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ABSTRACT. To understand the connection between the conformation of a protein molecule and the oxidation
of its methionine residues, we measured the rates of oxidation of methionine residug3, iy gtanulocyte
colony-stimulating factor (G-CSF) as a function of pH and also studied the structural properties of this
protein as a function of pH via molecular dynamics simulations. We found that each of the four methionine
groups in G-CSF have significant and different rates of oxidation as a function of pH. Moreovéy, Met

in the unstructured N-terminal region, has a rate of oxidation as low as half that of free methionine. The
structural properties of G-CSF as a function of pH are evaluated in terms of properties such as hydrogen
bonding, deviations from X-ray structure, helical/helical packing, and the atomic covariance fluctuation
matrix of a-carbons. We found that dynamics (structural fluctuations) are essential in explaining oxidation
and that a static picture, such as that resulting from X-ray data, fails in this regard. Moreover, the simulation
results also indicate that the solvent-accessible area, traditionally used to measure solvent accessibility of
a protein site, of the sulfur atom of methionine residues does not correlate well with the rate of oxidation.
Instead, we identified a structural property, average two-shell water coordination number, that correlates
well with measured oxidation rates.

The oxidation of methionine groups is one of the major as “non-site-specific” oxidationdj. The charge separation
degradation pathways of proteins. This occurs during the developed during the breaking of the-@ bond in HO,
processes of drug development and production and duringcontributes to most of the energetic penalty of the oxidation
storage {—7). The covalent addition of an oxygen atom to reaction 22—25). This observation led to the proposal in a
the sulfur atom of methionine changes the chemical proper- 1994 theoretical study that a strong proton donor, such as a
ties of proteins and generally leads to the loss of biological hydronium ion, would be necessary to affect the oxidation
function. Examples of the proteins that are destabilized (26). After the 1994 study, it was observed experimentally

by oxidation include humaim-1 proteinase inhibitor§), that over a large range of pH~@—10) there is no pH
calmodulin @, 10), human parathoid hormond 1), anti- dependence on the rate of oxidati@Y), This observation
thrombin (2), glutamine synthetasé3J), subtilisin 4), o1- called into question the validity of the 1994 mechanism over

antitrypsin (L5, 16), and granulocyte colony-stimulating an intermediate range of pH. We thus performed a new study,
factor (G-CSF) (17). Stabilization against oxidation must the results of which led us to propose a new mechanism of
be controlled in the product formulation of therapeutic charge stabilization resulting from specific interactions, such
proteins according to FDA guidelines3)( Methionine  as hydrogen bonding, with surrounding water molect2& (
oxidation is also associated with aging, inflammatory dis- e found that these interactions stabilize the charge separa-
eases, neurologic disorders, and cataractogen3is2(). tion and result in the observed activation energy of the
Early studies suggested that the major reactive oxygenreaction (16-15 kcal/mol) @5). Our mechanism is consistent
species causing the oxidation of methionine in proteins in ith all available experimental information about the oxida-
aqueous solutions are hydroxyl radicals and hydrogen tion mechanism, such as activation energ8) and the pH
peroxide #). Oxidation by hydroxyl radicals is catalyzed by dependence of oxidation rateg7]. It also leads to the
metal ions _that_bind to specific sitgs of a pr_otein.. Th.is tyPe conclusion that exposure to solvent molecules plays an
of mechanism is referred to as “site-specific” oxidatidn (  essential role in oxidation reactions. In several studies, it was
18, 21). Oxidation by hydrogen peroxide, on the other hand, shown that amino acids that are located in buried positions
is generally accepted to be apZSreaction. Itis referred 0 getermined qualitatively from static X-ray data) are less
T This work was supported in part by Amgen, Inc., by the National easily oxidized by exogenously add('ad'per(.mde oxidelts (
University of Singapore, and by the SingapeMiT Alliance. 28, 29) than those f"t the Su.rface' This |mp|l€§ that the. aceess
*To whom correspondence should be addressed. E-mail: trout@ Of solvent to methionine sites affects oxidation. While this
mit.edu. observation is consistent with our proposed mechanism, it

1 iati . - —ati i . . . . P .
Abbrewatlons._G.CSF, granulocyte colony stlmulatlrlg factor; MD, g qualitative at best, because it is based on static data.
molecular dynamics; SAA, solvent-accessible area; WCN, water

coordination number; RMSD, root of mean squared deviation; RMSF, Cléarly, proteins have essential dynamic behavior that is not
root of mean squared fluctuation. captured by static X-ray structure.
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This study addresses the effects of protein dynamics andinitially equilibrated with 56% solvent B at a flow rate of
thermal fluctuations on the rates of oxidation of methionine 0.8 mL/min. After sample injection, the column was washed
sites in therapeutic proteins. We focus on G-CSF, a proteinwith 56% solvent B for 10 min. The separation was then
pharmaceutical useful in treating patients suffering from performed by a linear gradient of 56% solvent B to 66%
neutropenia and in mobilizing peripheral blood progenitor solvent B for 100 min and 66% solvent B to 100% solvent
cells for harvesting and transplantation after myeloablative B for 10 min and then by isocratic elution at 100% solvent
chemoradiotherapyl{). G-CSF has four methionine groups, B for 10 min with a UV detector set at 215 nm.

Met!, Met'??2, Met'?’, and Met®, Each of the methionine (D) Trypsin Peptide Map Analysis for the Assay of Met
groups has been shown to be oxidized by hydrogen peroxideG-CSF in 25 mM acetate was buffer-exchanged into 10 mM
with distinct oxidation rates in the order Met Met!'38 > Tris-HCI, 100 mM NaOAc, and 1 mM CaglpH 8.3, by
Mett?” > Met!?2 Furthermore, the bioactivity measured by using a disposable PD-10 desalting column. A 2.5 mL
a cell mitogenesis bioassay was shown to decrease to 3%raction was collected and digested with trypsin (Sigma T
after all methionine groups are oxidizeti7y. 8658), using an enzyme-to-substrate ratio of 1:50 for 18 h

A measure typically used to quantify the degree to which at 30°C for a subsequent reverse-phase HPLC peptide map
the solvent can interact with different parts of the protein is analysis of Met A 1.0 mL trypsin-digested G-CSF mixture
solvent-accessible area (SAABQ). However, using the  was injected into a £column (Vydac 208TP54; 300 A,
X-ray structure by Aritomi et al.31, 32), PDB entry 1CD9, S5um, 4.6 mm i.d.x 25 cm). The mobile phases used
and a probe radius of 1.6 A, we compute that the SAA’s of included solvent A [0.1% (w/v) TFA] and solvent B [0.1%
Met!22 Met'?”, and Met38 are zero. Since all three of these (W/v) TFA in 90% acetonitrile]. The column was initially
Met groups have appreciable rates of oxidation, it is unlikely equilibrated with 25% solvent B at a flow rate of 0.8 mL/min.
that this structural quantity either provides a good measure After sample injection, the column was washed with 25%
of the degree to which solvent can interact with sites in the solvent B for 10 min. The separation was then performed
protein or relates to oxidation. It seems to be important at by a linear gradient of 25% solvent B to 40% solvent B for
least to incorporate protein and solvent dynamics in any 30 min and 40% solvent B to 100% solvent B for 10 min
model that relates structural properties to rates of oxidation. and then by isocratic elution at 100% solvent B for 10 min

In this study, molecular dynamics simulations of G-CSF With a UV detector set at 215 nm.
together with experiments were performed. The simulations  (E) Glu-C Peptide Map Analysis for the Assay of Met
incorporated an explicit treatment of the solvent molecules Met*’, and Met*. G-CSF in 25 mM acetate was buffer-
and realistic dynamical motions of each atom in the protein. €xchanged into 2.5 mLfo6 M guanidine hydrochloride
Our goal was to better understand the oxidation of methionine (GdnHCI) and 0.3 M Tris-HCI, pH 8.5, by the use of a
by relating structural properties to rates of oxidation. It was PD-10 desalting column. Modification of the disulfide bonds
hoped that we could find a structural parameter that correlatesof G-CSF was performed by the addition of 35 mM
well to rates of oxidation. In addition, we measured the dithiothreitol (DTT) (Sigma D 5545). After incubation at
effects of pH on the rates of oxidation and analyzed how room temperature for 45 min, G-CSF was buffer-exchanged

structural properties change as a function of pH. into 2.5 mL d 6 M GdnHCl and 0.3 M Tris-HCI, pH 8.5,
containing 4 mM 7-chloro-4-nitrobenz-2-oxa-1,3-diazole
MATERIALS AND METHODS (NbdCl) (Sigma C 5261) by the use of a PD-10 desalting

. ) o column. After incubation at room temperature for 60 min,

Experimental Procedures for Measuring Oxidation Rates G.cSE was buffer-exchangeddn® M urea and 0.1 M Tris-
of Methionine Groups in G-CSF. (A) Material§-CSF (4 Hcl, pH 7.8, by the use of a PD-10 desalting column and
mg/mL in water, pH 4.0 via addition of HCI) was obtained digested with endoproteinase Glu-C (Sigma P 6181), using
from Amgen, Inc. (Thousand Oaks, CA).® was pur-  an enzyme-to-substrate ratio of 1:25 for 26 h at°e5 for
chased from Sigma (H 1009). All other reagents and sypsequent reverse-phase HPLC peptide map analysis of
chemicals used were of analytical grade, and deionized watern\eti22 Mefl2? and Met8 A 1.0 mL Glu-C-digested G-CSF
was used through the study. mixture was injected into a Lcolumn (Vydac 214TP54;

(B) Oxidation of G-CSF by Hydrogen Peroxide-:CSF 300 A, 5um, 4.6 mm i.d.x 25 cm). The mobile phases
was mixed with 25 mM acetate (pH 4.5, ionic strength 0.1 used were solvent A [0.1% (w/v) TFA] and solvent B [0.1%
M) and 30% HO:; (final H,O, concentration= 30, 90, or (w/v) TFA in 90% acetonitrile]. The column was initially
180 mM, and G-CSF concentratien0.1 mg/mL) incubated  equilibrated with 3% solvent B at a flow rate of 0.8 mL/min.
at 25°C. At various time intervals, reactions were terminated After sample injection, the column was washed with 3%
by loading samples onto a disposable PD-10 desaltingsolvent B for 10 min first. The separation was performed
column (Amersham Pharmacia Biotech 17-0851-01) for by a linear gradient of 3% solvent B to 30% solvent B for
removal of excess ¥D,. For each reaction, a 2.5 mL G-CSF 40 min, 30% solvent B to 55% solvent B for 60 min, and
fraction was collected for analysis. 55% solvent B to 100% solvent B for 10 min and by isocratic

(C) Separation of G-CSF Oxidized Forn®&-CSF oxidized elution at 100% solvent B for 10 min with the UV detector
forms were separated by reverse-phase HPLC (the Integralset at 215 nm.
HPLC system, PerSeptive Biosystems, serial no. 176, part (F) Peptide Map Analyses of Methionine Oxidation in
no. 5-1818-00). A 1.0 mL bD.-oxidized sample was injected G-CSF.The extent of oxidation of individual methionine
into a G column (Vydac 208TP54; 300 A, 5m, 4.6 mm residues in G-CSF was quantified by trypsin (for Kjetnd
i.d. x 25 cm). The mobile phases used were solvent A endoproteinase Glu-C (for Mét, Met'?’, and Met®?) peptide
[0.3% (w/v) trifluoroacetic acid (TFA)] and solvent B map analyses. Electrospray mass spectrometry was performed
[0.255% (w/v) TFA in 90% acetonitrile]. The column was at the MIT Biopolymers Laboratory using a Perkin-Elmer
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Ficure 1: Reverse-phase HPLC of G-CSF samples. Oxidation
reactions were carried out with 30 mM®, and 0.1 mg/mL G-CSF

in 25 mM acetate at a pH of 4.5 at 28. (a) Trypsin peptide map
of G-CSF samples taken at 0, 0.5dahh during HO, oxidation.
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oxidation. In Figure la, peptide 1 is a 17-mer peptide
containing Metand peptide 2 is a 19-mer peptide (see Table
1). Peptide 1A is the oxidation product of peptide 1. An
increase of 16 mass units found for peptide 1A represents
the oxidation of Metin peptide 1.

The endoproteinase Glu-C peptide map of intact G-CSF
(0 h) with those of the samples taken at O, 4, 6, and 15 h
during HO, oxidation is presented in Figure 1b. Peptide 1
is a 12-mer, peptide 2 is a 39-mer containing Meand
Met!38 and peptide 3 is a 25-mer containing Mét as
summarized in Table 2. Peptide 3A is the oxidation product
of peptide 3. An increase of 16 mass units found for peptide
3A represents the oxidation of Métin peptide 3. Likewise,
peptides 2A, 2B, and 2C are the oxidation products of peptide
2. An increase of 32 mass units found for peptide 2C
represents the oxidation of both N&tand Met®8in peptide
2 while an increase of 16 mass units found for peptides 2A
and 2B represents the oxidation of either Mebr Met-3,
as shown in Table 2. We used cyanogen bromR® to
cleave peptides 2A and 2B and confirmed that 2A represents
the oxidation of Met?” and 2B represents the oxidation of
Met!8 Peptide 2A was not identified in an earlier study)(

(G) Oxidized Forms of G-CSHs a validation, reverse-
phase HPLC was used to separate different G-CSF forms
from G-CSF samples that had been oxidized byDHat
different times. As shown in Figure 1c, six distinct peaks,
labeled -6, were obtained. Each peak was collected and
subjected to electrospray mass spectrometry in order to
measure the molecular weight, and the results are presented
in Table 3. In addition, each peak was also subjected to
Glu-C and trypsin peptide map analyses. Results indicate
that peak 1 contains G-CSF with all four methionines
oxidized, peak 2 contains oxidized MeMet?’, and Met8,
peak 3 contains oxidized Meand Met?’, peak 4 contains
oxidized Met and Met®®8 peak 5 contains only oxidized
Met!, and peak 6 contains intact G-CSF. Peaks 1, 2, 4, 5,
and 6 were also identified by Lu et all). Peak 3, with
G-CSF oxidized at Métand Met?’, was identified for the
first time in this work. On the basis of the above results, we
conclude that the order of oxidation rates of methionine
groups at pH 4.5 is Mét> Met'38 > Met'?” > Met!?2

Molecular Dynamics SimulationsViolecular dynamics
simulations of G-CSF were performed using the CHARMM
software 84) and the CHARMM 22 all-atom potentiaBp).

The initial structure of G-CSF was obtained from the X-ray
structure of Aritomi et al. 1, 32), determined at pH 7.5,
PDB entry 1CD9. The coordinates of residues missing in
the PDB data (residues—b) were generated using the
internal coordinate table; the coordinates of hydrogen atoms
were then generated using the HBUILB4] function of

(b) Endoproteinase Glu-C peptide map of G-CSF samples taken atCHARMM. One hundred steepest descent steps followed by

0, 4, 6, and 15 h during ¥, oxidation. (c) Oxidized forms of

G-CSF. Peak 6 represents the intact G-CSF.

500 conjugate gradient steps were applied to the initial
geometry with heavy atoms fixed at their PDB coordinates.
The resulting geometry was then further minimized with 300

Sciex Model 365 triple stage mass spectrometer (Perkin-conjugate gradient steps with heavy atoms restrained by their
Elmer Analytical Instruments, Norwalk, CT). Peptides col- PDB coordinates. The restraint force constant was 30 kcal
lected from reverse-phase HPLC separations were dried,mol~t A~1and was decreased by 10 kcal mok—* at every
reconstituted in 50% acetonitrile with 0.2% acetic acid, and 100 minimization steps. The resulting geometry had a 0.12
injected into the electrospray interface. Mass spectra wereA all-atom RMSD (root of mean squared deviation) from

acquired over am/zrange of 406-2300. Figure 1 compares

the original X-ray coordinates and was used as the reference

the trypsin peptide map of intact G-CSF (0 h) with those of structure for analysis. G-CSF has five histidine residues, and
the samples taken at 0.5cr2 h during HO, (30 mM)

the protonation states were determined by examining the
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Table 1: Structural Characterization of the Trypsin-Digested Peptides of G-CSF in Figure la

mass oxidized
peptides sequences MW detecéted difference methionines
1(17-mer) MTPLGPASSLPQSFLLK 1786.820.02
1A 1802.82+ 0.27 16.00 Mét
2 (19-mer) AGGVLVASHLQSFLEVSYR 2032.84 0.04

@ Obtained from electrospray mass spectrometry.

Table 2: Structural Characterization of G-CSF Endoproteinase Glu-C Digested Peptides in Figure 1b

mass oxidized
peptides sequences MW detected  difference methionines
1 (12-mer) VSYRVLRHLAQP 1438.36 0.40
2 (39-mer) LGMAPALQPTQGAMPAFASAFQRRAGGVLVASHLQSFLE 4027.441.15
2A 4044.00+ 1.34 16.56 Méeg?
2B 4044.59+ 0.27 17.15 Meges
2C 4059.29+ 0.83 31.85 Mée7, Met'3®
3 (25-mer) LGPTLDTLQLDVADFATTIWQQMEE 2836.1% 0.24
3A 2852.27+ 0.70 16.14 Meg?

aObtained from electrospray mass spectrometry.

Table 3: Characterization of Intact G-CSF and Its Derivatives tories were saved every 0.1 ps for analysis, and the statistical

Shown in Figure 1c uncertainties of averaged properties were estimated on the
mass oxidized bas!s of s_tandard procedure3g). _
G-CSF peaks MW difference methionines Simulations were performed separately for three regimes

native 6 1879373 085 of pH. The first is called “high-pH”, in which only one of

5 18816.53-2.32 17.80 Mt the nitrogen atoms of histidine residues was protonated. The

4 18833.60:2.88 34.87 Mét Met!® carboxyl oxygen of aspartic acid and glutamic acid residues
oxidized 3 1883233218 3366 MéMets = was not protonated. The second is called “medium-pH”, in
i igggg:ii %:gg Zg:g? Mi mg:ﬂ% mglﬂ, which both nitrogen atoms of the histidine residues_were

Metl38 protonated but not the carboxyl oxygen of aspartic acid and

glutamic acid residues. The last is called “low-pH”, in which
all acidic residues were protonated.

To compare the results of molecular dynamics simulations
relative distances to surrounding hydrogen bond donors andyith the measured rates of oxidation of methionine residues,
acceptors. a mapping between protonation states and pH values is

The reference structure was then solvated in a preequili-needed. G-CSF has five histidine groups. From the X-ray
brated (295 K, 1 atm) truncated octahedral water cell with a structure, the protonation states of #iand His>” may affect
lattice length of 68 A containing 8280 water molecules. the fluorescence intensity of the nearby ¥(plis'>?) and
Counterions were placed using the SOLVATE progra).( TrpttY(His®) residues 41, 42). The pH dependence of the
Water molecules with oxygen atoms within 2.4 A of the fluorescence intensities of G-CSF suggests that Kysf
heavy atoms of G-CSF and counterions were removed. His®® and His®” are around 5.84@3). The rest of histidine
Periodic boundary conditions were applied, and the long- residues (Hi&, His*3, His'’?) are more exposed to the solvent,
range Coulombic interactions were calculated using the and we assume that th&gs are close to the value of the
particle-mesh Ewald summation meth®&¥,(38). The cutoff free residue, 6.1. G-CSF also contains four Asp and nine
radius for electrostatic interactions was 15 A. Covalent bonds Glu residues over the protein surface, and we also assume
were fixed during the simulations using the SHAKE9) that their iKy's do not deviate significantly from the values
algorithm, thus allowing a 0.002 ps integration time step. of the free residues. On the basis of the above information,
Fifty steepest descent steps followed by 200 conjugatewe assume that the high-pH protonation configurations
gradient minimization steps were performed first with protein correspond roughly to pH 8.5, the medium-pH configurations
atoms fixed. Next, the system was heated to 295 K by correspond roughly to pH 5.5, and the low-pH configurations
gradually scaling the velocities (3 K/0.1 ps) for 10 ps. During correspond roughly to pH 2.
the heating period, the backbone atoms of G-CSF were To evaluate the effects of different protonated config-
restrained to the reference structure by a force constant ofurations of Hi§€® and Hid%’, three different protonation
10 kcal mott A-L After the heating period, a 30 ps configurations of Hi¥ and Hig5" are examined. They are
equilibration simulation at 295 K was performed using the all considered to be in the high-pH regime. The first
NoseHoover thermostat 40). During the equilibration configuration is called “high-pH-1". In this configuration,
period, the restraint force constant for the protein backbonethe e-nitrogen of Hi$° and the d-nitrogen of Hid®" are
atoms was gradually decreased by 5 kcal Thél—2 every protonated. The second configuration, in which daeitro-

10 ps. For the last 10 ps of equilibration, no restraint force gen of Hi$® and thed-nitrogen of Hid%” are protonated, is
was applied. Then the molecular dynamics simulation was called “high-pH-2". The last configuration, in which the
performed in the canonical ensemble at 295 K for 2.96 ns, e-nitrogen of Hi§® and thee-nitrogen of Hi%" are proto-
during which averaged properties were computed. Trajec- nated, is called “high-pH-3”.

@ Obtained from electrospray mass spectrometry.
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concentrations were 30 mM.
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Table 4: Pseudo-First-Order Oxidation Rate Constants of o
Methionine Groups in G-CSF at Different pH Valdes g, 0.04} \/ 1
1 122 127 138 S /
pH Met Met Met Met T o002l }\{\E/‘/
2 0.566 0.024 0.086 0.253
3 0.509 0.021 0.083 0.221 } } } 4 } } }
4 0.495 0.019 0.082 0.194 /{
45 0.470 0.020 0.087 0.190 0.8¢ Met' 1
4.5 0.486 0.002 0.180 0.263 i
5.5 0.483 0.025 0.093 0.196 f; 06k
6.5 0.575 0.037 0.079 0.194 S ,
7.5 0.792 0.036 0.083 0.194 X \5\{/
8.5 0.834 0.044 0.101 0.215 04r
a Oxidation reactions were carried out with 30 mM®4 and 0.1 2 3 4 5 6 7 8 9
mg/mL G-CSF at 25C. The data recorded are rate constant)(kx pH

100.° Results from Lu et al.17), converted to 30 mM bD..

Flr(]EURE 3:dR?tes ofdoxidation in G-CSF at digggrent ?H vdalues.
The pseudo-first-order rate constants in units e plotted as
RESULTS AND DISCUSSION a funrt):tior] of pH for each methionine residue. Oxidatri)on reactions
Oxidation Rates of Methionine Residues of G-CSF at ¥ivc?r:§ Svagfggl#]vM‘”th 0.1 mg/mL. G-CSF at 25. H,0, concentra-
Different pH Valuesln this section, the experimental results '
of the oxidation rates of methionine groups in G-CSF are different. There are several possible reasons for these
presented. Since the concentration ofOx (30 mM and differences. First, the difference in the forced oxidation
greater) is much higher than that of the protein (0.1 mg/mL conditions may be important. The,8, concentration is
= 5.3 uM), its concentration is assumed to be constant in 30 mM in this study and 300 mM in the study of Lu et al.
the kinetic analysis. In Figure 2, the concentration of (17). Second, our data may be more precise; this is
unoxidized methionine residues in G-CSF at pH4.5 is demonstrated by the fact that we were able to resolve an
normalized to their initial concentration and plotted versus additional peak (MétMet'?” oxidized form of G-CSF) in
time on a semilogarithmic scale. The very high linearity the mass spectral experiments.
(R? > 0.98) of Figure 2 indicates that the reaction is pseudo  The oxidation rate of each methionine residue was then
first order for each methionine residue. The first-order nature measured at an 4@, concentration of 30 mM at different
of the reaction also indicates that the oxidation of one methio- pH values. The buffers used were phosphate at pH 2.0,
nine residue does not affect the rates of oxidation of other citrate at pH 3.0, 5.5, and 6.5, acetate at pH 4.0, and Tris-
methionine residues in the experimental time scale; i.e., aHCI at pH 8.5. The pH dependence of oxidation rates is
significant change of the protein conformation did not occur. shown in Figure 3. The oxidation rates of Methow a
For Met??, on the other hand, there indeed exists a different minimum at pH 4.5 and are 20% higher at pH 2 and 77%
oxidation rate constant after the rest of methionine residueshigher at pH 8.5. Mé#® is oxidized the second fastest and
are oxidized, as reported earliet7f and as has also been shows a moderate pH dependence of oxidation rates with a
confirmed by our experiments (results not shown). In this minimum at pH= 4.5. The oxidation rate of M&®is 33%
study, our focus is on the stability of native G-CSF, i.e., higher at pH 2 and 13% higher at p¥ 8.5 than at pH 4.5.
initial rates of oxidation, and, thus, change in the conforma- For Met?’, the pH dependence of oxidation rates is small
tion of G-CSF as a result of oxidation is not a concern. The (the difference between the maximum and minimum rate
reaction order of KO, was also examined by performing constant is<15%). Met?? oxidizes at the lowest rate among
the oxidation experiments at different®, concentrations,  the methionine residues of G-CSF and shows a weak pH
and the results indicate that the reaction is also of first order dependence of oxidation rates between pH 2 and pH 5.5 but
with respect to HO,. The pseudo-first-order rate constants increases by 120% from pH 4.5 to pH 8.5.
of each methionine residue as well as the results in Lu etal. The experimental results indicate that each methionine
(17) are shown in Table 4. For Metour measured rate  residue in G-CSF has a different rate of oxidation and that
constant is very close to Lu’'s result. However, for Mét the rates of oxidation of each methionine residue are different
Met*?”, and Met3® our rate constants are significantly functions of pH. Note that we measured the rates of oxidation
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Table 5: Distribution of Charged Residues and Net Charges of Subdomains of G-CSF

domain
Lo? A? Lag? E2 Lgg? B2 Lgc? ca Lcp? Da
(1—11) (12-40) (41-44) (45-55) (56—72) (73-93) (94-99) (100-125) (126-143) (144-175) tota?
Arg 23 147,148, 167,170 7
Lys 17, 24, 35 41 4
His 44 53 80 157,171 5
Asp 28 105, 110, 113 4
Glu 20, 34 46, 47 94,99 123,124 163 9
net charge
Lo? A2 Lag? E2 Leg? B2 Lgc? ca Lcp? D2
pHe (1-11) (12—40) (41-44) (45-55) (56-72) (73-93) (94-99) (100-125) (126-143) (144-175) tota
low 0 4 2 1 0 1 0 0 0 6 14
medium 0 1 2 -1 0 1 -2 -5 0 5 1
high 0 1 1 -2 0 0 -2 -5 0 3 -4

2The numbers shown in the column are the residue numbers of charged resitinesotal number of charged residues in G-CSFhe

protonated state of each pH category is described in the text.

of free methionine at different pH values and found no
pH dependence between pH 2 and pH 8.5 (rat&00 =
0.98 h't at a HO, concentration of 30 mM). Also note that
a previous study on the oxidation of dimethyl sulfide (DMS),

which represents part of the methionine side chain, reports
no pH dependence between pH 2 and pH 29).(Further-
more, our proposed mechanism, recently reported, does not
lead to a pH dependence of the oxidation of organic sulfides
by hydrogen peroxide over intermediate ranges of pb).(

All of these results suggest that the pH dependence of the
rates of oxidation of a given methionine is due to the changes
in the local environment in response to solution pH. This
hypothesis is examined in detail below using the results of

molecular dynamics simulations.

Identification of the Goerning Factors of Oxidation of
Methioninevia Molecular Dynamics Simulation§he struc-

tures and conformation of G-CSF at different pH values were
investigated via molecular dynamics simulations of G-CSF

with different protonation configurations in the unoxidized
form. Since all methionine groups show first-order kinetics
in the early phase of oxidation, using the unoxidized form
of G-CSF to relate G-CSF conformation to its initial rates
of oxidation is valid. In this section, we first describe the

Ficure 4: Ribbon representation of the X-ray structure of G-CSF
(PDB code 1CD9). The figure was prepared using the VMD
package %6). The secondary structure was identified using DSSP
(57). The main bundle helices A (residues-140), B (residues
73—93), C (residues 1060125), and D (residues 144L73) are
labeled near their N termini. The shorp3residues 4548) anda
(residues 5%55) helices are also indicated.

Lgc. The net charges of G-CSF and its subdomains at various
pH ranges are summarized in Table 5. Basic residues are

structural properties of G-CSF at different pH values and mostly located in helices A and D, and acidic residues are
then study the correlation between the structural propertiesmostly located in helix C. Note that helices A and C also

of G-CSF and the initial rates of oxidation of its methionine
residues.

(A) Labeling of Regions in G-CSWe first label regions

of the protein and next describe their conformational proper-

ties. G-CSF belongs to the four-helix-bundle structural
superfamily of growth factorsid). The ribbon representation
of the X-ray structure of G-CSF in Figure 4 shows that
G-CSF has four main helices, A (residues—4®), B
(residues 7393), C (residues 100125), and D (residues
143—-173), and a short helical region, E (residues-85).
The four main helices are arranged in an—wp—down—
down fashion by the long loopsek (residues 5672),
connecting helices E and B, andd_(residues 126172),
connecting helices C and D. Residues1ll of G-CSF,
denoted by b, do not form a well-defined secondary

contain the receptor binding domains of G-CS#, (45).
Loops Ly, Lgg, and Lep do not have charged residues.

(B) Overall Structure and Fluctuationsl'he time course
of the root mean square deviations (RMSD) of the backbone
heavy atoms of G-CSF from the X-ray reference structure
is shown in Figure 5. Backbone RMSDs for the helical
domains (A-D), for Le-excluded residues (denoted as
Lo-ex in Figure 5), and for all residues are presented. The
helical regions have relatively small RMSDs from the X-ray
structure for all protonation configurations throughout the
simulations. The largest average helical region RMSD (last
1.5 ns) occurs in the low-pH simulation (1.2 A). When we
include residues other than those in theegion, the RMSDs
from the X-ray structure become larger but stay constant after
1.5 ns in the simulation for all protonation configurations.

structure. The short segment between helices A and Elncluding the L region further increases the RMSD values,

(residues 4t44) is denoted by Ag, and the segment
between helices B and C (residues—®9) is denoted as

indicating that the loop regions of G-CSF have deviated more
from the reference structure than the helical domains have.
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Ficure 5: Time course of the root-mean-square deviations (RMSD)
of backbone atoms from the X-ray structure (PDB code 1CD9) of
G-CSF. RMSDs for the helical domains (), for all residues
except the bk region (Ly-ex), and for all residues are plotted. The
data points are shown for every 1 ps.

The small backbone RMSDs for helical domains in the
simulation of all protonation configurations suggest that the
secondary as well as the tpp—down—down arrangement
of the helical domains of G-CSF is stable for a wide pH

Biochemistry, Vol. 43, No. 4, 20041025

High-pH-1

High-pH-3

FiIGURE 6: Representations of characteristic loop conformations of
G-CSF at different protonation states. The X-ray structure (in gray)
is also plotted for comparison.

on the other hand, has a quite smafldx RMSD (1.56 A),
but the all-residue RMSD is significantly larger (2.86 A).
This indicates that the position of the tegion has deviated
significantly from its initial structure, but the rest of the
protein units maintain positions similar to those in the X-ray
structure. Finally, the low-pH simulation has the largest
average kex RMSD (2.03 A) and all-residue RMSD
(3.4 A).

Comparison of the MD simulations with ttifactor from
X-ray experiments49) and the order parameter from NMR
experiments {0, 51) indicates that the simulations provide
an accurate representation of G-CSF structure and dynamics.
Details of the comparisons can be found in the Supporting
Information.

(C) Conformational Properties at Different pH Values.
Titratable and charged residues of G-CSF are mainly
contained in helical domains; the two long loopsgland
Lcp, however, do not contain these groups (Table 5). The
change of charge distribution upon changing the protonation

range, even at low pH values where many proteins may configuration affects the interactions among different regions

exhibit the pH-induced partially unfolded “A” staté&, 47).
The conformational stability of G-CSF at low pH values has

in G-CSF and thus its structure. The change of conformation
of G-CSF in the loop regions is shown in Figure 6. Structural

also been reported using fluorescence and circular dichroismchanges can be also captured by properties such as hydrogen-

spectra 48).

In the high-pH regime, the high-pH-2 simulation has the
smallest average backbone all-residue (1.71 A) agex_
(1.44 A) RMSDs among all three cases (high-pH-1, 1.96 A
Lo-ex RMSD, 2.58 A all-residue RMSD; high-pH-3, 2.0 A
Lo-ex RMSD, 1.8 A all-residue RMSD). These differences
highlight the fact that changes in the protonation of the
nitrogen atoms in histidine residues may result in distinct

protein conformational changes. The medium-pH simulation,

bonding patterns and helicahelical distances and angles
(52.

Hydrogen bonds (HB) not involved in forming the helical
structures (see Figure 7) are analyzed, and the results are
shown in Table 6. Analyses show that the protonation/
deprotonation of acidic groups significantly affects the
helical/helical packing between helices A and C and between
helices B and C since acidic residues are more populated in
these regions of G-CSF. The change of helical packing also
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Ficure 7: Representations of the persistent nonhelical hydrogen bonds of G-CSF.

Table 6: Strengths of Several Persistent (See Text) Nonhelical ﬂucmat'_on matrix b_etween'carbons' Wh'c_h measures the
Hydrogen Bonds of G-CSF correlation of motion between each pair of atoms, also
shows that there exist different types of long-range correla-
tion in different protonation states. These various types of
correlations can be related to the conformational properties
of each protonation configuration. A more detailed version

strength

high- high- high- medium- low-
hydrogen-bonded residues pH-1 pH-2 pH-3 pH pH

GIr2t (059 —Thr (HS9) ?éc o 73 19 56 of confo_rmational analysis is available in the Supporting

GIn?t (HS9—Aspl13 (059) 11 41 48 24 0 Information.

Lys?4 (HS9)—Asp!0(0s9 94 96 89 96 0 In summary, the molecular dynamics simulations show

Aspr® (059 —Asp'o(H9 0 0o o 0 21 that altering the protonation states of the titratable residues

B/C of G-CSF, located mainly in the helical regions, can lead to

Glu** (059 —GIn'% (H59) 0 0 o0 0 45 distinct conformations for each protonation state. Despite the

S:g;j (:S'OS?A_IGAQHSB(BH'OSQ o008 2 9 factthat the up-up—down—down arrangement of the helical
(H)~Ala™ (0% 8L domains of G-CSF remains stable, different conformational

CD _ - T
His®0 (HS9)— GInid2 (059 15 o o 0 0 features, such as hydrogen-bonding patterns, hélkelix

Phe* (0%5)—GInts(HS9 68 77 59 69 39 packing, and pairwise correlations, can be identified in each
protonation configuration even in the most exposgcegion.

ClLco . C .
Trptts (HS9—GIn'* (09 20 13 15 8 17 _Slnce our propose_d QX|da_t|on mechanlsm suggests t_hat
Leo/D interaction of methionine sites with solvent molecules is
£ X o .
PreF® (OP8)—His!S" (HS9) A5 54 0O o1 87 governing, the oxidation rate must be_a function of the local
Leo/B conformation of solvent and protein surrounding each
e o X ) )
PreP (OPE)—Thres (HSO o 9 20 o 0 methionine residue. The detailed nature of these effects is

Sef®(H,0%8)—GIn#(H,059) 76 70 0 0 5 currently being studied in our group. Here we propose that

@ The strength is the percentage of the dynamic trajectory satisfying t.he pH dependence of the conformation of G-CSF is most
the 2.4 A donor/acceptor distance and 18D-H---A angle criteria likely respc_)n3|_ble fO!' the observed pH dependence of the
(58). The strength of hydrogen bonds is estimated by computing the rates of oxidation (Figure 3). In the next section, we focus
percentage satisfying the above criteria in the last 1.5 ns of the on evaluating why different methionine residues exhibit
simulations. Superscript SC denotes side-chain atoms, and superscripgifferent rates of oxidation.

BB denotes backbone atoms. (D) Characterization of Seknt Configuration and Cor-

relation with Rates of Oxidatiomifferences in the oxidation
leads to the change of loop conformation such as shown inrates of different methionine residues have been proposed
Figure 6. The protonation/deprotonation of histidine groups, to be due to the different structural environments of
on the other hand, mainly affects the conformation in the individual methionine residue§,(16, 17). This difference

loop regions, especially Hi$ and His®’, which form could be due to differences in interactions among residues
hydrogen bonds with other residues. G-CSF conformation in a protein and differences in the interaction between the
is sensitive to the protonation states of Hiand His®% the protein and the solvent. A better understanding these

results can be seen by the difference in the loop conformationinteractions would lead to a better understanding of oxidation
and hydrogen bond strengths as shown in Figure 6 and Tableand how to control it. Moreover, having a useful tool to
6 for high-pH-1, high-pH-2, and high-pH-3 configurations estimate the relative oxidation rates would be helpful. This
in which the net charge of G-CSF remains the same but theproperty could be taken from the X-ray structure or from
protonation states of Hi$and Hig%" are different. These  molecular dynamics simulations, but as noted above, properly
analyses show that although the overall tertiary structure treating thermodynamic fluctuations is important, and it is
of G-CSF is stable across different pH values, there exists unlikely that static X-ray data will be sufficient. We address
a difference in conformation, even for the exposegl L the correlation of structural properties to the oxidation rates
region, at different pH values. Calculation of the covariance of methionine residues in this section.
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for making reasonable estimates of relative rates of oxidation
of G-CSF and that considering the dynamic nature of protein
motion is essential. Nevertheless, the SAA’s captured from

. WC

simulation do not show good quantitative agreement with
the oxidation rates of methionine residues. Therefore, we
conclude that SAA is not a good measure of the susceptibility
of a methionine site to oxidation.

Another measure of the degree to which the solvent

Value to that of MET'
o o
- [+

E 12} high-pH-2 interacts with sites on the protein is the water coordination
e number of the sulfur atom (WCN), i.e., the number of water
o 0.8} molecules within a sphere of a predefined cutoff radius from
Sgal the atom. Ab initio calculations indicate that water molecules
E] near the reaction site (the sulfur atom) stabilize the charge
=00 | separation occurring during the breaking of the @ bond
12l high-pH-3 | of hydrogen peroxide in the oxidation pro_ce§£5)( The

= results discussed below use a cutoff radius of 5.5 A to
58 compute the WCN. This cutoff radius corresponds to two
2 solvation shells around the sulfur atom (from the pair
20.4} correlation function of the sulfur atom to the oxygen atoms
§ of water). The choice of including two solvation shells was

— o
] [=]
T

made on the basis of our proposed oxidation mecharg§m (

I medium-pH Results are shown in Figure 8. Adjusting the cutoff radius
= does not lead to a better correlation between the rate constants
=08} and WCN'’s, also leading to the conclusion that two solvation
s shells participate in the oxidation processes. Here, the WCN's
g 04f are normalized to the WCN's of Mefat each pH. In the

g high-pH-1 simulation, the correlation between the WCN'’s
_ 00 and relative oxidation rates of each methionine residues is
gtz- low-pH very good, providing strong evidence that the rates of
5 oxidation can be characterized by the local conformational
w08f and structural environment of each methionine residue. In
o the high-pH-2 simulation, the agreement is also good, in
%0'4 general, but the WCN is a bit larger than the oxidation rate
> 00 of Met'?”. In the high-pH-3 simulation, however, the WCN'’s

of Met!2” and Met38 are in reverse order to the rate constants.

MET MET# MET™ MET™
FicURe 8: Comparison of structural properties to the rates of W€ interpret these results to mean that the protonation
oxidation of methionine residues in G-CSF. Solvent-accessible areaconfiguration adapted in the case of high-pH-1 is more
(SAA) of methionine sulfur atoms (1.6 A probe radius), water representative of the experimental system than those of high-

coordination number (WCN) of methionine sulfur atoms with a pH-2 and high-pH-3 at pH 8.5. In the medium-pH simulation
cutoff radius of 5.5 A, and measured rates of oxidation of '

methionine residues (Exp) are normalized to the value of et relative oxidation ra.tes and WCN also'correlate well at pH
each pH value. The average values over the last 1.5 ns are shown2-5, but the normalized WCN of Mt is larger than the
normalized rate of oxidation. In the low-pH simulation, the
Solvent-accessible aredQ) (SAA is traditionally usedto ~ WCN’s of Met'??2 and Met correlate well to the experi-
characterize the degree of interaction between solventmental data, while the normalized WCN of Nitis larger
molecules and sites in a protein. Since the access of the sulfuthan the normalized rate of oxidation. At all pH values
atom to oxidants in the solution is required for the oxidation (taking the high-pH-1 simulation as representative of the
reaction, assuming that the oxidation rate is proportional to high-pH case), the order of the normalized rates of oxidation
SAA is the simplest model. The SAA (probe radius 1.6 A) found via experiment, Mét> Met!38 > Met'?” > Met'? is
of the sulfur atom of methionine determined using the X-ray consistent with the order of the normalized WCN’s for the
structure is only nonzero for Metind is zero for Még?, methionine residues of G-CSF. The success in the correlation
Met!?’, and Met®, Clearly, SAA’s computed from X-ray of the WCN'’s of sulfur atoms to the relative rates of
structure are not good structural properties for describing oxidation and the failure of using SAA’s also indicates that
oxidation. taking into account solvent effects in an explicit manner is
Comparison of average SAA’s of methionine residues essential.
computed from molecular dynamics simulation results (last Some additional understanding of the relative rates of
1.5 ns) to the rates of oxidation at each protonation state isoxidation can be gained from viewing the results in Figure
shown in Figure 8. All methionine residues have nonzero 8 in light of the protein structure in Figure 4. Mds the
average SAA’s, suggesting that each methionine residue ismost exposed methionine residue and, therefore, has the
liable to oxidation. This result is qualitatively consistent with highest methionine oxidation rate. M& and Met?” are
the experimental results shown earlier. This result also furtherlocated in the kp region (Figure 4). Még8is close to helix
emphasizes that using the SAA’s from the X-ray structure B and near the strong THJ—GIn'3? HB region of Lcp
of methionine residues is not sufficient, even qualitatively, (Figures 7 and 6). Mé&t’ is close to the C terminus of helix
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Ficure 9: Correlation between the water coordination numbers
(WCN) of the methionine sulfur atoms (cutoff radius 5.5 A) and
the rates of oxidation of methionine residues of G-CSF at different
pH values. The rates of oxidation of methionine residues and
methionine sulfur WCN'’s are normalized to the values of the free
methionine amino acid.

C (residues 100125) and has a slower oxidation rate than
Met'®8 at all pH values (28.5) and also smaller WCN's.
Finally, Met?? is buried in helix C and has the lowest
oxidation rate.

A more general comparison between the WCN and the

rates of oxidation of methionine residues can be made by

normalizing the WCN'S and oxidation rate against the
WCN'’s and oxidation rates of the free methionine residue
(free Met). This is done in Figure 9. Note that the WCN’s

of the free methionine are determined in separate simulations

and the rate of oxidation of the free methionine acid does
not show a pH dependence. As shown in Figure 9, the
oxidation rate of Métat pH 5.5 is 49% of that of free Met,
and similarly, the WCN of Métat that pH is 45% of that
versus that of the free Met. This indicates that the sulfur
atom of Met is not as exposed as that of free Met. Both the
oxidation rates and WCN’s of Mgt different pH values
are 49-85% of the corresponding values of free Met. The
differences, particularly the minimum at pH 5.5, indicate that
the local conformation around Meis also pH dependent.
Similarly, both the oxidation rates and WCN’s of Niét
depend on pH (minimum at pH 5.5) and agree well with
each other quantitatively. For Mét, the pH dependence of
oxidation rates is not significant, and the WCN'’s correlate
well with oxidation rates at pH 5.5 and 8.5. The WCN is,
however, larger than the normalized rate of oxidation at pH
2. For Met?? the pH dependence of oxidation rates is also
not significant, and the WCN’s correlate well with the
oxidation rates.

Chu et al.

reaction are not considered. The fundamental mechanism of
oxidation described earlier2f) does not rule out the
possibility that surrounding residues of a methionine side
chain with hydrogen bond donors and acceptors can play a
similar role as solvent molecules, stabilize the charge
separation when the-€0 bond of HO, breaks. Moreover,

it has been shown that carboxylic acids can form a reactive
intermediate with HO, and catalyze the oxidation of various
compounds g3, 54). Along the same line, Glu and Asp
residues may also have catalytic effects on the oxidation of
surrounding methionine residues. However, for methionine
residues in G-CSF, the closest Asp or Glu residues are 10 A
away from the Met residues during the MD simulations.
Therefore, the Asp and Glu residues in G-CSF likely do not
affect the oxidation reaction; as a result, WCN'’s provide an
accurate description on the relative rates of oxidation. The
effects of residues with hydrogen bond donors and acceptors,
if present, on the rates of oxidation of methionine residues
are currently under investigation in our laboratory via ab
initio calculations.

Moreover, correlating a property such as WCN to rates
of oxidation also assumes that each water molecule sur-
rounding the sulfur atom, on average, stabilizes the oxidation
reaction equally. The water molecules within the protein are
sometimes boundbg) and therefore may not be as available
as the nonbound water molecules to stabilize the oxidation
reaction. Such bound water molecules around methionine
side chains have not been observed in the MD simulations
as estimated by monitoring the duration of each water
molecule surrounding the sulfur atoms. This is probably

'because G-CSF is a protein with four compactly packed

helices and does not have water binding sites near methionine
residues. Moreover, we did not find a significant difference
in the lifetime of a water molecule withi4 A of thesulfur

atom for different methionine groups. A more detailed
analysis on the effects of protein environment of the
oxidation reaction is ongoing by QM/MM simulations.

CONCLUSIONS

In this work, we measured the rates of oxidation Dk

of the Met groups as a function of pH. We also obtained
detailed information on the local environment of the me-
thionine residues of G-CSF via molecular dynamics simula-
tions. We found that the water coordination number (WCN)
of each sulfur atom correlates well with the rate of oxidation.
Thus, WCN can be used as a semiquantitative measure of
oxidation. Note that solvent-accessible area (SAA), typically
used in the analysis of proteins, does not correlate well with
the rates of oxidation. Furthermore, static structural data from

The above results demonstrate that the rates of oxidationX-ray measurements cannot provide much insight into the

of different Met groups correlate well to the WCN'’s of

different Met groups. However, differences in the rates of
oxidation of a particular Met residue as a function of pH
can be explained only in part by differences in WCN, mainly

oxidation process; dynamic information, such as that resulting

from molecular dynamics (MD) simulations, is needed.
The MD simulations show that the conformation of the

protein is significantly different at different pHs. These

because the effects of pH on conformation are subtle, asdifferences can be characterized via properties such as

analyzed briefly above and in more detail in the Supporting
Information.

hydrogen bonding, helix packing, and the covariance fluctua-
tion matrix. Experiments show differences in the rates of

Therefore, WCN can be used as a quantitative measureoxidation of a Met site with pH. These results, plus the fact

of the relative susceptibility to oxidation of methionine
residues by KO, in a protein molecule. In this model, the

that there is no pH dependence of the oxidation rate of free
methionine amino acids, suggest that the observed pH

effects of surrounding side-chain residues on the oxidation dependence of methionine residues in a protein molecule is
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very likely to be due to the change of protein conformation 24.Bach, R. D., Su, M. D., and Schlegel, H. B. (1994Am. Chem.

as a function of pH. Determining exactly how these changes

in conformation affect the rates of oxidation of Met groups
is currently under investigation.
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