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Dehydrogenase, and Cholesterol Oxidase

Sudeep Bhattacharyya, Marian T. Stankovich,* Donald G. Truhlar,* and Jiali Gao*

Department of Chemistry and Supercomputing Institute p&hsity of Minnesota, 207 Pleasant Street SE,
Smith Hall, Minneapolis, Minnesota 55455-0431

Receied: February 23, 2007; In Final Form: May 18, 2007

Flavin adenine dinucleotide (FAD) is a common cofactor in redox proteins, and its reduction potentials are
controlled by the protein environment. This regulation is mainly responsible for the versatile catalytic functions
of flavoenzymes. In this article, we report computations of the reduction potentials of FAD in medium-chain
acyl-CoA dehydrogenase (MCAD) and cholesterol oxidase (CHOX). In addition, the reduction potentials of
lumiflavin in aqueous solution have also been computed. Using molecular dynamics and free-energy
perturbation techniques, we obtained the free-energy changes for two-electron/two-proton as well as one-
electron/one-proton addition steps. We employed a combined quantum mechanical and molecular mechanical
(QM/MM) potential, in which the flavin ring was represented by the self-consistent-charge density functional
tight-binding (SCC-DFTB) method, while the rest of the enzymelvent system was treated by classical
force fields. The computed two-electron/two-proton reduction potentials for lumiflavin and the two enzyme-
bound FADs are in reasonable agreement with experimental data. The calculations also yiel#gd #hegs

for the one-electron reduced semiquinone {Fhd the fully reduced hydroquinone (BHorms. The K, of

the FAD semiquinone in CHOX was found to be around 4, which is 4 units lower than that in the enzyme-
free state and 2 units lower than that in MCAD,; this supports the notion that oxidases have a greater ability
than dehydrogenases to stabilize anionic semiquinones. In MCAD, the flavin ring interacts with four
hydrophobic residues and has a significantly bent structure, even in the oxidized state. The present study
shows that this bending of the flavin imparts a significant destabilizatidkcal/mol) to the oxidized state.

The reduction potential of lumiflavin was also computed using DFT (M06-L and B3LYP functionals with
6-31+G(d,p) basis set) with the SM6 continuum solvation model, and the results are in good agreement with
results from explicit free-energy simulations, which supports the conclusion that the SCC-DFTB/MM
computation is reasonably accurate for both/1El" and 2e/2H" reduction processes. These results suggest
that the first coupled electretproton addition is stepwise for both the free and the two enzyme-bound flavins.

In contrast, the second coupled electrgmoton addition is also stepwise for the free flavin but is likely to

be concerted when the flavin is bound to either the dehydrogenase or the oxidase enzyme.

1. Introduction whereas FAD reduction in enzymes can occur via two possible
. ) . routes, either through a one-electron reduction that produces a
Enzyme cofactors play an essential role in many oxidation 4 jcal semiquinone or a full two-electron reduction that yields
and reduction processes in blologllca! systems. In many casesg hydroquinoné.Reactions catalyzed by flavoenzymes include
the redox reactions are directly or indirectly coupled to proton- oxidations, dehydrogenations, hydroxylations, and electron

transfer events, and thus, the overall process can be describegynsters. The versatility of this single cofactor arises from the
as a coupled electrerproton-transfer reactiot Consequently,  eftective tuning of the cofactor’s reduction potential by the host
Fhe reduction potentials typlcally depend on pH, which, in tum, protein. The bending of the tricyclic isoalloxazine ring (Figure
influences the electron-transfer kineticd-lavoenzymes employ 1) by the interacting enzyme environment is understood to be
a flavin adenine dinucleotide (FAD) or a flavin mononucleotide key in such a modulation of the flavin's reduction potenfials.
(FMN, also called riboflavin 5phosphate) as the cofactor Figure Indeed, the midpoint potentials, th&pvalues of the products,

1, and the 7,8-dimethylisoalloxazine moiety of these cofactors and the mechanism (stepwise vs concerted additions of electron

acts as a redox mediator and shuttles between various redo>ior hydride) and proton) of FAD are regulated by the specific
states, formally by electron transfer between the flavin and the interactions of the enzyme in the active dit&-¢ Computational

substraté. studies of flavoenzymes can be valuable for understanding the

The reduction of FAD in aqueous solution involves two ynderlying physical principles that control their reduction
sequential one-electron- and one-proton-transfer reactibns, potentials and activities.

Reduction potentials of small organic molecules, metal ions,
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N—L — tight-binding®-50 (SCC-DFTB) method that has been param-
6// \\ etrized against DFT results (in particular, B3LYP) for model
H2N Ns systems. Rather than reparameterizing the AM1 model, we took
5 —=4 H advantage of the findings of a previous study, showing that the
N N 1 SCC-DFTB method can yield excellent results for the single-
~° A ~— OH electron addition process of FAD in cholesterol oxidase
8 2 (CHOX).38'40
Q 3 ADP To gain further insight into the role of the enzyme environ-
5 \HZ—OH ment, we also studied lumiflavin (LF) as a model for FAD in
Sy aqueous solution. LF has the complete flavin moiety, but the
Os* 10-ribose substituent of FAD is replaced by a methyl group.
(')O—\P =0 In particular, the free-energy changes are computed for electron
/ 2 and proton reactions of lumiflavin in the gas phase and in
(0] aqueous solutions and for FAD bound to MCAD. To check the
(')O—P1=O present computational procedure, we also determined the one-

electron reduction potential of FAD in the active site of
= cholesterol oxidase (CHOX) for comparison with a previous
study3840 From these calculations, we obtained both standard
reduction potentials andikp values for the FAD semiquinone
and hydroquinone in the enzymes.

In section 2, we describe the computational methods, which
— include free-energy calculations using both implicit and explicit
treatment of the solvent. In the implicit solvent calculations,
CGH3 % N.0a N, O Dimethyl we employed a combination of M06-L and B3LYP density

8 > 12 2 isoalloxazine functional methods and an implicit solvent model, Solvation
7 ring Model 6 (SM6), to compute the free-energy changes of the
53 N/4a N3, lumiflavin electron and proton addition reactions in aqueous
5 4 H solution. The free-energy calculations for these electron- and
proton-transfer steps of lumiflavin were then repeated with SCC-
DFTB both in the gas phase and in aqueous solution, in the

atoms numbered. The 7,8-dimethyl isoalloxazine (flavin) ring was taken latter case treatlng_ the Splvent explicitly using Commed QM/
as the QM subsystem. In the thermodynamic integration simulation of MM free-energy simulations. The calculations with eprl'C'F
the reduction step, Cfvas chosen as the boundary atom, and the QM/ Solvent were then extended to the enzyme systems, in which
MM boundary is shown with a box. In the thermodynamic integration the flavin moiety of the FAD was treated by the SCC-DFTB
calculation of the K, the link atom was placed between the’ @d method and the solvent modeled by CHARMM. In section 3,
C2Z atoms. in addition to these computational results of both enzyme-bound
o i3 FAD and unbound lumiflavin in water, we also discuss the
or an explicit solvent and enzynié:*3 In the present study,  effects of the enzyme environment on the standard reduction

we employ both approaches to determine flavin reduction potential of the cofactor. Section 4 contains concluding remarks.
potentials. Our main focus is the reduction potential of FAD in

medium-chain acyl-CoA dehydrogepase (MCA_D), Whiqh cata- 5 Methods and Computational Details
lyzes thea,3-dehydrogenation reaction of medium-chain (C8-
C14) acyl-CoA molecules in the first step of tjfeoxidation 2.1. Electronic Structure Calculations. The structure and
pathway. MCAD has been extensively studied, and the reductionenergy of lumiflavin have been determined in the gas phase by
potentials for both one-electron/one-proton and two-electron/ carrying out density functional theory (DFT) calculations with
two-proton processes are available experimentally. Recently, thethe MO6-L5 and Becke’s 3-parameter Le¥ang—Parr (B3LYP)
catalytic mechanisms of the,3-dehydrogenation reaction of  density functionaf®~54 with the 6-31-G(d,p) basis sét and
the short-chain (SCADBY and the medium-chain (MCAR) with the semiempirical AM4® and SCC-DFTB?~5° methods.
enzymes have been investigated in these laboratories using dhe SCC-DFTB model, like the earlier iterative extendea kel
combined QM/MM potential based on the Austin Modéf 1 approximation (IEHTPS incorporates a self-consistent-field
(AM1) Hamiltonian for the active site and the CHARMM22 treatment of electronelectron interactions into tight-bindihg
(Chemistry at Harvard Macromolecular Mechanics) force ffeld  theory, and the electronic polarization is approximated by first-
(CHARMM) for the enzyme. In both of these enzymes, we order perturbation in terms of atom-centered point charges
found that thea,$-dehydrogenation reaction is a stepwise obtained by Mulliken population analysi$*®Extended Hukel
process involving an initiad-proton abstraction by an active theory has provided major insights into the understanding of
site base (Glu367 for SCAD and Glu376 for MCAD) followed chemical reactivity of organic and organometallic compounds;
by a hydride transfer from thg-carbon of the substrate to the key difference of the SCC-DFTB model from the iterative
FAD.%5 Thus, the catalytic process in these enzymes can beextended Huakel is that SCC-DFTB has recently been parame-
thought of as a combination of two quasi-independent processesfrized*®50-5%to fit properties from B3LYP calculations, provid-
and the factors influencing the flavin reduction can be studied ing more quantitative results than those of IEHT.
separately from the substrate deprotonation, although we note 2.2. Implicit Solvent. The implicit solvent calculations were
that the present study is limited to the half-reduction potential carried out at 298 K with Solvation Model %, using the
rather than the hydride transfer between the substrate and FADthermodynamic cycle of Schemé&3Xor electron addition and
To determine the reduction potentials of the FAD cofactor, Scheme % for proton addition. In these schemesz° is the
we have chosen the self-consistent-charge density functionalstandard free energy of reaction either in the gas phgser (

Ribose

CHj;

H O,

Figure 1. A molecular diagram of FAD showing various parts with
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SCHEME 1
AG°(g)
O(g) + elgy R(g)
acgo)| | |ac3®")
O(aq) + e(g)- R(aq)
AG°(aq)
SCHEME 2
- AG°(9)
A(9) +H'(g) HA(g)
AGS(A7) {AGg(HJ’) AGS(HA)
A(ag) + H*(ag) HA(aq)
AG°(aq)

in agueous solutionag)), andAGS is the standard free energy
of solvation. We used a standard stated atm ideal gas for
gaseous species g 1 M ideal solution for solutes. In
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FAD cofactor was embedded in the enzyme active site. Each
system was partitioned into three zones, the reaction zegé (
A), the buffer zone (2430 A), and the reservoir zone>80
A). The reaction zone atoms were completely free and were
treated with Newtonian mechanics. The buffer zone atoms were
treated by the Langevin equation of motion, with a friction
coefficient and a random force imposed on non-hydrogen atoms.
From the outer-Langevin boundary toward the inner zone, these
friction coefficients as well as the random forces were gradually
scaled down and set to zero at the reaction region boundary.
The reservoir zone acted like a static force field, providing
electrostatic interactions between the atoms in the reservoir
region and atoms in the inner region. In addition, to contain
the reaction zone, a deformable boundary potefitiabrre-
sponding to a 30 A solvent sphere was applied to all solvent
atoms in the system.

The procedure for setting up the enzyme simulations is the
same as that described in our studi¢8on acyl-CoA dehy-

calculating the solvation free energies, we used gas-phase M06-Ldrogenase catalysis. The protein coordinates of MCAD (PDB

or B3LYP geometries. In calculating gas-phase vibratienal
rotational free energies at 298 K, we used the harmonic
oscillator-rigid rotor approximation with unscaled B3LYP

code 3MDDY! and CHOX (PDB code 1B4V% were obtained
from the protein databan®.The tetrameric MCAD was used
in the present study since it has been well established for this

frequencies and moments of inertia. The electronic free energygroup of enzymes. For CHOX, the coordinates represent a

was approximated asRTIn d, whereR is the gas constant,
is the temperature, andl is the electronic degeneracy of the
ground state (1 for singlet, 2 for doublets). The contribution of

monomer, which was used in all simulations. All crystal water
molecules were retained, and hydrogen atoms were added by
using the HBUILD module of CHARMM (C32af}. The setup

the electron to the standard-state free energy at 298 K is lessfor the enzyme-bound flavin was maintained identical to the

than 0.02 kcal/méF (1 meV) and was neglected. The calcula-
tions were carried out with the Gaussiaf®and MN-GSM*
computer programs.

2.3. Standard Reduction Potentials.Standard reduction

one used for simulating the catalytic reaction of this enzgme.
All ionic amino acid residues were modeled in a protonation
state corresponding to pH 7. Therefore, histidines were treated
as neutral residues, and the position of the titratable proton was

potentials are usually expressed relative to the standard reductiorjudged by inspecting hydrogen bonding interactions with the

potential of the normal hydrogen electrd&é?, which is 4.28
V.66 Therefore, the standard reduction potential of any of the
reduction reactions considered in the article is

_AG@g

0 __
E nF

= E;

1)
wheren is the number of electrons on the left side of the reaction
andF is the Faraday constant, which equals 23.06 kcalol
\VAas

In aqueous solution, the first reduction of FAD is followed
by protonation of the N5 atom; this produces neutral semi-
quinone (FH, where F is shorthand for flavin, in this case
FAD).>” The neutral semiquinone is not very stable and rapidly
undergoes the second reduction, yielding the fully reduced
hydroquinone (FH). These reduction potentials are strongly pH
dependent,and if, at a certain pH, the reduction potentials of
the oxidized— semiquinone and semiquinonehydroquinone
steps are denoted I8y sqandEsq,q then the midpoint potential,
Em, can be definetf as an average of the two reduction
potentials, that is

1

m=5

En =2

(on,sq + Esq,rcp (2)

Ne or N6 atoms of each imidazole moiety.

For the tetrameric MCAD, atoms of subunits C and D, which
fall outside of a 45 A radius from a chosen geometric center,
defined as the average position of the flavin ring atoms, were
deleted. The overall charge of the oxidized form of the solvated
protein—cofactor complex was neutralized by adding counter-
ions. Flavin is neutral in the fully oxidized state, and thus, the
sum of the charges on the quantum mechanically treated atoms
(the flavin moiety) and the molecular mechanically treated atoms
(rest of the system) is equal to zero. For either electron or proton
additions, the change in the charge state occurs only on the
guantum mechanically treated atoms (see section 2.5), and the
net charge of the molecular mechanically treated region remains
the same (i.e., 0) through all simulations. To neutralize the
molecular mechanically treated region, in the case of MCAD,
a single chloride ion was added, whereas for CHOX, two
calcium and one chloride ions were included. These ions were
located within 30 A of the geometric center (defined above). It
is, however, significant to note that although the sum of the
charges of the molecular mechanically treated region was
unchanged in all simulations, the total (quantum mechanical
plus molecular mechanical) charges in various spherical regions
surrounding the redox active center, in the structures of the
solvated proteirrcofactor complex generated above, did un-

That the electron and proton addition steps are coupled is evidentdergo changes during electron- and proton-transfer processes.
from the significant variations of the observed reduction As described in the following section, these charges must be
potentia| values upon pH ChanQQS, and these effects are VerﬁCCOUnted for in order to aCCUrately determine the solvation free
well documented for flavin mononucleotide and riboflavin in energies of various redox states.

aqueous solutidi as well as FAD-bound MCA?:68
2.4. Stochastic Boundary SetupStochastic boundary mo-
lecular dynamic® were used in which either the model

2.5. Born Corrections. Whereas the implicit solvent calcula-
tions include the full polarization effect of the solvent, the
explicit-environment calculations involve static solvent in the

compound LF was immersed in the center of the solvent or the reservoir zone. Therefore, these calculations require a correction
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for polarization effects due to the region that is more than 30 A
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0. = —5 andg; = —2. Then, for any reaction that involves a

from the reaction center. This correction was made using the change in the charge state of the quantum mechanically treated

Born formuld>7 for a 30 A cutoff for the lumiflavin. If the
dielectric constant i® in the region beyond 30 A, the Born
approximation for the additional free-energy contribution is

i 1
AGgyn = — Zq_F\’l [1 - 5] 3)

whereq is the charge within the sphere of radigs(which is
30 A), andD is the solvent dielectric constant (approximated
for the aqueous solution as 78 at 298 K).

Unlike solvated lumiflavin in the agueous simulations, the
reservoir zonesX30 A) in the two proteir-cofactor complexes

region (the flavin ring atoms, as described in section 2.4), the
contribution of solvation free energy was calculated by

AAG'Born = AG'Born(P) - AGBorn(R) (5)
where P denotes product, and R denotes reactant.

2.6. Molecular Dynamics Simulations.For enzyme-bound
complexes, the energy of the active site with the cofactor
molecule was first minimized prior to the MD simulations.
Initially, the minimization was carried out only with respect to

the coordinates of the QM atoms; this was done using 40 steps
of the adopted basis NewtsiRaphson minimization algorithm.

were not pure water but rather contained some additional proteinNext, 100 cycles of such minimization were carried out by fixing
atoms. It is not clear what dielectric constant to use in the regionsthe QM atoms and all of the atoms beyond 30 A of the active

of 30—45 A and 45-65 A since they contain both protein and
water. Since, for MCAD, the 3645 A and 45-65 A shells

site center. The enzymeofactor complex was further solvated
with a water sphere of radius 30 A following previously

contain about 50 and 10% protein atoms, respectively, we usedestablished procedurés%® Water molecules within 2.5 A of

a dielectric constant of 5 for the 3@!5 A shell and 30 for the

45-65 A shell. The unbalanced charges for each of the 30, 45,

any non-hydrogen atoms were deleted. To relax unfavorable
contacts, dynamics simulations were performed for 5 ps. This

and 65 A spherical regions were calculated by summing the was repeated to fill in any cavity generated during dynamic
signed charges on all charged residues and counterions and theelaxation, and the system was further equilibrated by 5 ps of

charged diphospho- moiety of the FAD in the respective shells.

If the oxidized solvated enzymeofactor complex is designated

MD simulation.
Molecular dynamics (MD) simulations of the aqueous lumi-

by F, then the total unbalanced charges computed in this wayflavin and the FAD-bound enzyme systems were carried out

for F in MCAD are —5 for the 30 A spheret1 for the 45 A

with the program CHARMM (c32al)} The tricyclic isoallox-

sphere, and 0 for the 65 A sphere (see Supporting Information azine ring atoms were treated with SCC-DFTB (Figure 1), and

Tables S1S4). The Born solvation free energy is calculated
2 2
q (D;— q (D, —
AGBom = ( ,

as
1 n 1
2R, | D, D,
q_g D, — 1 +q_§ D,—1 _q_§ D,—1
2R,\ D, | 2R\ D, | 2R,\ D,
where, for Fgu = —5,Ri=30A, D; =5, = +1,R, = 45
A, D, =30,03 = 0, Rs = 65 A, andDs; = 78. In order to

calculateAGgor for each of the electron- and proton-transferred
products, in eq 4a, only,, 0, andgs need to be changed. For

the rest of the atoms of the cofactor and protein were treated
with the CHARMM227:78 all-atom force field. Solvent water
molecules were treated by the three-point-charge TIP3P niddel.
The nonbonded interactions were truncated using a switching
function between 12 and 14 A, and the dielectric constant was
kept at unity. The SHAKE algorithf was used to constrain
the bond lengths and bond angles of the hydrogen atoms. A
time step of 1 fs was used in the leapfrog Verlet algorithm for
integration81.82

In all simulations, the QM/MM boundary consists of a single
atom, C2 This boundary atom was treated either with the
generalized hybrid orbital (GHO) meth®&é“ (for electron
addition) or by a hydrogen-link atom meti8dfor proton

each electron and proton addition, the charge decreases an@ddition).

increases, respectively, by unity. Thus, for the anionic semi-
quinone (F*) and hydroquinone (FH, g = —6,g, = 0, and
gs = —1; for the neutral semiquinone (EHand hydroquinone
(FH2), q» = —5, g2 = +1, andgs = 0; and for the diionic
hydroquinone (F), qu = —7, g2 = —1, andgs = —2.

In the CHOX case, there is about 10% protein in the-38
A shell, which carries a charge ef3 (see Supporting Informa-
tion Tables S5S7) in the oxidized state of the bound cofactor.
We used a dielectric constant of 30 for this region. Then, the
solvation free energies for the solvated CHOKAD complex
were computed by

1 Cﬁ D,—-1 qg D,—1
)Jrﬁz( D, )_ﬁz( D, )(4b)

AG

Born —
e
2R\ D,

where, for the oxidized solvated proteinofactor complex,
designated by Fgy = —3,Ri =30 A, D1 =30,00 =0, R, =
45 A, andD, = 78. Similar to the MCAD-FAD case, for the
monoionic semiquinone () and hydroquinoney; = —4 and
0. = —1; for the neutral semiquinone (BHand hydroquinone
(FHy), g1 = —3 andq, = 0; for the diionic hydroquinone &),

2.7. Thermodynamic Integration. The free-energy changes
for electron and proton dissociations were calculated by the
Kirkwood thermodynamic integration schedfe0.86-92 |f we
define the initial state (electron or proton absentj.as 0 and
the final state (electron or proton bound) &As= 1, the free-
energy difference between the two states is given as follows

AGO—1)= [ M@%D

where the averagé--[j is over the potentidU(4). A convenient
choice for the potentidlU(1) that couples the system from the
initial to the final state is given by

(6)

Uid) =1 - )Y, + 1Y, (7
whereU; andU; are the potential energy functions of the initial
and final state, respectively. Thus, eq 6 becomes the integration
of the average in the difference between the two poteAliats

the coupling parameter varies from 0 to 1

AG(O—1)= [ diU;— U] 8)
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It is important to emphasize that the potential energigs, = SCHEME 3
andUy, in eq 8 are evaluated in the ensemble corresponding to AG®(aq)
U(4). In practice, eq 8 is integrated numerically by carrying X(aq) + H*(aq)
out a series of simulations at fixed valuesiofAn interesting
feature of eq 8 is that energy components are additive and can
be separated to probe specific contributions to the overall free- AG3(H")

XH(aq)
AG D) — AGgor (H')
—AGyip — AAGgom

energy change, although such computations only provide X — D(aq)
qualitative insight since the numerical results are path depend- AG(T-B)
ent8

Specifically, in the present study, we use a combined QM/ X (aq) + H*(g) X (ag)+ D(g)
MM potential to describe the cofacteenzyme-solvent system, AG=0.0

and the total potential energy for staids given as follows o . )
approach, the initial and final states share the same atomic

Up = DA H(A) + Hymymnd AP (A)H U, (9) coordinates. Consider the case of electron addition
whereH? (A) is the Hamiltonian of the QM subsystem (e.g., O+e —R (A)
flavin) in the gas phasé)nn is the classical (MM) potential

energy of the remainder of the SySteRymmm(A) is the QM/ where R shares the same atomic coordinates as O except that

MM interaction Hamiltonian between the two regions, and it has one more electron. Note that, depending on the reaction,

W(A) is the molecular wave function of the QM subsystem €ithér O or R may be charged (positive or negative) or be
. o Py ; tral. For each electron addition processes, 11 values (for
optimized forH® (A) + Hgqmmn{A). Although it is straightfor- neu !
ward to subst?t%te the potential energies in eq 9 for the MCAD_FdAD) anld 6 valugsf (for (l)‘F a;d C.:E'C” ADb). of lll
corresponding expressions given by eq 8, it is more convenient'Vere used, evenly spaced from 0 to 1, with a combi
to rewrite eq 9 as follow& ns MD simulation for MCAD-FAD and an~1 ns MD
simulation for LF and CHOX FAD. Equation 12 was integrated

Up=EYA) + AU mmedA + Up (10) numerically. The overall free-energy change is given by
where E(A) is the intrinsic (gas phase) energy of an iso- ~ AG°(ad) = AGT™ + AAGHW, + AGy gt HLC
lated QM subsystemEg(A) = OWO(A)Hy (A)IP(A)L) and (13)
AUgmmn(A) is the interaction energy between the QM and MM
regions defined as whereAG(M-4) s calculated by eq 12 for reaction AAGgom

(see section 2.5) is a correction for truncating the dynamical
AUgmmm= BlI’(A)|H;m(A) + Hymimnd AW (A) O E5(A) region (reaction zone plus buffer zone) at 36°A%and AGuantal
(11) is the correction for quantum mechanical effects given by
With the energy terms of eq 11, we obtain the following AunantalE AGg et AG;, (14)
equation for QM/MM free-energy simulations
where
1 ofi -
AGO0—1)= [ dAAE(i — f) + AAUgymefi — NI (12) dP)
AGeIec: —RTn ﬁ (15)

The notation AE{(i — f) specifies the gas-phase energy

q'ff_?re,ncteh bg@}_/fveen thg 'n'i'al a?d final stgtez, ?\YN’NUq”t‘g"”f itial whered is the electronic degeneracy, P denotes product, R
(i—1) is the difference in interaction energies between the initial denotes reactanR is the universal gas constant, afds the

and final states, both at the instantaneous coordinates of eacrfemperature. We have used the B3LYP results for the gas-phase
MD simulation step. The separation of the gas-phase ENerGYgae energy difference in th&E2(i — f) term to correct errors
term in eq 12 allows high-level energy results to be conveniently in the SCC-DFTB method in geq 12, giving rise to the high-
used to correct the intrinsic errors in the SCC-DFTB method level correction (HLC) term in eq ’13 which amounts to a
(see below). The same approach has been described by Cui andi¢tarence of —7 and —4.8 kcal/mol fr,om the SCC-DETB

_ 0,92 . .
co-workers! . . . treatment of the QM subsystem, as determined for the reactions
In the dual-topology, single-coordind®&3-92calculations for LF — LF— and LF* — LF2-, respectively (vide infra)
various electron and proton addition reactions, which are 2.9. Free Energies of Pr(;ton Addition. Next consi.der a

explained in sections 2.8 and 2.9 below, we made a further proton addition reaction. We will directly simulate only reactions

approximation, namely, that the van der Waals interactions where a proton is added to a neqatively charaed species as in
between the QM and MM regions are the same for the initial P g y g P

and final state. This is partly justified by our previous sttrdy - + .
of the catalytic reactions in MCAD, where it was found that X (aq) + H"(ag) —~ XH(aq) (®)
the coordinates of flavin in the MCAD active site did not (See Scheme 3) (Note that free energies for reactions like
undergo any major change before and after the catalytic hydride
transfer. There was no conformational change in the immediate Y(aq) + e + H"(ag) — YH(a0) (C)
surroundings of the flavin either, as was demonstrated by the
evolution of hydrogen-bonding distances along the whole will later be obtained by adding free-energy changes for
reaction pati® reactions of types A and B, with & Y and R= X").

2.8. Free Energies of Electron AdditionFollowing the work As illustrated in Scheme 3, in order to calculate the free-
of Cui and co-workers, we used a dual-topology, single- energy change for reaction B, the free-energy changes of the
coordinate approach for the electron-transfer reactions. In thisfollowing four steps are needed. In the first two steps, two
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separate thermodynamic integrations are carried?onge for
X "H(aq) — X —D(aq) (D)

and one for
X —D(aq) — X" (ad) + D(g) (E)

where D is a dummy atom, which has no QM interactions with
X~ but possesses van der Waals interactions. The free-energy
changes of these two steps are calte@(™Dand AG(T-5),
respectively, and are calculated by eq 12. However, in order to

calculate the free-energy change of the reaction in eq D, one g 1L gpLie 1,312 1228
has to add three correcting terms. The first correctto@eorr- 1.465

o . 1.443
(H%), is to account for the incorrect self-energy treatment of 1.442 S 1316
the proton treated by SCC-DF¥8and is equal te-141.8 kcal/ 1.399 HR_. 138 32 4 a
mol. The two other corrections are due to the vibratid®(,) . T 1.408

and the Born correctiorNAGgory), analogous to the electron
addition method described earlier.

The free-energy changes for the remaining two steps are
known. The free-energy change for converting the gas-phase
dummy atom into a gas-phase proton

X" (ag) + D(g) ~ X" (ad) + H'(g) (F)
can be taken as 0 kcal/mol, and the free-energy change for the
reaction 1060
B i _ n 1.033
X (ag) + H'(g) — X (ag) + H"(ag) (G) 1453 1385 1010
1453 4 1399 0997
is equal to the standard free-energy of solvation of a proton, 1438 1324 1.028
AGZ(H*), which is equal t0—264.0 kcal/mdi®%4% at the e rely B
standard state (1 atm for the gaseous state and 1 mol/L for the 1.386 1.399

solution state).
Then, by Scheme 3, the standard-state free-energy change
for reactions of type B is given by g ; : 1224

AG°(ag) = —AG" P + AG,,(H") + AAG®

Born

+ AG,, — AGT™® — AGYH") + HLC  (16)

¥ 1391
where the HLCs aret5.8 kcal/mol for LB~ + HT— LFH~ 1.014
and—0.3 kcal/mol for LFH + H* — LFH,. o

In F:arrylng out the integral oyei: from O to,l (eq 12 for . Figure 2. Comparison of the gas-phase bond lengths (A) for the
reaction D) in the current studies, we experienced end-point gptimized structures of the oxidized lumiflavin (top panel), its semi-
problems forl = 1 in the (K, calculation steps. Since the free-  quinone (middle panel), and the fully reduced hydroquinone (bottom
energy derivatives were found to be linear withthese end- panel). In each panel, the bond lengths are from B3LYP (top value),
point values afl =1 were obtained from extrapolation. AM1 (middle value), and SCC-DFTB (bottom value). The C, H, N,

The dummy atom has the same mass and van der Waaldhd O atoms are shown in cyan, white, blue, and red, respectively.
parameters as a proton but has no charge. Thus, at the end state
of reaction D, the dummy atom does not have any quantum

mechanical electrostatic interactions with~,Aalthough it Thus, in the present CalculatiomG\(,Edi,D was ignored, and
continues to interact with Athrough classical van der Waals ~ AG™-5 was set equal tAG{Eheq
interactions. As elaborated in the Li et al. arti¢l¢ép accomplish The bonded contributionsAGE) ., » were estimated in

complete deprotonation, one needs to transfer the dummy atomerms of local properties by the method of Herschbach &t al.
to the gas phase by removing the classical van der Waals andrhjs yielded?97:98

bonded interactions between the dummy atom and the rest of

the system. This is accomplished in step E, for which the free- VoAfl

energy changeAG(™-B), has two component\G), , and AGE) . o= —RTIn D 1 ORT (17)
AGH) eap rEpresenting the free-energy changes for reaction E ’ (r’/sin W)(27kg YK, 2

due to removal of the van der Waals and bonded interactions,

respectively, of the dummy atom D with the rest. The removal wherekg is Boltzmann’s constantyy, and Ap are the molar

of the van der Waals interaction is done by switching off the volume and thermal wavelength, respectively, of the dummy
van der Waals parameters in a thermodynamic integration. In atom,r andW represent the distance of the dummy atom to the
some previous calculatiof’s® employing this method, the  flavin ring nitrogen atom (N5 or N1) and the angle between
calculatedAG\(,'fRNYD values were found to be insignificant. the two planes, BN5(N1)—C7 and D-N5(N1)—-C3, andKy
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CHj3

O4
Figure 3. A molecular diagram of lumiflavin with atoms numbered.

is the bending force constants for the two bond angles, D-N5-
(N1)-C7(C3) and D-N5(N1)-C3.

3. Results and Discussion

3.1. Lumiflavin in the Gas-Phase Although recent applica-
tions of SCC-DFTB have been succes¥fat19 to some
problems, it is essential to validate it for the present kind of

J. Phys. Chem. A, Vol. 111, No. 26, 2005735

TABLE 1: Compared Gas-Phase Energies (kcal/mol) of
Reaction of Electron and Proton Addition Steps of
Lumiflavin & Calculated with M06-L and B3LYP (in
Parenthesis)

reaction MO6-L (B3LYP) SCC-DFTB AML1°
LF+e —LF" —41 (—44) —37 —64
LF~ + H* —LFH —335 (-334) -334  -314
LF +e +H*—LFH —376 (-378) -371  —378
LF~+e —LF> 57 (53) 58 48
LF2" + H* — LFH" —438 (-437) —442  —420
LF +2e + H —LFH-  —422(-428) —421  —435
LFH + e — LFH" —45 (—49) —50 —57
LFH+ H* — LFH, —333(-332) -332  -320
LF +2e +2H" —LFH, —755 (~760) -753  —755

2 The quantity tabulated is the Bort©ppenheimer energy difference
of products from reactants. It includes electronic energy and nuclear
repulsion but not vibrational or thermal effectAs previously
established® a value of—141.8 kcal/mol was used as the reference

System. Here’ we present SCC-DFTB results on the structuresfor the proton to account for its self-interaction energy in DFTB

and the electron and proton affinities of a model FAD system,
namely, lumiflavin (LF).

Figure 2 depicts the relevant bond lengths obtained using

B3LYP, AM1, and SCC-DFTB for the three redox states,
including the neutral LF, the Té1H* reduced form LFk and
the fully reduced form LFK During 1€/1H' reduction, a

calculations® A previously established value of 365.7 kcal/mol was
used as the standard heat of formation of a préton.

The electron and proton affinities calculated by MO06-L,
B3LYP, AM1, and SCC-DFTB are given in Table 1. The
calculated gas-phase energies with M06-L and B3LYP are

proton was added onto the N5 nitrogen (see Figure 3 for atomwithin 5 kcal/mol. The AM1 model overestimates the first

numbering), which increased the G445 bond lengths by 0.06
A. Both AM1 and SCC-DFTB results are in agreement with
the B3LYP values. Similarly, the C16a&1 bond distance

electron affinity (EA) of LF by 20 kcal/mol and underestimates
the second EA by-5 kcal/mol. On the other hand, SCC-DFTB
underestimates the EAs by7 and—5 kcal/mol, respectively

increased by 0.07 A upon the second reduction and subsequen(Table 1). Note that the second EA of the model compound LF
addition of the second proton to the N1 nitrogen ring. Again, is positive. For the three proton addition reactions, the SCC-
both AM1 and SCC-DFTB models correctly reproduce this DFTB results are in better agreement with B3LYP results than
change. This shows that both SCC-DFTB and AM1 can those from AM1. The differences from the B3LYP results for
adequately model the bond length variations during the reductionthe LF* — LFH*, LF>~ — LFH~, and LFH — LFH; are O,
and protonation process. —5, and 0 kcal/mol, respectively, in SCC-DFTB calculations,
A characteristic structural feature accompanying the flavin and 20, 17, and 12 kcal/mol for AM1. For the overalr1EH"
reduction is the formation of a butterfly-like configuration (LF— LFH*)and 2e/2H" (LF — LFH,) processes, SCC-DFTB
(Figure 4)> The extent of this structural bending in the fully results are 7 and 6 kcal/mol less exothermic, while they are 0
reduced hydroquinone, which lacks aromatiéfty has been and 5 kcal/mol less exothermic in AM1 calculations (Table 1)
proposed to be critical for the catalytic efficiencies of flavo- compared to the B3LYP results. Thus, there is a good error
enzymes. Thus, the midpoint potentid,,, of FAD varies from cancellation in the AM1 method. These enthalpy differences
—0.49 to+0.19 V in different flavoenzymes, largely responsible may be treated as intrinsic errors of the approximate quantum
for the different reactivities of these enzynfe§.For compari- models and used as corrections to obtain the best estimate of
son,En is —0.22 V in watert%% If the butterfly bend anglefg, reduction potentials. The SCC-DFTB model yields better
is defined as the angle between the planes of the pyrimidine agreement with the DFT results than the AM1 model for the
and benzene six-membered rings, the computed structures giveelectron and proton addition reactions of lumiflavin.
the bend angle as 1551 B3LYP, 157 in AM1, and 167 in 3.2. Lumiflavin in Aqueous Solution. The results for the
SCC-DFTB. The SCC-DFTB model overestimatgsby 12 aqueous standard free energies of reaction, that is, the bottom
in comparison with the DFT value, whereas AM1 is almost part of Schemes 1 and 2, were obtained from the thermodynamic
perfect with respect to the B3LYP bending angle. cycles of the two schemes and are given inAl&*(ag) column

Figure 4. Structure and bending of the tricyclic isoalloxazine ring in lumiflavin. Displayed molecules from the left correspond to the neutral,
semiquinone, and hydroquinone forms of lumiflavin. Top and bottom panel views are perpendicular and parallel to the isoalloxazine ring plane,
respectively. Color codes are identical to those used in Figure 2.
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TABLE 2: Standard Free Energies (kcal/mol) of Reactions for the Electron and Proton Additions to Lumiflavin in Water at
298 K, Calculated with Implicit Solvent with M06-L/SM6 and B3LYP/SM6 (in Parenthesis) and with Explicit Solvent

Treatment with SCC-DFTB/CHARMM

SCC-DFTB/MM

MO06-L/SM6 (B3LYP/SM6) simulations
reactions AG(Q) AGY(P) AGYR) AG°(ag) AG°(ag)
LF+e —LF —43 (—47) —63 (—67) —22(-23) —84 (—91) -93
LF* 4+ H"— LFH" —320 (—318y —22 (—24) —327 (—-331y —15(-11) —4
LF +e + Ht — LFH —363 (—365) —22 (—24) —286 (—287) —99 (—102) -97
LFH*+e — LFH~ —47 (-51) —63 (—64) —22 (—24) —88 (—91) —-97
LFH+ H* — LFH, —316 (-317) —13(-14) —327 (-328y —2(-3) 4
LFH* + e + H"— LFH, —363 (—368) —-13(-14) —286 (—288) —90 (—94) —93
LF + 2e + 2H" — LFH; —726 (—733) —13(-14) —550 (—551) —189 (—196) —-190

aThe calculation includes a Gibb’s free energy of bf —6.28 kcal/molt'” ® The solvation free energy of a protor264.0 kcal/mol in the
standard state (1 atm for the gas phase and 1 mol/L for the solution state), is infeded.

SCHEME 4
F—S—F . F2
a b,
e o]

FH —— FH
e)

d | H*

F=LF, FAD-E FH,
of Table 2. In addition, Table 2 also contains the comparative
free-energy values, computed using the implicit and explicit
solvent calculations. The overall 2@H* free-energy changes
in the implicit calculation for the reaction LF 2e + 2H" —
LFH, are —189 and—196 kcal/mol when calculated by M06-
L/SM6 and B3LYP/SM6, respectively (Table 2). The midpoint
potential,En, of lumiflavin, computed using eq 1 with = 2
and E, = 4.28 V& is therefore equal to-182 mV with
MO06-L and—30 mV with B3LYP. These calculated reduction
potentials are 77 (with M06-L) and 229 mV (with B3LYP) less
negative than the experimental re$¥fiof —259 mV.

In the explicit solvent calculation, various electron and proton
addition steps (Scheme 4) were carried out with SCC-DFTB/
MM. For these steps, the plots of the variations of the

ensembled-averaged partial derivatives of the potential energy§
are shown in Figure 5. Judging from these plots of the ensemble-

averagedU; — U;[j with 4, it becomes evident that the free-

energy derivative has a linear dependence on the net fractional,
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Figure 5. Ensemble-averaged partial derivatives of the potential energy
ersus the coupling parametd)) for lumiflavin. The various steps, as

charge of the redox center created by the coupling parametershown in Scheme 4, are (a) bF LF~; (b) LF* — LF2"; (c) LF>~ —

A. This is in conformity with the theory of a linear respoHSe

of the dielectric properties of an enzyme active site due to a
change of the charge state at that site. In the explicit calculation,

the 2e/2H" free-energy change was found to 5490 kcal/
mol (Table 2), which is very similar to the results of the implicit
calculation. Using eq 1, the midpoint potential was calculated
to be —160 mV and is within 100 mV of the experimeri#l
value. Both implicit and explicit calculations showed that the

LFH™; (d) LFH™ — LFHy; () LFH — LFH".

potential values for the overall 22H" reduction process of
MCAD-bound FAD are available from the studies conducted
by two independent groups. The two observed potential values
are quite close; a value 6f139 mV was reported by Guastafson
et al.}%8 while Stankovich et al. obtained136 m\A% for the
reaction F+ 2e” + 2H™ — FHy, in both cases with respect to

N1 proton in the reduced hydroquinone is acidic. The standard the standard reduction potential of the NHE, which is 4.28 V.

free-energy changé\G°(aq) for FH- + Ht — FH, was
computed as—2, —4, and 4 kcal/mol using M06-L/SM6,
B3LYP/SM6, and SCC-DFTB/ CHARMM, respectively. The
pKa can be calculated fromG°(aq) using eq 18

_AG°(ag

PKa= 2 30RT

(18)

The K obtained for the N1 proton of lumiflavin hydroquinone
using the three methods is 1.5 with M06-L/SM6, 3 with B3LYP/
SM6, and—3 with SCC-DFTB/CHARMM.

3.3. Enzyme-Bound FAD.3.3.1. Experimentally Obseed
Reduction PotentialsExperimentally determined midpoint

The overall free-energy change is therefore equal181 kcal/
mol (eq 1). For the 1&1H" reduction (i.e., the H- e~ + H*
— FH* reaction), only one group has reported observing an
intermediate neutral semiquinone formati8h Although the
amount of semiquinone formed during the two-electron/two-
proton reduction process was smal20% of all of the species
present), they were able to estimate the first reduction potential
(Eoxs9 for MCAD—FAD as —155 mV at pH 7.2:% Taking
the standard free-energy change for the reduction reaction at
the NHE as—98.7 kcal/mol (4.28 eV), this potential corre-
sponds to standard free-energy change-86 kcal/mol.

The reduction potential of cholesterol oxidase (CHOX) is also
available from the literatur€® The reductions of oxidases
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(including CHOX) are distinctly different from those of dehy- < o] SR
drogenases in the sense that the reduction in oxidases passe§ (@) E (b)
through a species ¥, the red anionic semiquinoffeas 8 g
contrasted to the blue neutral semiquinone discussed in the™ g | < 80 S
previous paragraph. The reporteg for the overall 2e/2H* 5 | = 1
reduction is —278 mV!0 which amounts to a free-energy 4120 - §-1zo ,
change of-185 kcal/mol, with the standard free-energy change ~  © 05 1 > 0 0.5 1
for the reduction reaction at the NHE taken-e88.7 kcal/mol. A 4
The Eoxsqis reported as-222+ 14 mV *%which corresponds 5 ,,, 4 T 240
to a free-energy change of ca94 kcal/mol for the F+ e~ + % (c) % 2 (d)
H* — FH* reaction. g i)

3.3.2. Free-Energy CalculationsTo obtain a 2e/2H" = 1601 < 1601
reduction potential of MCAB-FAD and CHOX-FAD, analo- 3 3
gous to the one already discussed for LF, the free-energyS gy ‘ S a .
calculations for the two successive electron additions and two 0 05 1 0 0.5 1
successive proton additions were carried out using thermody- y p)
namic integrations. Thus, representing the flavin ring of ~
lumiflavin and the FAD-bound enzymes by a common name F g ) (e)
(i.e., F= LF or FAD), the calculation gives free energies for § -40
the steps denoted by + F—*, F* — F>~, ¥~ — FH~, and £
FH- — FH, (Scheme 4). The first two steps consist of two 3 ¥
sequential electron additions onto the neutral F, productng F - 3 1, ‘ )
A proton was added first to the N5 nitrogen of the Followed > 0 05 1

by a second proton addition on the N1 nitrogen of the FH y)

Since the free energy is independent of the path, the order ofgjg e 6. Ensemble-averaged partial derivatives of the potential energy
addition of the proton does not matter in this case, but it is versus the coupling parameter for various flavin reduction steps of
relevant for the calculation of the TEH" potential, which is MCAD—FAD. The steps are as shown in Scheme 4.

explained below. Free-energy changes for both proton additions_l_ABLE 3: Various Components of the Standard Free

were obtained by calculating t.hEKQS for the respectl\{e Energies of Reaction (kc?al/mol) as Described in Eqgs 13 and
protonated forms. Thus, to obtain a free-energy change in the g (Sections 2.8 and 2.9) for Electron and Proton Addition

F>~ — FH" step, the K. of N5 nitrogen of the flavin ring was  Reactions of F at 298 K, Where F Is a Shorthand Notation
calculated, while for the FH — FH, step, the free-energy  for Flavin in Aqueous and Enzyme-Bound States

change of the N1 deprotonation was computed.
To obtain the 1e/1H" reduction potential, another thermo-

reaction free-energy changA&®

dynamic integration was needed for the one-electron reduction g o _, - 2éi80m jl):g!( ey
of the FH — FH~ step. The free-energy change for the-F HLC -7.0
FH* process was calculated from the thermodynamic cycle in AAGaon —16.5 (—27.8p (~27.0f
Scheme 4 Fete — P AGup —2.4
. _ HLC -4.8
AGEp = AGeor(HY)  —141.8
AGE .+ AGE. o +AGL gy — AG - (19) Ao 16576} (27.0
vib .
The first two and the fourth terms in eq 19 correspond to F*+H"—FH" AGM8) —5.7
electron addition processes, and the third one represents a proton AGYH™) —264.0
addition. For the proton addition step, one faces an uncer- HLC 58
tainty: which nitrogen of the one-electron reduced FARIl AGeon(HY) —141.8
bear the added proton, N5 or N1 of the isoalloxazine ring (Figure AAGgon 5.5 (17.7p (16.1f
. . . . AGyip 8.7
1)? Itis known that in flavoenzymes, the flavin N5 atomis the - 4+ — FH, AGTI-E) 57
locus in the uptake/release of redox equivaléft&urthermore, AG(H") —264.0
solution NMR studies of flavin mononucleotide indicate that HLC -0.3
the K, of N5 protons for fully reduced flavins is much higher AAGsom —5.5 (—17.7f (—16.1)p
(=20) than that of the N1 protoR#111therefore, the proton on FH +e —FH- AGyip -1.3
the semiquinone radical will most likely reside on N5. Therefore, HLC 0.9

in the P~ — FH™ step, a proton was added onto the N5 atom
of the isoalloxazine ring.

3.3.3. MCAD-Bound FADThe variations ofU; — U;[] with
A for various steps shown in Scheme 4 are plotted in Figure 6.

egs 4b and 5.

aCalculated for lumiflavin using eqs 3 and BCalculated for
MCAD —FAD using egs 4a and 5.Calculated for CHOX-FAD using

The free-energy estimates of various steps for the MCAD-bound were—16 kcal/mol (for the reaction® — FH~) and—23 kcal/
FAD are given in Tables 3 and 4, and the reduction potentials mol (for the reaction FH — FH,). Therefore, the total free-
and [Ky's are given in Table 5. Free-energy changes obtained energy change for the two-electron/two-proton reduction of FAD
from this study show that both electron-transfer steps occur with in MCAD was calculated to be-196 kcal/mol (Table 4). This

similar energetics. The computed free-energy changes &te
and —76 kcal/mol for the first (F— F~*) and the second (F

corresponds to a value ef30 mV (Table 5), taking a value of
4.28 V for the standard reduction potential for the NfI&nd

— F27) electron-transfer steps, respectively (Table 4). The is ~100 mV less negative than two independently reported
calculated free-energy changes for the proton additions reactionsexperimental results on MCAD, which arel37:%8 and—135
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TABLE 4: Calculated Standard Free Energies of Reaction =5 5
(kcal/mol) for Electron and Proton Addition Reactions of g -20 (a) E 0 (b)
Lumiflavin, MCAD-Bound FAD, and CHOX-Bound FAD at E Bl
298 K < 100 | =100
reaction free-energy changes Sf\ §\
LF MCAD—FAD CHOX—FAD L -180 4 180 '
Fte —F— AGT-A —79 —54 -57 2 o 05 1 2 0 05 1
AG°(ag®  —93 —-81 -82 1 A
F*+e —F~ AGM-A  —94 —41 —-35 - ~
— — — 3 []
AG°(ag)® —118 76 69 g 240 4 £ 240 1 )
F2~+H* — FH- AGM-D) 144 188 189 S (c) =
AGYaq)® +17 —16 -18 o S
= =~ 160
FH +H*—FH,  AGT® 138 177 175 = 160 2
AG°(ag)®  +4 -23 -23 3 2
FH + e — FH- AGTA 91  —66 -65 S 80 : 2 80
AG°(aq? —97 —84 —82 0 05 1 0 0.5 1
F* 4+ H* — FHe AG@aq — —4 -8 -5 A A
F+e +Ht*—FH  AGYag —97 -89 —-87 =
[e]
F+2e +2H"—FH, AGaq) —190  —196 -192 E 204 (e)
2 Calculated by eq 13 of section 2!8Calculated following eq 16 § \\
of section 2.9¢ Calculations used eq 19 of section 3.3.2. = 100 \
mV.109 Although the differences between the calculated and 3 180
experimental standard reduction potentials are-110% mV, 2 0 05 1
they correspond to onhky5.0 kcal/mol when expressed as free- A
energy differences. Thus, the computed midpoint potential is Figure 7. Ensemble-averaged partial derivatives of the potential energy
quite consistent with the experimental results. Tkg of the as a function oft for various reaction steps (shown in Scheme 4) of

N1 proton in the reduced (hydroquinone) state of FAD, CHOX-bound FAD.
calculated using eq 18, was found to be 17 (Table 5).
As noted earlier, the free-energy change of the process F  systems:? Recently however, a new value Bf, = —131 mV
F~* for MCAD is —81 kcal/mol. The free-energy change for a was obtained for CHOX using a different method of measure-
proton addition to F* contributes an additionat-8 kcal/mol ment'!2 Thus, of the three systems studied, the rigywalue
(Table 4), and the net free-energy change fer E- + Ht — for CHOX shows the best agreement with its calculated value.
FH- is —89 kcal/mol (Table 4). The reduction potenttx sq The first reduction potentiaEqy sq (for the 1e/1H" process)
predicted from this computation for the oxidizedsemiquinone ~ was obtained as-507 mV, compared with the experimental
step is—420 mV (taking the standard reduction potential of result of—222 mV*°The calculated i, of the semiquinone
the NHE as 4.28 V), which may be compared with the (FH?) in CHOX in this work was 4 (Table 5), which predicts
experimental value of-155 mV1% The (K, of the N5 proton that at neutral pH, the semiquinone in the active site of CHOX
of the blue semiquinone in MCAD-bound FAD obtained from will be in its anionic form. The finding is in excellent agreement
this computation is 6 (Table 5) and thus quite consistent with Wwith the fact that oxidases, unlike the dehydrogenases, stabilize
the observatiolf® of about 20% blue neutral semiquinone in the anionic form of the flavin semiquinone. Th&gof the
the electrochemical flavin reduction of this enzyme. semiquinone was-4 units lower than that in the free aqueous
3.3.4. CHOX-Bound FADFigure 7 shows the variations of ~ State; the experimentally knowrkpfor the analogous FMN in
[Ur — Uil] versus. for various steps, as described in Scheme aqueous solution was 8.38” The computed K of the N1
4. The free-energy change for the 22H" reduction of the proton of the fully reduced FAD hydroquinone was 17, similar
CHOX-bound FAD is—192 kcal/mol (Figure 7 and Table 4). to that observed in MCAD.
The computed value for the midpoint potentigl, is —117 Previously, Li et al. reported a reduction potentiakcf299
mV (Table 5), which has somewhat greater deviations from the to —1425 mV for F— F~ for FAD in CHOX. The first entry
experimental value of~278 mV than we found for other in Table 4 gives a computed value ef724 mV (—82 kcal/

TABLE 5: Calculated and Experimental Midpoint Potentials, Calculated Free Energies of Reaction, and Ka's for Lumiflavin
and Enzyme-Bound FADs of MCAD and CHOX at 298 K

reaction quantity free-energy changes
LF MCAD—-FAD CHOX—FAD
F*+H"—FH AGC(ag) (kcal/mol) —4 -8 -5
pKa 3 6 4
AG®(aq) (kcal/mol) -97 -89 —-87
F+e +H"—FH calcdEoxsq(MV) —74 —420 —507
exptl Eox,sq(MV) —15% —222
FH™ + Ht — LFH, AG°(ad) (kcal/mol) +4 —23 —23
pKa -3 17 17
AGC(aqg) (kcal/mol) —190 —196 —-192
F+ 2e +2H"— LFH; calcdEn, (mV) —160 —30 —-117
exptl En (mV) —259 —13% —278

aFrom reference 108.From reference 116.From reference 106.
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Figure 8. Fluctuations of the flavin bend anglég, defined as the Tvr446
angle between the planes of the pyrimidine and benzene six-memberec y
rings) with the number of conformations obtained from the trajectory
of the MD simulations of (a) MCAB-FAD and (b) MCAD-FADHo.
Phe487
mol), which is a similar estimate of the one-electron addition
process. This is particularly interesting in that although both
computations employ the same thermodynamic integration Tyr1 07

approach to obtain the standard-state free-energy changes in the

enzyme, the computational details are quite different. In the work Figure 9. Interacting residues of the flavin binding sites of (a) MCAD

f Li and “92 | lar d ics f imulati and (b) CHOX. The hydrogen bonding interactions are indicated by
of Li and Cui** molecular dynamics free-energy simulations dotted lines. Color codes for the atoms are the same as those used in

were carried out using scaled charges on the protein and solventrigure 2.
This yielded an intermediate free-energy change for the electron
addition reaction. Then, a PoisseBoltzmann continuum MCAD-bound FAD, the exocyclic O2 atom, the proton bound
electrostatic calculation was made by charging the scaled systento N3, and O4 have strong hydrogen-bonding interactions with
to the real values of the standard CHARMM22/TIP3P force the backbone amide proton of Phe487, the backbone carbonyl,
field. This procedure was designed to provide good control over and amide protons of Metl22, respectively, in CHOX. The
the dielectric screening effects in modeling charge annihilation average bend angléd) of the oxidized (neutral) flavin in
and creatior!® In the present study, we employed a simple CHOX is 163, which is similar to the average bend angle
Born correction to account for the long-range electrostatic observed in the MCAD-bound state.
effects, whereas the simulations were performed employing If the bend angle of flavin is considered to be an indicator of
standard force field parameters. The agreement between thes¢he ease of flavin’s reductiohthen one would expect that the
two approaches suggests that free-energy simulations can beeduction of flavin in the MCAD-bound flavin would be the
performed without the additional step of the charging process most favored one among the three systems, namely, aqueous
in the present system. lumiflavin, CHOX-bound FAD, and MCAD-bound FAD. The
3.4. Effect of Enzyme Environment. The bend angle present calculations demonstrate that this is true. For MCAD,
(defined in section 3.1) of the oxidized (neutral) flavin in the the free-energy change in the 22H" reduction reaction of
aqueous phase is 171n contrast, the bend angléd) of the flavin (F + 2e~ + 2H" — FH,) is —196 kcal/mol, which is 6
neutral oxidized flavin in MCAD-FAD, averaged over 500  kcal/mol more negative than that for lumiflavin in the aqueous
conformations of equilibrated MD simulations, is 2§Eigure state (Table 5). To verify if the flavin bending is abetting the
8a). This demonstrates that the flavin is even more bent than inease of reduction, we calculated the gas-phase single-point

the reduced hydroquinone state in aqueous soluflpr=(167°;
see section 3.1) and only Tess bent than in the fully reduced
state in MCAD @ = 155°; Figure 8b). The significant bending

energy of the bent oxidized flavin structure as observed in
MCAD. Following a procedure used earlier by Walsh etal.,
the bent optimized flavin structure was obtained by constraining

of the unreduced flavin in MCAD, illustrated in Figure 9a, isa two dihedrals, N-N10—N5—C6 and C9-N10—N5—C4, to
consequence of strong stereoelectronic interactions of thel76 and—159, respectively, as they appear in the MCAD-
isoalloxazine ring with four aromatic residues, Tyr133, Trp166, bound state. The M06-L/6-31G(d,p) single-point energy of
Tyr375, and Phe356, from the second subunit. The flavin ring the bent structural form of the oxidized lumiflavin is 5 kcal/
atoms, the exocyclic oxygen 02, the proton bound to the ring mol higher than that in the normal one. The fluctuations of bend
nitrogen N3, and the exocyclic O4 are hydrogen bonded to angles with conformation number, computed from the stored
Vall35 (backbone amide proton), Tyr133 (backbone carbonyl), structures in the trajectory of MCABFADH, MD simulations,
and Thr168 (backbone amide proton), respectively, as shownare shown in Figure 8b. The computed average (over 500
in Figure 9a. conformations of the MD simulation) bend angle of the reduced
In CHOX-bound FAD, the flavin ring and its exocyclic flavin (FH,) in MCAD is 155° (Figure 8b) and is equal to the
substituents interact with three aromatic residues, namely, gas-phase bend angle of the reduced lumiflavin calculated with
Tyrl07, Tyr446, and Phe487, as shown in Figure 9b. As in B3LYP/6-31+G(d,p), which is 155 (section 3.1). Since the
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reduced forms of the aqueous and MCAD-bound structural electronic polarization and displacement of atomic grddps.
forms have identical bend angles, the two fully reduced forms Therefore, both enzyme reaction rates as well as driving forces
are not expected to differ in terms of the energetics. Thus, the are influenced by the geometric and dielectric properties and
destabilization of the oxidized state (5 kcal/mol) alone accounts dispersion-like interaction energies of the active sitd16For
for the 6 kcal/mol decrease in the total free-energy change of a redox-active enzyme, such as MCAD or CHOX, the driving
the reduction process as observed in the MCAD-bound flavin. force is directly related to the reduction potential as well as the
pKa of the cofactor and thus is expected to be sensitive to the
4. Concluding Notes protein matrix.

Using the SCC-DFTB/CHARMM potential, we have carried It is possible, to some exf[ent, to c!econyolutg the geometric
out MD simulations of the various reduction steps of flavins in €ffécts from the electrostatic and dispersion-like effects. For
aqueous and enzyme-bound states. The computed midpoin€X@mPple, in MCAD, it has been observed that the flavin ring
potentials for the 262H* reduction of three systems, namely, 9€ometry is controlled by four hydrophobic residues; this
lumiflavin, MCAD-bound FAD, and CHOX-bound FAD, show  €hvironment results in a significantly bent structure of the
reasonable agreement with experimefaio8 110results. The enzyme-bound flavin (Figures 8a and 9a), even in the unreduced

computed potentials are160 mV for lumiflavin, —30 mV for state. We have explored the contribution of this bent flavin
MCAD—FAD. and—117 mV for CHOX=FAD. which are 100 structure (as observed in MCAD) on its reduction potential
105, and 161 mV more positive, respectively, than the corre- (Section 3.4). We found that bending significanttyS kcal/
sponding experiment®b.109.11%alues. (See also ref 112.) The mol) destabilizes the oxidized state, and thus, the bend angle is
computed 1&/1H* reduction potentials agree moderately well @ key indicator of the geometric effects of the enzyme matrix
with the experimentally determined vald@&sl1%or these two on the FAD reduction potential. Other geometric effects such
enzyme systems. The computed potentials a4€0 mV for as hydrogen bonding can also be explored by performing
MCAD—FAD and—507 mV for CHOX=FAD. These results  Suitable mutatiorf§ on the active site and computing their effects
are 265 mV (for MCAD-FAD) and 285 mV (for CHOX- on FAD reduction potentials andKgs. The electrostatic
FAD) more negative than the experimental d&fa10 We contributions of residues can also be quantified by zeroing their
conclude that the parametrized SCC-DFTB/MM method pro- charges and computing the free-energy chaf§&xtending
vides an inexpensive way to predict the midpoint potentials for the study to include such calculations might help identify other

the 1e/1H* and 2e/2H* reduction of flavoproteins from their ~ interactions that are important for determining the reduction
crystal structures. potentials and K5y's of FAD in these enzymes. One question

The calculated K, for the N5 proton of lumiflavin semi-  We have not examined is how the enzyme effect on the reduction

quinone is 4. The predicted<g for the N5 semiquinone proton potential of the cofactor modqlatgs the a_bility of the co_factor
for cholesterol oxidase is also equal to 4, which is 4 units lower (COenzyme) to serve as an oxidatiereduction catalyst. Since
than that for FMN in the aqueous phds&This suggests that the electron is transferred from the substrate to the flavin in the
the anionic semiquinone bound to the active site of the CHOX catalytic process, substrate binding is also expected to have a
is stabilized by the enzyme; this result is consistent with the Major influence on these cofactor properties. In order to explore
hypothesi&of exceptional stabilization of anionic semiquinones the interconnections between catalysis and the enzyme modula-
by oxidases. The predictedkp of the N5 proton of the tion of the flavin reduction potential, the simulation would have
semiquinone in MCAD-bound FAD is 6, which suggests that to be extended to a substrate-bound enzyme.

the semiquinone is almost neutral at the active site of MCAD.  In addition to showing that the SCC-DFTB/MM calculations

This agrees with the experimental observat#®mof a small can predict the free-energy changes of the flavins’ various
amount (20%) of blue (neutral) semiquinone during the elec- electron- and proton-transfer reactions reasonably accurately for
trochemical reduction of MCABFAD. both the free flavin and the two enzyme-bound flavin systems,

The N1 proton of lumiflavin hydroquinone is predicted by the present study also has important biological implications
the SCC-DFTB/CHARMM calculations to be highly acidid{p resulting from the observations of the role of the enzyme
equal to—1.5) and will thus be completely dissociated, which environment. The two charge-transfer steps (the electron addition

is expecte#P® for flavins. However, the computedgs of the and the proton addition) of a coupled electrgroton-transfer

two enzyme-bound hydroquinones are quite highy for both process can be stepwise or concettdthe first mechanism,

MCAD and CHOX because the flavin is buried deep into the but not the second, can involve an intermediate, and conversely,

enzyme pocket with much less solvent accessibifity. the stabilization of an intermediate favors the first mechanism
The SM6 implicit solvent calculations on aqueous phase over the second. The present study implies that a semiquinone

enzyme-free lumiflavin differ by less than-5 kcal/mol from intermediate intervenes in the first coupled electrproton

the results obtained by the explicit solvent SCC-DFTB/MM transfer in all of the three flavin systems studied, namely, the
calculations. This gives added confidence in both treatments.free flavin (lumiflavin), the dehydrogenase (MCAD-bound
SCC-DFTB predicts accurate bond lengths but is not accurate,FAD), and the oxidase (CHOX-bound FAD). As observed in
when compared to the higher-level DFT calculation, in predict- this study, the KJ's of the flavosemiquinones (® range from
ing the equilibrium bend angle after reduction of FAD. 3to 6 (Table 5). Thus, the anionic semiquinones are predicted
Nevertheless, the proton and electron affinities calculated by to be stabilized at neutral pH for all three flavin systems, the
SCC-DFTB appear to be quite accurate for FAD, and the neutral protonated form being slightly more favored in the
performance of SCC-DFTB in the reduction potential aikd p ~ dehydrogenase system. The question whether these two charge-
calculations is satisfactory. transfer processes (electron and proton additions) are concerted
The response of an enzyme matrix to a chemical event suchor discrete is a question of kinetics and cannot be answered
as catalysis, oxidation, reduction, or a protonation/deprotonation definitively by computing energies of stable and metastable
event involves a combination of geometric, electrostatic, and species. However, to the extent that one can draw kinetic
correlation energy changes in the active site surroundings. Theinferences from thermodynamic calculations, the stability of the
net effect is called reorganization. Reorganization includes anionic hydroquinone implies that in all the three cases, the



QM/MM of Reduction Potentials of Flavin Cofactor

first electron-proton-transfer reaction of flavins occurs through

consecutive two-step charge addition processes. In contrast, fo

J. Phys. Chem. A, Vol. 111, No. 26, 2005741

(28) Dutton, A. S.; Fukuto, J. M.; Houk, K. Nnorg. Chem2005 44,

A024.

(29) Camurri, G.; Ferrarini, P.; Giovanardi, R.; Fontanesi, R. BJ.C.

the fully reduced hydroquinone state, the N1 proton of the free giectroanal. chem2005 585 181.

flavin hydroquinone is acidic, whereas for both enzyme-bound
flavins, it is strongly basic (Table 4 and 5). This indicates that
in the physiologically relevant pH range, the anionic hydro-
quinone of the lumiflavin will be stabilized, although both

enzymes will stabilize the protonated form. Since the anionic

hydroquinone is predicted to be quite unstable at neutral pH,
this thermodynamic study suggests that the second coupledC

electror-proton transfer is more likely to go through a concerted
route than a stepwise one.
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