59 and Trp 1128), that give rise to a
0 0.2 0.4 06 08 1 1.2 fluorescence signal at 340 nm with an excitation wavelength
time(hr) of 280 nm. Figure 7 shows the raw fluorescence data that

o ] ) ] were converted to fraction of unfolded protein by fitting to
Ficure 3: Oxidation time-course of short peptides. This graph o 4 state model versus the concentration of GdnHCI for
shows the unoxidized percentage of the three short peptides vs time

under the reaction condition in a pH 4.0, 10 mM sodium acetate Jifferent temperatures. From approximately@to 10°C,
buffer at 37°C. Linear regressions were performed to generate the denaturation midpoints shifted toward higher GdnHCI
pseudo-first-order rate constants, from which second-order oxidationconcentrations and then backward to lower GdnHCI con-

100%

% unoxidized

rate constants were obtained. centrations at higher temperatures, therefore exhibiting a
maximum stability temperature. A quantitative description
RESULTS of the position of each curve can be described by the

Temperature Dependence of Methionine Oxidation Kinet- midpoint denaturant concentratialy (22), and themvalue.

ics for Short PeptidesSince a large excess of,&, was The results from CD and tryptophan fluorescence are listed
used in the all of the oxidation experiments, its concentration in Table 3. The definitions of then value andCy, follow

is assumed to be a constant in the calculation of rate those of TanfordZ2).

constants. As shown in Figure 3, the concentration of Fitto the Gibbs-Helmholtz EquationFrom a well-known
unoxidized peptides was normalized to their initial concen- thermodynamic relation, one has

trations and plotted on a semilogarithmic scale. Linear fitting

(whereR? > 0.98) was performed on this plot to ensure the AG

validity of the assumed pseudo-first-order reaction and to T IAG

obtain the pseudo-first-order rate constants. The measured |~ [ =AG T(W)P =AG+TAS=AH (1)
rates of methionine oxidation in the short peptides are listed d T e

in Table 1. Second-order rate constants were obtained from

the division of_ pseudo-flrst-c_erer rate constants by the \while for small molecules, it is quite safe to assuré is
hydrogen peroxide concentration. Figure 4 shows that on thej,stant

Arrhenius plots, the methionine oxidation rate is nearly

independent of sequence in the three peptides. The oxidation AG

rates of methionine residues in these hexapeptides are very 87 9 log(K)

close to the oxidation rate of free methionine, suggesting —| = —R| —1 | = AH (2
that the primary sequence of these peptides has little effect 9= 9=

on their oxidation rate. T/p T Jp

Temperature Dependence of the Oxidation Kinetics of
Methionine Residues in rhG-CSEke the oxidation kinetics I
analysis for three peptides, the concentration of unoxidized rlag ;’1 positive slope on the lag(vs 1T plot becauséHn
methionine residues was normalized to their initial concen- ' o _ ) )
trations and plotted on a semilogarithmic scale, as shownin When this is applied to the N> U protein unfolding
Figure 5. A procedure similar to that described for the three Process:
peptides was carried out to generate the rate constants given
in Table 1. 5 AG(unf)

In Table 1, the oxidation rate constants both for the three
short peptides and for the four methionine residues in rhG-
CSF at different temperatures are listed. The oxidation rate
constants vary by more than 2 orders of magnitude among
different methionine residues in rhG-CSF. In addition, the or equivalently
oxidation rate constants vary by more than 1 order of
magnitude in the temperature range of@D °C for each AGyny
given methionine residue. T AH

From the data in Table 1, Arrhenius plots were obtained =- (zunf) 4
and are shown in Figure 6. Linear regressions were per- CLI L T
formed according to the Arrhenius equation Ae™(ABVRD,
The values of the Arrhenius parameters, activation energy Integrating this expression froift to T and assuming that
AE and prefactord, are listed in Table 2. In general, the the temperature dependenceAtiun is equal toAH(,,» +
apparent activation energies and prefactors of three peptidesAC,(T — T*) and AHE‘unf), where theAC, values are all
are approximately equal within the experimental errors, while constants over this temperature range

which is the van't Hoff relationship. (An exothermic reaction

—l|H

P
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Table 1. Second-Order Oxidation Rate Constants(M?) of Methionine Residues in Three Short Peptides and rhG-CSF at Different
Temperatures at pH 4.0 in 10 mM NaAc Buffer

temp (C) free Met pepl pep2 pep3 M1 M138 M127 M122
4 9.62+ 0.70 8.15+ 0.51 10.10+ 0.69 7.88+ 0.69 0.85+ 0.03 0.78+£ 0.02 0.02+ 0.00

15 17.984-0.34 16.81+ 0.19 17.26+ 0.33 10.80+ 0.80 2.33£0.06 1.75:0.08 0.06+ 0.03
20 18.83 14.96: 0.71 3.16+ 0.02 2.40+£0.10 0.10+£0.01
25 28.19 16.50 6.47 2.73 0.63
30 39.33
35 57.01
37 67.59+ 1.53 63.01+ 2.48 65.19+ 1.48 40.6141.22 6.50+ 0.23 5.07£0.20 0.38+0.03
45 60.38+4.75 21.614+-1.23 19.19£2.75 1.83+0.09
50 123.28+ 5.79 114.25+ 3.91 122.19+ 4.42
60 344.05+ 72.65 317.52:-58.97 303.77% 32.28

a Corresponding methionines in peptides and in rhG-CSF: pepl with met 122, pep2 with met 127, and pep3 with hieed88& from Chu
et al. 13). ¢ Results from Yin 83).

AGnp = AHo(unf) -

12 e TT o1~ Tiogl T 6)
= Tm P " J Tm
% or for the U< N folding process
=
AGoiding) = AH® to1ging) ~
AH®
N | | | | | | gL ACp[T T -7 |og(l)] )
Tm T,
3 3.1 3.2 33 34 35 3.6

Inverse Temperature (1000/T[K]) The individual Gibbs free energy changes of folding at

: o each temperature are plotted versus temperature according
Ficure 4: Arrhenius plots of the oxidation rate constants of

methionine in short peptides as a function of temperature. A good to the Gibbs-Helmholtz equation, as shown in Figure 8. In

linear relationship was obtained, and the apparent activation energies! aPle 4, the parameters obtained from the fitting to both CD

were obtained from the regression. Error bars are added from Tableand fluorescence data are listed. The difference is the

1. manifestation that the two techniques track different events
0 ] ) 3 4 s during the protein folding-unfolding process.

100.00%

DISCUSSION

pow Comparatie Kinetic Analysis of the Oxidation of Me-

u met 138 thionine ResiduesShort peptides each containing one

Amet 127 methionine residue were designed to have the same amino

A met 122 acid sequences corresponding to the sequences around each
methionine residue in rhG-CSF. Comparison between the
oxidation kinetics of corresponding methionine residues in

i peptides and in the protein can provide information about

0.01% - how protein tertiary structure influences oxidation reactions.

Time(hr) Figure 9 shows Arrhenius plots of the oxidation rates of
specific methionine residues within the intact protein versus

FiIGURE 5. Oxidation time-course determined for methionine the corresponding peptide. The oxidation rates within the
residues in rhG-CSF. This graph shows the unoxidized percentage; ; e _
of each methionine residue in rhG-CSF, calculated from the peptideIntaCt protein were generally slower than within the corre

map, using the areas of the digested fragment(s). Linear regressionsPonding peptides, presumably due to steric interference,
were performed to generate pseudo-first-order rate constants, fromreduced flexibility, and limited diffusion of reactive oxidation
which second-order oxidation rate constants were obtained by species to the methionine site. In addition, the extent of
dividing the former by hydrogen peroxide concentrations. structural influence depends on the specific location of such
a residue, possibly determined by the microenvironment
* * % . f .
AG(unf)_AC'\’(unf)zA'_'(unf) AGT _ around it. Observing these differences, we address the
T T* T following questions.
AHY . — AC.T* (1) How can we understand the structural effects on
Sl P _ AC, log[—- idation kinetics?
- — 0 ogF (5) oxidation kinetics? N _
T (2) Why does the additional complexity of structural
_ effects that supposedly would result in non-Arrhneius oxida-
If we take T* to be Tm, the melting temperature, thek tion kinetics still yield Arrhenius temperature dependence
unp = 0, SO in the temperature ranged that is examined?

10.00% £

1.00% +

% unoxidized

0.10% 1
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Table 2: Activation Energies and Prefactors of Methionine Oxidation in Three Short Peptides and rhG-CSF at pH 4.0 in 10 mM NaAc Buffer
free Met pepl pep2 pep3 M1 M138 mM127 M122

AE (kcal/mol) 13.1+0.0 11.1+ 0.9 11.3+0.8 10.8+ 0.8 9.1+ 0.9 125+ 1.7 12.3+1.7 18.8+ 3.4
logio(A) (M~ts7h) 7.5+0.2 6.2+ 0.6 6.3+ 0.6 5.9+ 0.6 4.4+ 0.7 6.3+ 1.2 6.0+ 1.2 9.6+ 2.5

0 P methionine oxidation. Depending on whether a stable
21 1 met133 intermediate can form after the oxidant molecule accesses
4 - Amet 127 . . . . . .
el m Amet 122 the reaction site, two situations are described. The origin of
Z | = S structural effects observed in experiments is explained by a
=3 A o= . . . . .
£ 101 . reaction barrier, the height of which depends on the location
12 and microenvironment within the protein structure. In the
-14

“oxidant-bound intermediate” model depicted in Figure 10a,
a stable intermediate, {5---O], is formed between protein
P with its thioether sulfur S in a methionine residue and

FIGURE 6: Arrhenius plots of oxidation rate constants of methionine oxidant molecule O. The protein structure poses a free energy

in rhG-CSF as a function of temperature. A good linear relationship barrier to the formation of the [PS--O] intermediate. There
was obtained, and the activation energies were obtained from themight be multiple such barriers (not drawn in the figure)

regression. Error bars are added as in Table 1. between the initial state, where oxidant molecules are free
) ) in solution and the final state, and where the stable
(3) Can a simple phenomenological model(s) be developedniermediate is formed and ready for the reaction to take

to account f?r d.the'structural effegts ond Ox'dj‘)‘tfl‘_)hn rat% lace. Blue curves describe cases for a methionine residue
constants, including Its temperature dependence? The modej, gy, ¢ peptides, while black and red describe the case in
needs to agree with the experimental kinetic data for both

which the methionine residue is more and less buried,

peptides and protein. Moreover, a reasonable model needsrespectively. Alternatively, in the “non-oxidant-bound in-

to have the ability to be reduced back to the case of peptldestermediate” model shown in Figure 10b, no stable intermedi-

when the protein loses its structure. : : L . I
. : _— N ate is required for the intrinsic reaction to occur for oxidation
Relationship between Structure and Oxidation Kinetics at L . . :
of methionine residues under the influence of protein

small molocules, reastions of macromolecuies. such asSTUCtUre. Situations represented by (2) the oxidant bound
proteins are complicated by their tertiary structure. A reaction mtermedlate_ quel and (b) the non-oxidant-bound '”‘e”‘f‘e'
involving a buried residue in the hydrophobic core is diate model in Figure 10 gorresponq to the phenomenological
obviously much slower than one exposed freely in solvent, M0dels @ and b, respectively, in Figure 11.
where another reactant can access it to form a reaction Phenomenological Models for the Relationship between
complex. The effect of temperature on the reaction kinetics Protein Structure and Oxidation Kinetic&ds mentioned
is also different for reactions involving small molecules previously, the presence of conformational features for
versus those involving macromolecules. Specifically, reac- different methionine residues results in disparate oxidation
tions involving macromolecules could involve significant rates, which are also quite different from those in short
changes in their conformation that in turn could influence peptides at a given temperature. Such phenomenological
the reactivity of a specific reaction group. The structural models can account for the conformational influence on
effect on macromolecular reactions has not been fully oxidation kinetics and therefore result in a mechanistic
elucidated, in part because the structural changes in macrogescription of the process. Three models are shown in Figure
molecules such as proteins are difficult to characterize. The 11 |n the oxidant-bound intermediate model shown in Figure
structural changes can be classified into categories according; 15, the oxidation proceeds through an intermediate state
to their relative magnitude. which is a complex formed by the binding of oxidant O and
(1) Thermal motioris the energy change on the order of qtein after the oxidant molecule becomes close to the sulfur
KT that results from finite temperature fluctuations due to gjte_ Alternatively, the non-oxidant-bound intermediate model
the fact that protein molecules can assume a large numbet, pane| b depicts the oxidation of sequestered methionine
of nearly isoenergetic conformations, so-called “conforma- yegjqyes in a protein with a complex structure requiring the
tional substate 2{4)' ) local structural changes. In the “effective oxidant concentra-
(2) Loss of partial/local structurenanifests as the energy  {jon» model shown in panel ¢, the oxidant concentration near
changes greater thad in which local structure undergoes  yno methionine site is not equal to its bulk concentration
a significant change, such as loss of helical structure or local but rather an effective concentration [@]Here, the equi-

denaturation. librium distribution of oxidant inside and outside the local

| ) Denaturatri]oriS a glﬁbal structu_ret cha?_ge with ?ygut(:ht region of the protein is described by a Gibbs free energy,
arger energy change where many interactions contnbute to A g -y ¢ Jike the preferential binding/exclusion Gibbs free
the energy difference. energy 25)

All these changes will have different effects on reaction ] ]
kinetics depending on where the specific reaction group is FOr the models described above, one can obtain the
located. apparent second-order rate constants (see the Appendix for

Figure 10 is a hypothetical schematic showing the free the detailed derivations).
energy versus some reaction coordinate in the course of For the oxidant-bound intermediate model in panel a

3.1 3.2 3.3 3.4 3.5 3.6 3.7
Inverse Temperature (1000/T[K])
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Table 3: Data from CD and Tryptophan Fluorescence following Equilibrium Denaturation of rhG-CSF at Different Temperatures at pH 4.0 in
10 mM NaAc Buffer

tryptophan fluorescenée CD result8
AGunfolding mvalue Cm value AGunfolding mvalue Cm value
temp €C) (kcal/mol) (kcal Mt mol™?) (M) (kcal/mol) (kcal M~ mol™?) (M)
2 9.74 3.21 3.02 7.86 2.84 2.75
4 11.58 3.79 3.06
45 8.47 2.95 2.86
7 11.16 3.61 3.10 9.38 3.15 2.75
10 11.18 3.57 3.15 9.71 3.08 3.16
15 11.08 3.50 3.18 10.01 3.23 3.12
2¢ 9.00 2.85 3.15 9.27 3.08 3.02
25 9.06 2.94 3.09 8.19 2.72 3.23
30 9.25 3.05 3.05 7.48 2.65 3.04
34 7.42 2.55 2.92
37 5.84 2.25 2.61 6.75 2.65 2.83

2 Fluorescence data were recorded for a sample containing 0.5 mg/mL rhG-CSF in 10 mM NaAc at pEDRtdata were reorded for a sample
containing 0.02 mg/mL rhG-CSF in 10 mM NaAc at pH 4£®alues follow from ref22. ¢ Compare with result from Brem&1) with a AGunfolding
of 9.0 £+ 0.3 kcal/mol under similar conditions.

Table 4: Parameters Fitted from CD and Tryptophan Fluorescence
Data According to the GibbsHelmholtz Equation

AH"fOIding (kcal/mol) Ty (°C) AC, (kcal mort K1)

fluorescence —-123.1 58.9 —-1.95
CD —-131.4 59.6 —2.68

Fraction of unfolded

Foveral = [Kin€ “C252 VO] [N] (10)

where [X] denotes the concentration of species X with the
subscript meaning initial concentratiar= 0), where X can
[GdnHCI] (M) be O (oxidant), | (bound intermediate), N (native protein),
Ficure 7: Fraction unfolded vs denaturant GdnHCI concentration or A (unbound intermediate;, is the intrinsic oxidation
at different temperatures as indicated, converted and fitted from .o constant of methionine when there is no structural effect
the CD signal at 222 nm. - S
or, more specifically, the oxidation rate constant of the
15 - methionine residue in the short peptidé,is the concentra-
tion of the reference solution, taken to be 1 M, an@ is
the standard state Gibbs free energy change, with subscripts
or superscripts indicating different conditions, defined in the
Appendix.

Therefore, under the condition in which the oxidant is in
large excess, the reaction can be considered to be pseudo-
first-order. Including structural effects decreases the apparent

‘ \ . rate constant, consistent with the experimental observation
20 40 60 described above (Table 1). In addition to these observations,
Temperature (C) nonlinear least-squares fitting to Fhree phenqmenqloglcal
models was performed. The objective function is defined as

4.5

-

o
1

*

delta Gunfolding (kcallmol)

o
o

Ficure 8: Fit of the Gibbs free energy change vs temperature
according to the GibbsHelmholtz equation. Results were obtained
from fluorescence equilibrium denaturation experiments and also min (Z{In[kj(Ti)] = In(k 1)} ?) (11)
from CD experiments. All equilibrium denaturation experiments AHAC, 4 o

were conducted in 10 mM sodium acetate buffer at pH 4.0.

K 1 wherek; 1 is the experimental rate constant for methionine
o Ont . [01,(l] +IND) (8) residuej at temperaturel; and ki(T;) is f[he_ rate constant
[ ]o1 + C SAG)(RT) calculated from any model by substituting the Gibbs

[Ol, Helmholtz equation for the Gibbs energy of structure effect

For the non-oxidant-bound intermediate model in panel b AG= AH — TlAH + ACp[T T, -7 Iog(_l_l)]

— knOlo([A] +[N])  (9) ’ e
roverallz | int! 0
14 EJnf) In the fitting, T, is fixed at the melting temperature, 6Q,
e RT for rhG-CSF under the buffer condition under which the

oxidation experiments were performed. The results of the
For the effective oxidant concentration model in panel ¢ least-square nonlinear fit are shown in Figure 12 for each
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Ficure 9: Comparisons of the oxidation of methionine residues in rhG-CSF and those in corresponding peptides on the Arrehnius plot:
(a) Met 138 and pep3, (b) Met 127 and pep2, and (c) Met 122 and pepl. Lines across each set of data points represent the fit to the

Arrhenius equation.
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Ficure 10: Free energy diagram of oxidation of methionine residues: (a) oxidant-bound intermediate model and (b) non-oxidant-bound
intermediate model.

methionine residue. All three models fit the rate constants assume the intrinsic oxidation rate constRptin eq 9 to be

measured reasonably well. that obtained from peptide oxidation
To distinguish the models on the basis of experimental o 1
kinetics data, the rate-controlling process governing meth- Kint = Kpepides (13)

ionine oxidation needs to be identified. One difficulty in
doing so is the lack of a known functional form for the
changes in Gibbs free energy associated with the structural AGO
effects. By fitting the experimental data, one can chabSg In kpeptide — 1| =——unf
as any order of polynomial function of temperature to obtain RT
an optimal degree of agreement (in Table 5 and Figure 12,
AC, was chosen as a linear function of temperature). Therefore, by plotting InGeptiadKapparent— 1) versus 1T,
However, this approach does not provide mechanistic insight.we can obtain the temperature dependence\@ﬁiﬁ, ie.,
Such insight could be obtained from molecular simulation, AGY, as a function off, shown in the left panel of Figure
as in previous work 3, 17). 13. In Figure 13b, the oxidation rate constant ratios of
As shown in Figure 13, two different ways of plotting the methionine residue in rhG-CSF with its corresponding
data are used to reveal the structural effect on the oxidationpeptide are plotted with a scaled Gibbs free energy of
of methionine residues in rhG-CSF, based on, for example, denaturation. As the temperature increases, the oxidation rate
the non-oxidant-bound intermediate model in Figure 11. We ratios of the intact protein and the corresponding peptides

The following expression can be easily derived

14
kapparent ( )
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MNative state Intermediate state Oxidized state

Omidized state
NO

Ficure 11: Phenomenological models that account for the influence
of protein structure on oxidation kinetics. S represents the sulfur
site in methionine residue® a small molecule-oxidizing reagent
such as hydrogen peroxide, areg@ the methionine sulfoxide bond
formed in the oxidation process: (a) oxidant-bound intermediate
model, (b) non-oxidant-bound intermediate model, and (c) effective
oxidant concentration model.

also increase and approach the ideal value of 1 (although

still much less than 1). Concomitantly, as the Gibbs free

energy drops, the oxidation rate ratio approaches zero, which

is its value at the melting temperature.

Pan et al.

among the activation energies. We suggest these differences
are the manifestation of structural effects on the basis of
previous studiesl@) in which it was concluded that without
structural hindrance on the accessibility of water molecules,
there would be equal activation barrier energies for all four
methionines in rhG-CSF when oxidized by hydrogen per-
oxide. The non-oxidant-bound intermediate model in Figure
11 is now taken, as an example, to account for the differences
in activation energies among methionine residues in rhG-
CSF. Similar analyses can be done for the other models.

If one assumes thd¢,; follows the Arrhenius equation
ki = Ae~(AEY(RTD, where the constar has units of inverse
seconds, then

Ae ~(AEV(RD

kapparent_ (15)
1

+ e(AGunf(I))/(RT)

Notice that there are two limits for this apparent rate constant
expression.
(1) When—AG"

unf

< RT, then

Kapparen= A=/ (16)
(2) When—AGY, > RT
o= Ae AEFATTIRY — A (ABapparen(RD
aren
PP (17)

In both cases, the apparent reaction rate can be simplified
to an Arrhenius equation. In case 2, the apparent activation

As the temperature increases, the difference in the rategnergy contains the contribution from the local structural

constants for oxi_dation of corresponding methionine residue_schange. The activation energy difference between each
in peptides and in protein becomes smaller, since the proteinmethionine in rhG-CSF and that in the corresponding peptide
gradually loses its compact structure. At the point of thermal can pe treated as the local folding free energy. Actually, this
unfolding, the methionine residue has essentially the samegctivation energy difference can be used to ascertain whether

microenvironment as the peptide, and the oxidation rate the methionine oxidation is locally or globally dependent
constants should become similar. Thus, we may consider they, structure with respect to temperature, as follows:

convergence of the lines in Figure 9 at some higher
temperature. However, clearly the Arrhenius lines of Met
138 and Met 127 are almost parallel to the lines of their
corresponding peptides, and the line of Met 122 will intersect
with that of pepl at a temperature 220 °C) much higher
than the melting temperature of rhG-CSF60 °C). There-
fore, we hypothesize that near the melting temperature of As for methionine oxidation in rhG-CSF, it can be seen
rhG-CSF, the structural effects are eliminated or at least (in Table 2) that the activation energy difference in Met 122
minimized, and methionine oxidation kinetics will exhibit and Met 1 in rhG-CSF is at least 3 kcal/mol, which is much
non-Arrhenius behavior, deviating from these Arrhenius lines larger tharRT (0.549-0.659 kcal/mol) over the temperature
significantly. Unfortunately, this is difficult to test experi- range that was tested<40 °C). Therefore, the latter extreme
mentally for rhG-CSF due to the fact that rhG-CSF has a scenario is applicable in that the oxidation of Met 122 in
great propensity to aggregate at temperatures approachinghG-CSF has global structural dependence. However, Met
the thermal melting temperature of 6G. 127 and Met 138 display intermediate values of activation
The non-oxidant-bound intermediate phenomenological energy difference, which may imply that they have a local
model b can illustrate the expectations described above.structural dependence on the oxidation reaction.
Parameters fitted from oxidation rate constants in the The analysis given above cannot account for the unex-
experimental temperature range were used to extrapolate thgpected smaller activation energy of Met 1 in rhG-CSF.
Arrhenius lines to a temperature range n&arand even Perhaps the negative charge on the C-terminus impacts
beyond, as shown in Figure 14. Even though the non-oxidant- methionine oxidation, based on the difference between Met
bound intermediate model can produce the expected behaviorl and free methionine and the other methionine residues in
nearT, and beyond, there is some sacrifice in the fitting of rhG-CSF or peptides, where methionine residues are either

<RT
~RT
> RT

no structural dependence, whe\G(),

local structural dependence, whe\GU),

global structural dependence, Whem‘GS?1f

experimental data, as quantified in Table 6.
Analysis Based on Actation Energy DifferencesAs
shown in Table 2, there are statistically significant differences

negatively charged or bonded to neighboring residues. The
protonation states of both the N-terminus and the C-terminus
of the methionine residue could affect the organization of
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Ficure 12: Results of least-square fits to (a) the oxidant-bound intermediate model, (b) the non-oxidant-bound intermediate model, and (c)

the effective oxidant concentration model correspond to those presented in Figure 11. Lines across each set of data points represent the fit
to the three models.

residues are nearly the same. This can be explained by the
free energy barrier posed by protein structure being too large
to overcome unless the structure of protein molecules is

Table 5: Least-Squares Nonlinear Fits of Model Parameters

AHRR (keal/mol) - ACSeR, (kcal °C* molY)

model a m‘it112378 :%Z :8-? perturbed. An equivalent rate of reactivity at various sites
mgtlzz 507 12 within the unfolded protein indicates that the intrinsic reaction
model b met138 —20.3 -05 barrier is similar for different methionines. As another
met127 —26.7 —0.7 example tert-butyl hydrogen peroxide oxidizes methionine
met122 —52.3 —11 residues much slower than hydrogen perox@i8.(Despite
modelc metl38 —22.7 -05 . . . L .
met127 281 0.7 possible differences in oxidizing capabilitigrt-butyl hy-
met122 —52.7 -1.2 drogen peroxide is larger in terms of molecular volume. This

effectively increases the energy barrier posed by protein
structure and also destabilizes the intermediate state. Liu et
al. (32) found that testicular cytochronman the ferrous state
has a slower rate of oxidation by hydrogen peroxide than its
counterpart in somatic cells due to changes in protein
structure, as indicated by differing water patterns inside the
protein structure and the interactions between the heme group
. . and its surrounding residues. The origin of this difference is
;‘ggg;gnﬁng Fé;osttee'; e”r_eiil(?iﬁeﬁ% ”? iﬁg\% ;;lijdg_dcéie also expected to be explained in the framework of this study.

; o In addition, the model and theory developed here were also
and other proteins2@, 29). Still, in general, there has been tested on another protein IL-1RA8), with which the onl
difficulty in the characterization of the complex structure of data of methionine oxidation rate cc’)nstants as a functi)c/m of
the protein molecule and the structural effects on the reaction . )
rate. However, there are many examples where the comple empera‘;gre could be found, and were confirmed for their
structure of protein molecules plays a similar and essential applicability (data not shown).
role in chemical reactivity. Start and Steid0f studied the Experimentally measured rate constants can be fit with
alkylation of methionine residues in ribonuclease A by several plausible phenomenological models, such as those
iodoacetate or iodoacetamide and found that only at low pH presented in this paper. However, it is difficult to ascertain
or in the presence of denaturant could rapid alkylation occur. which model is correct due to the lack of knowledge about
They also found that under the condition when the protein the structure dynamic or equilibrium properties of a local
is unfolded, the alkylation rates for different methionine region around methionine residues in the complex structure

the water network, which plays an essential role in oxidation
kinetics (L5, 25), and give rise to differences in apparent
Arrhenius parameters.

Implications for BiochemistryTo our knowledge, the
dependence of chemical kinetics on temperature of the
general type of reaction studied in this work has not been
previously published. There is similar methionine oxidation
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Ficure 13: Comparative kinetic data of three short peptides and methionine residues in rhG-CSFk{a)iddk{pparent— 1) vs 11T for

three methionine residues in rhG-CSF. Solid lines represent fittings by eq 9 using parameters from Table 5. (b) Ratios of oxidation rate
constants of methionine residues in rhG-CSF with its corresponding peptide are plotted with a scaled Gibbs free energy of denaturation.
Solid lines represent fittings by eq 9 using parameters from Table 5 and fitting by eq 7.
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Ficure 14: Comparison of the Arrhenius fit and the non-oxidant-bound intermediate model fit: (a) Met 138 and pep3, (b) Met 127 and
pep2, (c) Met 122 and pepl, and (d) all together. Dashed lines in panelsepresent the direct extrapolations of Arrhenius lines for
methionine residues in rhG-CSF. Curved lines represent the predicted behavior of the non-oxidant-bound intermediate model.

Table 6: Comparisons of Standard Deviations (SD) Calculated from 1€ models developed here were aimed at the understand-
the Arrhenius Equation versus Experimental Rate Constants and ~ ing the “dual” role that temperature plays in methionine

Those Calculated from Model b versus Those from Experiment oxidation in protein molecules, that is, how temperature
Met138 Met127 Met122 affects chemical kinetics intrinsically and affects protein

SD for In(k) — In(k_Arrhenius) 0.28 0.28 0.58 conformation secondarily. These models have some minimal

SD for In() — In(k_model b) 0.41 0.30 0.96 requirements, such as a reasonable explanation of the

apparent Arrhenius behavior of oxidation of methionine
residues in rhG-CSF over the temperature range that was

information can be intrinsic fluorescence via substitution of examined and restoration of the simple Arrhenius behavior

a tryptophan residue at the methionine site. The dynamicsWNen protein structural effects become minimal at temper-

of local structure likely has a strong influence on the atures much higher than the melting temperature. When all
reactivity and reaction rate. The understanding of local Of these requirements are taken into account, the models are
structural motions not only will be crucial to studies like €Xxpected to cover a wider range of temperature. In essence,
methionine oxidation but also can be applied to protein the modeling presented in the paper puts into proper context
aggregation, ligand transport and binding, and enzymatic both the kinetics of oxidation and our understanding of

catalysis. protein conformational changes by presenting mathematically

of a protein molecule. A possible direction for obtaining such
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Table 7: Degradation of rhG-CSF (in percentage) Estimated from Kinetic Data @@ 2910 mM Acetate Buffer at pH 4.0

[hydrogen 6 months 12 months 24 months
peroxide] M1 M138 M127 M122 M1 M138 M127 M122 M1 M138 M127 M122
prediction 0.4uM 4% 1% 1% 0% 8% 2% 2% 0% 16% 4% 3% 0%
from measured
rate constant
1uM 10% 3% 2% 0% 20% 5% 4% 0% 35% 10% 7% 1%
10uM 66% 23% 18% 1% 89% 41% 32% 3% 99% 65% 54% 6%
0.1 mM 100% 93% 85% 13% 100% 99% 98% 25% 100% 100% 100%  44%
1mM 100% 100% 100% 76% 100% 100% 100% 94% 100% 100% 100% 100%
measured| 0.19uM active 2.5+ 1.0% 2.6+ 1.4% 2.9+ 0.8% 2.8+ 1.0%
oxygen with
0.38uM H,0,

a Long-term experimental data provided by Amgen Inc., performed using a commercial formulation b8fien.of the percentage of oxidation
of both Met 127 and Met 138.

the physical basis of the oxidation of methionine residues chemically synthesized peptides and in recombinant human
in proteins. Because our models have a physical basis, wegranulocyte colony-stimulating factor (rhG-CSF) by hydro-
expect them to be generally applicable. gen peroxide (bD,). Experiments aimed at exploring the
Implications for Pharmaceutical Shelf Life Predictiddn equilibrium denaturation of rhG-CSF also were conducted,
important criterion for protein pharmaceutical formulations and Gibbs free energies of unfolding as a function of
is stabilization using an appropriate buffer, isoosmotic addi- temperature were calculated on the basis of experimental
tives, and other excipients under optimal temperature anddata. We found significant variation among the oxidation
pH conditions. Since the desired shelf life is typically-18  rate constants for different methionine residues in rhG-CSF
24 months and degradation pathways such as oxidation usuallyand as a function of temperature. The rate constants for each
occur very slowly over the course of that time frame, it is methionine residue can be fit reasonably well according to
highly desirable to have a rapid shelf life prediction method the Arrhenius equation. This suggests that degradation is
for screening formulations. One way of accelerating oxidation governed by the intrinsic oxidation reaction rather than a
is to elevate the temperature. Therefore, development of ajgcal conformational event having a complex temperature
model for predicting oxidation at low temperatures using data gependence. We also found that if we assume the existence
at high temperatures will facilitate predicting protein shelf of an additional activation free energy barrier due to the
life. Quantifying the effect of protein structure on chemical ransport of oxidant molecule #,, a more complicated,
kinetics is a prerequisite for such prediction. One major n,n_Arrhenius equation ensues. However, this equation
assumption with the model developed here is that the oxida-gjmpjifies to the Arrhenius equation under certain circum-
tion pathway using the oxidizing chemical speciesQkb) stances. We classified the methionine residues in rhG-CSF

among reactive oxygen species is similar to oxidation in the 541 ing to the degree to which the protein structure affects
absence of bD,. Likewise, accelerated oxidation at higher iqa4ion kinetics, i.e., no structural dependence, local

temperatures should be predictive of oxidation at lower tem- structural dependence, and global structural dependence.

pergtyres. In add|t]on, the modgl does not capture any OtherAdditionaIIy, three models for considering the structural
significant competing degradation pathways, such as aggre-

gation, which is inevitably problematic in the shelf life stud- effect of protein molecules on the oxidation of methionine

h residues were developed. We found these models can fit the
ies at temperatures elevated above the storage temperature,

A critical unknown parameter in oxidation studies is the gxpenme_ntal data gquall_y well. The non—omdant—.b.ound
level of peroxides in the formulation buffer. In Table 7, the intermediate model, in particular, can produce the anuupatgd
amount of rhG-CSF degradation is shown at various hydro- temperature dependence of rate constants near the meltl'ng
gen peroxide levels (from micromolar to millimolar) and at temperature and even beyond’ when the influence of protein
different time lengths (from 6 to 24 months) in storage buffer. structure b_ecomes d|m|n|sh|ngly small. HOWG"GF’ t_he phe-
The estimation is based on the experimental rate constant&omemlog'cal quels we considered _cannot be distinguished
at 29 °C from forced oxidation at which some long-term purely on the basis .Of phenomeﬂologmal rate con;tant data.
experimental data are available. Peroxide levels of several!"usted local dynamical information such as that which could
micromolar match experimental data reasonably well. This 2€ determined from molecular simulations would be needed.
suggests that an accurate estimate of shelf life can be madé'\n €xample in which shelf life prediction of protein
using appropriate concentrations of hydrogen peroxide andPharmaceuticals using the temperature dependence of oxida-
active oxygen species experimentally measured as inputs intion rate and model prediction yielded stabilities that matched
addition to the kinetic data of accelerated oxidation at high Well was shown.
temperatures. Thus, forced oxidation studies at elevated
storage temperatures can guide rational formulation of protein AppENDIX
pharmaceuticals against oxidative degradation.

For the three phenomenological models shown in Figure
11, the overall rate expressions can be obtained as follows.

In this work, we studied the temperature dependence of In oxidant-bound intermediate model a, the elementary
oxidation rate constants of methionine residues in severalsteps hypothesized in the model are as follows:

CONCLUSIONS
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| 5% NO

in which the formation of the intermediate complex of the

protein and oxidant is assumed to be reversible. Furthermore,

the equilibrium of the first step can be expressed as

Mk K elao/r) "
N[Ol Kk, & & A1)

wherec? is the concentration of the reference solution, taken
to be 1 M, andAG is the standard state Gibbs free energy

change.

mass conservation: [H [N] + [NO] = [N],

(A-2)
[NO]

rate expressionrove,an

=kndl] (A-3)

So that
[N]o — [NO]
@ _(AG)I(RT)
ce
1+——
(O]

(1] = (A-4)

and

d NO
ANOT_ g = e 10

ZAGR
1 +
[O]

roverall

(A-5)

with the initial condition being [NQ] = 0, and when the
oxidant is in great excess ([N [O] ~ [O]o). Integration
yields

[N] (1 — e (K H (et ONRDI(Oa}
(A-6)

[NO] =

IN] +[1] =[N] Oe*((k«‘m)/{l+[Cze(AG)/(R'D]/([O]o)})‘ (A-7)

d[NO] 1

Foverall = dt kint Cge(AG)/(R-D ([I]

o,
kint 1
[O],

+IN]) =

@ [Olo([] + [N]) (A-8)
(AGYI(R
1+ O]oe

For non-oxidant-bound intermediate model b, the assumedstrycture. Therefore,

Pan et al.
Al _ K Oy
Nk, K=e (A-9)
[A] +[N] + [AQ] =[P], (A-10)
One also has
d O
I’overall [ ] kmt[A][O] (A'll)
A] = k([Plo — [AQ])  [P],—[AC]
o ktk, TS TG
(A-12)
Therefore
_dAo] Ky - ~
Foveral = dt - 1+ e[AGunf(I)]/(RT) ([P]O [AO])[O] =
Kint

—ai— (A + IND[O] (A-13)
1+ 2™ uRD

It can be seen that the apparent rate constant in this model
is

Kint

o (A-14)
1+ e[AGunf(')]/( RT)

kapparent=

For effective oxidant concentration model c, the oxidant
concentration near the methionine site is not equal to its bulk
concentration, but rather an effective concentration{O]
The equilibrium distributions of oxidant inside and outside
the protein are described by a Gibbs free enex@; much
like the preferential binding/exclusion Gibbs free energy, but
used to describe the different distributions of cosolute near
protein surface and in bulk solvent.

Therefore, concentrations of oxidant in bulk solvent,o[O]
and that near the methionine site have the equilibrium
relationship

[Olly
[Olo

— ef(AGechusior)/(RT) (A_ 15)

Thus, the phenomenological oxidation rate becomes

kint[o] 0e7 (AGechusion)/(RT)[N]
(A-16)

kmt[o] eff[N]

overall

Here AG contains the information of protein complex
it can be a complex function of

elementary steps hypothesized in the model are as follows:temperature.

A+0-" A0
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