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Abstract: The free energy barriers and a mechanism of the oxidation of the amino acid methionine in
water and in granulocyte colony-stimulating factor (G-CSF) are analyzed via combined quantum mechanical
and molecular mechanical (QM/MM) methods, constrained molecular dynamics, and committor probability
calculations. The computed free energy barrier of free methionine amino acid is very close to the measured
value (14.7 + 1.2 versus 15.5 £ 0.02 kcal/mol). The reaction coordinate was found to be the difference
between the O—0O bond of H,O, and the S—O bond, where the S is the sulfur atom of the methionine
residue. It was confirmed by computing the committor probability distribution and the distribution of
constrained forces that this coordinate is not coupled to the activation of other degrees of freedom. The
computed free energies of the oxidation of methionine residues in G-CSF indicate that the protein
environment has insignificant effects on the reaction barriers of oxidation. This result further validates our
proposal that the access of solvent to methionine sites, as measured by the two-shell water coordination
number, governs the kinetics of the oxidation reaction of methionine groups in a protein molecule. We also
found that the number of hydrogen bonds between the distal oxygen of H,O, and the water molecules
near the methionine increases along the reaction coordinate as oxidation progresses, indicating that the
charge separation developed during the oxidation by H,O; is stabilized by specific interactions with water
molecules, such as hydrogen bonding.

Introduction resulting mixtures are then called protein formulatiéfs®
These formulations are typically quite difficult to develop
because a detailed mechanistic understanding of processes, such
as oxidation, is lacking.

Oxidation of organic sulfides by peroxides has traditionally
been conceived of as an acid-catalyzed mechatishy,in
which a general acid facilitates proton transfer. The transfer of
pProtons has also been hypothesized to be the rate-limiting step
for the oxidation of organic sulfides by peroxides. However,
ab initio studies have led to other mechanisms being pro-

Oxidation of methionine amino acids is one of the major
chemical pathways that degrade protein moleéufesnd is also
related to the cause of several disedsésln a solution
environment, peroxides efficiently oxidize the sulfur atom of
methionine residues to form methionine sulfoxide, leading to
the inactivity of protein pharmaceutic#81°To stabilize protein
pharmaceuticals in solution against processes such as oxidatio
additives are introduced into the aqueous solutions, and the
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2 l’ - 4 Figure 2. Methionine residues of G-CSF.
. water?! Furthermore, we found that the measured rate constants
” ? ® oo correlate well with the water coordination number, averaged
9 @ ‘» over two solvation shells. This together with our results on
1o organic sulfides implies that the access of solvent molecules to
1*] W
fe D “%3 { methionine sites governs the oxidation process in proteins.
1 “""‘», e ‘-'“"'».,H However, it leaves many fundamental questions unanswered,
& - 5 such as the following:
p (1) What are the governing degrees of freedom of the
,_? s oxidation process in solution for organic sulfides and in proteins?
PR ‘ (2) What role does water dynamics play in the oxidation
lé; © process?
t'..— v “: (3) What is the mechanism of oxidation of methionine sites
T in proteins?
> 6 This study addresses those questions by applying sophisticated

theoretical and computational methods to an important thera-
Figure 1. Minimum energy path (MEP) for the oxidation of methionine  peutic protein, G-CSF.

solvated in a water sphere with a radius of 18 A. QM atoms are shown in The effects of water and the protein molecule on the oxidation

ball-and-stick representation, and classical water molecules are shown as L . . . . .
gray lines. Box 1 is the reactant cluster consisting of a free methionine of methionine sites are quantified via employing a combined

amino acid, hydrogen peroxide, three QM water molecules, and 787 classicalquantum mechanical and molecular mechanical (QM/MM)
water molecules. Box 3 is the transition state, and box 6 is the product. Hamiltonian??23To compute the free energy barrier, constrained
'zl'g)e MEP was obtained using the nudged elastic band method (refs 19 and\yp simulationg4 are performed along a reaction coordinate

' that was chosen from minimum energy paths (ME¥J.The
breaking of the G-O bond of HO, and the formation of the = committor probabilities of the configurations at the maximum
S—0 bond via specific interactions, such as hydrogen bontfing. of the free energy profile are then calculated to examine
An example of the reaction path of the new mechanism for the rigorously whether our hypothesized reaction coordinates are
oxidation of methionine is shown in Figure 1. It can be seen indeed the correct on@sln addition to broadening the current
that breaking of the ©0 bond of BO, and the formation of knowledge of the mechanism of oxidation of methionine
the S-O bond is the rate-limiting step, not the transfer of a residues in solution and in proteins, the results in this study
proton as previously thought, since proton transfer occurs afteradd to our understanding of the application of the concepts of
the transition state, as shown in Figure 1. We have also showntransition path sampling methods for studying complex chemical
that the dominant solvent effects are specific interactions, suchprocesses in solutiof.
as hydrogen bonding, but not dielectric polarization, and that
2—3 water molecules are enough to stabilize the transition state
of oxidation so that additional water molecules do not lower =~ QM/MM Models for the Oxidation of a Methionine Amino Acid
the barrier of reaction significanth? Although our mechanism  and of Methionine Residues in G-CSF.To study the oxidation
satisfies all available experimental data on oxidation, such as - )

L . é19) Jasson, H.; Mills, G.; Jacobsen, K. W. Nudged Elastic Band Method for
the measured activation energies and the pH dependence of th Finding Minimum Energy Paths of Transitions. @assical and Quantum
rates of oxidation in the solution, it was developed for small Dynamics in Condensed Phase Simulati@ne, B. J., Ciccoti, G., Coker,

. . . D. F., Eds.; World Scientific: Singapore, 1998.
molecules, not proteins, and it does not treat the dynamics effects2o) chu, 3. w.: Trout, B. L.; Brooks, B. R. Chem. Phy2003 119, 12708
i i 12717.
of the solvent and prOtem enVIronmenF' . (21) Chu, J. W.; Yin, J.; Wang, D. I. C.; Trout, B. Biochemistry2004 43,
We have also performed a combined experimental and 1019-1029.

H i ; i H (22) Das, D.; Eurenius, K. P.; Billings, E. M.; Sherwood, P.; Chatfield, D. C.;
classical mo'lecular dynarmcs study of a protein with .S|tes t.hat Hodbscek, M. Brooks. B. R). Chem. Phys2002 117 10534-10547.
are susceptible to oxidation, granulocyte colony-stimulating (23) Gao, J. L.; Truhlar, D. GAnnu. Re. Phys. Chem2002 53, 467—505.
factor (G-CSF) (Figure 2), and demonstrated that even sites that{24) Sprik, M. Ciccotti, G.J. Chem. Phys1998 109 77377744.

] . 25) Du, R.; Pande, V. S.; Grosberg, A. Y.; Tanaka, T.; Shakhnovich, E. S.
appear in X-ray structures to be buried can be accessed by ° Chem. Phys1998 108 334-350.
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reaction in an aqueous environment, we performed combined quantumtrajectory. The protein molecule is then solvated with a shell of 15 A.
mechanical and molecular mechanical (QM/MM) calculations using The system contains 5280 water molecules and, in total, 18 495 atoms,
all atom models, with at least five solvation shells (15 A) of water including G-CSF. To make the calculations feasible, a 17 A cutoff is
molecules to solvate the methionine amino acid and G-CSF. The local applied to nonbound interactions with a smooth switch function started
region around and including the site being oxidized is treated via at 15 A, and the nonbound list is updated heuristically during energy
guantum mechanics, and the rest of the system is treated using classicaiinimizations and MD simulations.

force fields. Although fairly thick water layers are used in our simulations to

The QM region has 25 QM atoms, including hydrogen peroxide, mimic solvation, the inevitable finite-size effects need to be examined.
three surrounding water molecules, the side chain of the methionine The use of a finite system in calculating Columbic interactions neglects
residue being oxidized, and a QM link atom. The choice of three the effects of long-range electrostatics on the oxidation reaction. For
quantum mechanical waters is based on our results in gas phase modelthe oxidation of organic sulfides, we have examined the effects of
that show that going from 3 to 5 QM waters did not significantly change solvent polarization using the polarizable continuum mtceld found
the activation energy of oxidation<(L kcal/mol). The quantum that solvent polarization has insignificant effects on the activation
subsystem is described by the B3LYP density functional and the 6-31G barriers!® These results of cluster models suggest that neglecting long-
basis set, using the GAMESS-UK progr&hiThis choice of method range electrostatics in the solvated system would not significantly affect
is convenient because of the high cost of running dynamics on quantumthe reaction barriers. Moreover, finite-size models without periodic
mechanical systems. It is also quite accurate compared with higher levelboundary conditions introduce pressure gradient in the system due to
ab initio theories as tested on a model reaction, such as oxidation ofthe existence of the interface. Because the activation volume of
dimethyl sulfide in the gas phase. The difference in activation energies oxidation is quite smallAV* = 20 A3), the most significant pressure
between an MP4//B3LYP/6-31+G(d,p) calculation and a B3LYP/ effect on the activation enthalpy (in the case of solvated freeMet) is
6-31G calculation is only 1.4 kcal/mol. <0.5 kcal/mol.

The classical region is treated using the CHARMM22 all-atom force ~ Minimum Energy Paths of Methionine Oxidation. A useful
field.28 Although a QM/MM boundary between thfzcarbon and the ~ approach to gaining insight into chemical and physical processes
y-carbon has been shown to reproduce full QM geometry and activation occurring in complicated systems is to find a minimum energy path
energy in gas-phase models, we still choose the QM/MM interface to (MEP) connecting two local minima on the potential energy hyper-
be between the-carbon and thg-carbon of the methionine residue ~ surface of a system. In addition to snapshots of a chemical process,
in order to minimize the effects of the QM/MM interface. The double- the activation energytd) K can be obtained from an MEP. However,
link atom (DLA) method is used to divide the QM/MM interface; that ~ for reactions occurring in the liquid state, the dynamics of the solvent
is, a QM link atom (hydrogen) is added to saturate the valence electronscan be important, even governing, and free energies are the meaningful
in the QM region, and a classical link atom is also added to endeavor quantities to describe the processes. Nevertheless, knowledge of the
a net charge of zero in the classical regidAll electrostatic interactions ~ MEP may still be useful in getting an indication of the underlying
between quantum particles, classical particles, and link atoms at thereaction coordinate. Moreover, the geometries along the MEP can also
interface are included with the use of a Gaussian blur function with a be used as the starting configuration for dynamic simulations and for
width of 2 A on the classical link atom to avoid short-distance free energy calculations.
singularities. This method has been shown to remove the undesired The MEPs for the oxidation of free methionine and methionine sites
artifacts related to the electrostatic properties of a chemical system,in G-CSF are thus obtained using the nudged elastic band niéthod
such as proton affinity induced by using only one link atom and by and a superlinear minimization scheme based on the adapted basis
ignoring arbitrarily the electrostatic interactions between the link atoms Newton—Raphson method in CHARMNP:*The details of calculations
and classical particles at the QM/MM interfeWe also compared  are reported in the Supporting Information. As shown below, it turns
the QM/MM system with a full quantum treatment of the oxidation of ~out that the MEPs describe the mechanism correctly (Figure 1) and
a methionine amino acid with three water molecules in the gas phase= d(O—0) — d(S—0) is the reaction coordinate of oxidation.
and found that the DLA method is able to reproduce the reaction  Constrained MD Simulations and Free Energy CalculationsThe
activation energy within 0.6 kcal/mol. Choice of the van der Waals free energy barriers of the oxidation of methionine residues are

parameters of QM water and»8, are described in the Supporting
Information. (30) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
s : . - . L S.; Karplus, M.J. Comput. Chenil983 4, 187-217.
The initial configuration of the free methionine amino acid in the  (31) Alien, M. P.; Tildesley, D. JComputer Simulation of Liquigd€xford:
zwitterion form with hydrogen peroxide and three water molecules is New York, 1987.

. S (32) Pastor, R. W.; Brooks, B. R.; Szabo, Mol. Phys.1988 65, 1409-1419.
obtained from geometry optimizations of gas-phase models at 0 K. (33) Loncharich, R. J.; Brooks, B. R.; Pastor, R. Blopolymers1992 32,

)
)
These configurations are then solvated by placing them in the center 523-535.
)
)

- il i i (34) Frenkel, D.; Smit, B. Understanding Molecular SimulationAlgorithms
of a pre-equilibrated droplet of TIP3P water with a radius of 18 A. to Applications Academic Press: New York, 1996.

Overlapping TIP3P water molecules are removed. The final system (35) Bolhuis, P. G.; Dellago, C.; Chandler, Baraday Discuss1998 421—

contains 787 water molecules and 2459 atoms in total. All nonbound ??ﬁ < P.G. Chandler. b.: Dellado. C.- Geissler. PAAOL Re. Ph
electrostatic, QM/MM, and van der Waals interactions are calculated (36) cﬁem”f%oo'z 53 zgirlﬁg_ - Dellago, &.; elssier, Fahnu. Re. Fhys.

explicitly without using a cutoff. (37) Carter, E. A.; Ciccotti, G.; Hynes, J. T.; Kapral, Ghem. Phys. Letl.989
The initial configuration of G-CSF is obtained from the X-ray (38) %:Sh%ﬁmﬁ{{in J.; Wang, D. I. C.; Trout, B. IBiochemistry2004
structure, PDB entry 1CD%.From the 2.95 ns trajectory in an earlier 43, 14139-14148..

21 i i - (39) Gertner, B. J.; Bergsma, J. P.; Wilson, K. R.; Lee, S. Y.; Hynes, J. T.
study,_ a.representatlve frame is choseq S0 that t_he two-shell water Chem. Phys1987 86, 13771386,
coordination numbers (2SWCNs) of methionine residues of the chosen (40) Gertner, B. J.; Wilson, K. R.; Hynes, J.J..Chem. Phys1989 90, 3537

frame are equal to the averaged value of this property along the 3558.
(41) Haynes, G. R.; Voth, G. A.; Pollak, H. Chem. Phys1994 101, 7811~
7822

(26) Bolhuis, P. G.; Dellago, C.; Chandler, D. Proceedings of the National (42) Hayr{es, G. R.; Voth, G. Al. Chem. Phys1995 103 10176-10182.

Academy of Sciences of the United States of America, 20005877 (43) Nam, K.; Prat-Resina, X.; Garcia-Viloca, M.; Devi-Kesavan, L. S.; Gao,
5882, J. L.J. Am. Chem. So2004 126, 1369-1376.
(27) Guest, M. F.; van Lenthe, J. H.; Kendrick, J.; Schoffel, K.; Sherwood, P. (44) Lu, H. S.; Fausset, P. R.; Narho, L. O.; Horan, T.; Shinagawa, K.;
GAMESS-UK 1996. Shimamoto, G.; Boone, T. Qirch. Biochem. Biophy4.999 362, 1-11.
(28) MacKerell, A. D. et alJ. Phys. Chem. B998 102 3586-3616. (45) Garcia-Viloca, M.; Gao, J.; Karplus, M.; Truhlar, D. Science2004 303
(29) Aritomi, M.; Kunishima, N.; Okamoto, T.; Kuroki, R.; Ota, Y.; Morikawa, 186—-195.
K. Nature 1999 401, 713. (46) Barone, V.; Cossi, M.; Tomasi, J. Chem. Phys1997 107, 3210-3221.

J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004 16603



ARTICLES Chu et al.

calculated by integrating the mean force required to constrain the system T T T T T T T T
at specific values along the reaction coordinte; d(O—0) — d(S—
0). We have implemented the constraint in CHARMMiIsing the
SHAKE algorithm, and the formula developed by Sprik et*as used
for the correction of the constraint MD ensemble=t &', £ = 0) to
the blue-moon ensemblé & &').

From the MEPs of oxidation, the reactants havealues between
—1.8and—1.6 A, and the transition states hayealues around-0.05
A. Because we are interested in oxidation, only the forward reaction
barrier is calculated; for example, the constrained MD simulations are
stopped after the transition state is reached. Constrained MD simulations
were performed at-910 values ofé so that the free energy barriers
could be computed via integration; the details are reported in the
Supporting Information.

—_ —
(=1 w

Free energy (kcal/mol)

2 15 -1 0.5 0
€A

The starting structures for the MD simulations are chosen from the Fgure 3. Free energy profile of the oxidation reaction of a methionine
amino acid solvated in water molecules. Hxis is the reaction coordinate,

replicas on the MEPs, as described in the Supporting Information. The £ =d(0—0) — d(S—0) (in A), and they-axis is free energy (in kcal/mol),
leapfrog* integration scheme is used to propagate MD trajectories of gptained by integrating the mean force along the reaction coordinate from
the QM/MM Hamiltonian, and a time step of 0.001 ps is employed. the last 5 ps of the constrained MD simulations.

For each simulation, the system is first heated to 300 K by randomly

assigning velocities from the Boltzmann distribution at an increasing pxidation as a function of the number of water molecules in
rate of 30 K/0.05 ps. Next, the system is equilibrated for 0.5 ps by the gas phase converges at three. We anticipate that treating
scaling velocities every 0.02 ps if the average temperature is beyond a, 4 iional water molecules quantum mechanically in the solvated
300+ 2 K window. The equilibrated system is then run for 10 ps, at - o 1o \would merely introduce different proton-transfer path-

the chosen value df at 300 K, and the constraint forces are recorded. fter the t it tate. but Id not ch th fi
For the freeMet simulation containing 787 water molecules and 2459 ways aiter the transition state, but would not change the reaction

atoms, the water molecules with a distance to the origh A are Coordina.teg'. or the free energy barrier. In.faCt' our results on
propagated by Langevin dynami&s3 with a collision frequency of ~ DMS oxidation indeed showed that various proton-transfer
50 ps® and a bath temperature at 300 K. For the protein system, the Pathways can occur after the transition state has pa8sed.
velocity scaling method is applied at a frequency of every 0.5 psifthe ~ The committor probability distribution af = —0.2 A is
averaged temperature is beyond a 3802 K window. Statistical shown in Figure 4. It indeed peaks at 0.5, suggesting that the
uncertainties of each simulation are estimated by using the standardchosen reaction coordinate has not coupled to the activation of
asymptotic block-averaging meth&ef* other degrees of freedom. In other words= d(O—0) —
Committor Probability and Transmission Coefficient Calcula- d(S—O0) is the representative reaction coordinate to describe the
tions. To examine the effects of the solvent on the oxidation reaction oxidation reaction. Moreover, the transmission coefficient is
and whether the choseé is indeed the reaction coordinate, the calculated to be 0.7 from the shooting trajectories, indicating

. H L e as e . _ _ : _ _
committor probability d'St“.bu“OW ~"of the ensemble defined by the that recrossing due to the interaction with the solvent environ-
value of&, at which there is a maximum in the free energy profile, is th | Il effect th tion barri

computed. Ten structures are randomly selected from the 10 ps ment has only a small efiect on the reaction barrier.

trajectory, and 20 0.1 ps trajectories are shot from each structure, with !N @ddition to the committor probability distribution, the
velocities randomly assigned from the Boltzmann distribution at 300 constrained forces during the dynamics also contain information

K. In this way, the probability of the structure going to the product about the coupling of the constrained degree of freedom to the
state is obtained. If the ensemble chosen is indeed the transition statesurrounding environmerf~43 The distribution of constraint
ensemble, the histogram of the committor probabilities should peak at forces during the 10 ps simulation is shown in Figure 4. It can
0.5253%3%This also means that the chosen reaction coordinate is correct.be seen that the constraint force has a symmetric, Gaussian
The transmission coefficient used for correcting dynamic recrossing djstribution centered at zero. Although the forces acting on the
events is also obtained, according to the methods of Carter’ét al.  raaction coordinate at the transition state depend on the dynamics
of the surrounding molecules, the distribution in Figure 4
suggests that the activation of variables other tfais not
Oxidation of Free Methionine in Water. The free energy involved in the oxidation process. If the activation of a different

Results and Discussion

profile for the oxidation of a methionine amino acid aldhes coordinate was involved, a different type of distribution of
shown in Figure 3. The calculated barrier is 14:71.2 kcal/ constraint forces would likely result, for example, a distribution
mol, close to the experimentally measured value of #5(k02 with a minimum centered at ze?®.Our analysis of Figure 4
kcal/mol38 Compared to the maximum of the MEP= —0.05 leads to the idea that the distribution of constrained forces in

A, the maximum of the free energy surface at 300 K is located an MD simulation can be used as a very quick way of testing
at —0.2 A. Although the hydrogen atoms of surrounding whether degrees of freedom other than the chosen constrained
quantum waters are hydrogen bonded to the O2 atompy@bH  coordinate are likely to play a role in the reaction. Note,
(see panel 3 in Figure 1), the proton transfer does not occurhowever, that if the transmission coefficient is desired, trajec-
during the 10 ps simulation period at this point. On the other tories from the transition state are still necessary.

hand, proton transfer is observed during the constrained MD  As indicated in our previous stud{the charge separation
simulation atf = —0.1 A, after the transition staté& & —0.2 developed during the breaking of the-© bond of HBO, and

A), during which the constrained forces are predominantly the formation of the SO bond is to a large degree responsible
negative. This observation provides evidence that proton transferfor the reaction barrier for the oxidation of methionine byd4
occurs after the system passes the transition state in an aqueousor example, in the transition state shown in Figure 1, the distal
solution!® As mentioned earlier, the activation energy of oxygen atom (denoted as O2 in Figure 1) becomes more
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Figure 4. Statistics of the transition-state ensemble obtained by constrained r b
MD simulations att = —0.2 A. (a) Probability distribution of the committor ST S S S S N T—
probability of going to the productps. To compute the committor -2 -1.5 -1 -0.5 0
probability distribution, 10 configurations are randomly chosen from the E(A)

transition-state ensemble. Twenty 0.1 ps trajectories are then generated for_

each configuration by randomly assigning the velocities of particles from Figure 5. Average number of hydrogen bonds (HBs) between the O2 atom

the Boltzmann distribution at 300 K. From the 20 shooting trajectopies, ~ ©f H202 (Figure 1) and the hydrogen atoms of water molecules along the
is calculated. Theg distribution is then calculated from thg values of oxidation reaction. Thec-axis is the reaction coordinaté,= d(O—0) —

the 10 configurations and is coarse-grained with a bin size of 0.25. (b) d(S~O), and they-axis is the average number of HBs calculated from the
Probability distribution of the constrained forceséat= —0.2 A. 10 ps trajectory.

negative, and the transferring oxygen (denoted as O1 Figure 1)provides additional evidence that using three QM waters is
becomes less negative than the oxygen atoms,@kth the enough. Althougl is the governing degree of freedom, solvent
reactant staté€® The major role of solvent molecules is to molecules still participate in the reaction and respond to the
stabilize the charge separation via specific interactions, such aschange of electronic properties of the system.
hydrogen bonding. Oxidation of Methionine Residues of G-CSFExperimental

We may wish to ask then how the number of HBs changes data show that the four methionine residues of G-CSF are
along the reaction coordinate. The average number of HBs oxidized with different rates in the following order: Metl
between the distal oxygen atom (the O2 atom, as shown in Met138 > Met127 > Met1222144 The locations of the me-
Figure 1) and the hydrogen atoms of surrounding water thionine residues in G-CSF are shown in Figure 2. Among the
molecules are plotted along the reaction coordinate in Figure three methionine residues studied in this work, Met122 is the
5. The criterion for an HB is that the hydrogen atom of a water most buried, being located in one of the four helices of G-CSF
molecule must be within 2.0 A of the distal oxygen atom (O2). (see Figure 2), and has the lowest rate of oxidation. Met127 is
As expected, HB increases from the reactant state to thethe first residue of the helix in which Met122 resides and is
transition state along the reaction coordinate by about 1.5 HBs.thus more exposed than Met122. It is oxidized 2.4 times faster
Note that the surrounding QM water molecules form only at than Met122. Met138, on the other hand, is located in a loop
most 2 HBs with O2 in all of simulations; an HB value2 connecting two helices and is the second most exposed residue
indicates that classical water molecules are also involved in theamong the four Met groups of G-CSF, being oxidized 2 times
specific interactions with O2. The MD trajectories themselves faster than Met127. We have demonstrated from classical MD
also indicate that mobile classical water molecules can interactsimulations and from experiments that the relative rates of
specifically with the HO, molecule and can also exchange with oxidation of methionine residues by,6&, in G-CSF can be
one of the three QM water molecules (the one at the cis side to quantified accurately by a two-shell water coordination number,
methionine in Figure 1) surrounding.8,. This result also 2SWCN?! The correspondence between a conformational
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Figure 6. Local environment of Met122, Met127, and Met138 of G-CSF.

The methionine residue, hydrogen peroxide, and QM water molecules are

shown in a ball-and-stick representation. The residues mwithiA of a
methionine residue are shown in a licorice-like representation.
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Figure 7. Free energy profiles of the oxidation of methionine residues in
G-CSF. Thex-axis is the reaction coordinaté,= d(O—0) — d(S—0) (in

A), and they-axis is free energy (in kcal/mol), obtained by integrating the
mean force along the reaction coordinate from the last 5 ps of the constrained
MD simulations.

Table 1. Activation Free Energies of Free Methionine in Water
and Methionine in G-CSF

methionine AF* (kcallmol)

freeMet 14.70+ 1.22
Met122 1493+ 1.70
Met127 16.45+ 1.75
Met138 16.38+ 1.25

The HBs between the distal oxygen and the hydrogen atoms
of water molecules along the reaction coordinate are shown in
Figure 5 for the different methionine residues. For Met122, the

property that measures the degree to which solvent accesses #istal oxygen of HO has almost no HBs with water molecules

methionine site and the rate of oxidation of that site suggests in the reactant state, an indication of the restricted access to its
that the major factor that determines the rates of oxidation of €nvironment. As the reaction progresses, the number of HBs
methionine is the extent of exposure to solvent molecules, but 0N the distal oxygen increases, reaching a value of 1.8 at the
not the protein environment. This observation is also consistenttransition state. Both QM and MM water molecules are involved
with the oxidation mechanism that we proposed; thevater ~ in the hydrogen bonding with 0.

molecules are needed to stabilize the transition state of the For Met127 and Met138, the access to solvent molecules is

oxidation reactiorf? This hypothesis is now examined by
computing the free energy barriers of Met122, Met127, and
Met138 in G-CSF.

Details of the local environment of Met122, Met127, and
Met138 are shown in Figure 6. Metl22 is located in a
hydrophobic core composed of Ser77, Ala78, Trp119, Leul25,
and Met127. Metl127 is at the beginning of a 20 residue helix
and is surrounded by Metl, Leu72, Ala73, and Met122. Met138

not restricted as much as it is for Met122, and therefore, the
number of HBs on the distal oxygen of,&; in the reactant
state of each of these is higher than that for Met122. Along the
reaction coordinate, the number of HBs on the distal oxygen
also increases, reaching a value of about 2.0 at the transition
state, slightly less than that of the freeMet case, but enough
such that the reaction barriers are stabilized to the reaction
barrier of freeMet.

is surrounded by Leu85, Leu89, and GIn135, and the loop region  The above results show that as long as32vater molecules

in which it resides has high flexibilit§* Generally speaking,
the local environments of methionine residues in G-CSF are
hydrophobic and provide various degrees of spatial restriction.

are present around buried methionine sites, the reaction barrier
is similar to that of free methionine. The solvent accesses
spatially restricted residues via thermo fluctuations, explaining

Concepts of spatial restriction have been used to address thehe excellent correlation between 2SWCNs and oxidation rate

enzymatic activity of protein® To our knowledge, our study
is the first attempt to examine the effects of spatial restriction
of a protein molecule on the barriers of chemical reactions of
the protein itself.

The free energy profiles of the oxidation of different
methionine residues in G-CSF obtained by constrained MD

constantg! If different environments of methionine sites in the
protein molecule affected the reaction barrier in a specific
manner, such a correlation would not occur. The key element
of the oxidation mechanism is that the ensuing charge separation
of the transition-state complex during oxidation is stabilized by
2—3 water molecules. Our results do not rule out the possibility

simulations are shown in Figure 7, and the free energy barriersthat polar atoms of protein molecules could play the role of
are listed in Table 1. The activation free energies of the three stabilization via specific interactions if they are close to the
methionine residues are equivalent within statistical uncertain- sulfur atom in methionine. For G-CSF, however, this arrange-
ties, indicating that the reaction barriers are indeed not sensitivement was not observed, and in fact, such a possibility would
to the different environments around different methionine sites, seem to be rare, at best, because of the tendency for hydrophobic

once the reactants are near each other.
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residues to be present in protein cores.
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Summary and Conclusions increase along the reaction coordinate, indicating that the charge
separation developed during the2Soxidation of methionine

In this work, QM/MM and constrained MD simulations are ; ™ J .
by H,O; is stabilized by specific interactions, such as hydrogen

employed to study the oxidation of the amino acid methionine - . s
by H,0, in an aqueous environment and in G-CSF. The bono!lng, W'th. water molecules, even for the most spatially

computed reaction free energy of free methionine is very close "estricted residue of G-CSF, Met122.

to the value that we measured. The reaction coordinate, The results of this study lead to an enhanced mechanistic
governing the degree of freedom, was found to be= understanding of the oxidation of proteins and should be useful
d(0O—0) — d(S—0). That this is truly the reaction coordinate in designing ways to control protein oxidation by peroxides.

was verified by computing the committor probability distribution  They also adds to our knowledge of how complex environments
and the distribution of constrained forces at the maximum of affect chemical reactions.

the free energy profile, as shown in Figure 4.
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