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ABSTRACT. Potential of mean force calculations have been performed on the wild-type medium-chain
acyl-CoA dehydrogenase (MCAD) and two of its mutant forms. Initial simulation and analysis of the
active site of the enzyme reveal that an arginine residue (Arg256), conserved in the substrate-binding
domain of this group of enzymes, exists in two alternate conformations, only one of which makes the
enzyme active. This active conformation was used in subsequent computations of the enzymatic reactions.
It is known that the catalytio,5-dehydrogenation of fatty acyl-CoAs consists of twe i€ bond dissociation
processes: a proton abstraction and a hydride transfer. Energy profiles of the two reaction steps in the
wild-type MCAD demonstrate that the reaction proceeds by a stepwise mechanism with a transient species.
The activation barriers of the two steps differ by onl kcal/mol, indicating that both may contribute

to the rate-limiting process. Thus this may be a stepwise dissociation mechanism whose relative barriers
can be tuned by suitable alterations of the substrate and/or enzyme. Analysis of the structures along the
reaction path reveals that Arg256 plays a key role in maintaining the reaction center hydrogen-bonding
network involving the thioester carbonyl group, which stabilizes transition states as well as the intervening
transient species. Mutation of this arginine residue to glutamine increases the activation barrier of the
hydride transfer reaction by5 kcal/mol, and the present simulations predict a substantial loss of catalytic
activity for this mutant. Structural analysis of this mutant reveals that the orientation of the thioester
moiety of the substrate has been changed significantly as compared to that in the wild-type enzyme. In
contrast, simulation of the active site of the Thr168Ala mutant shows no significant change in the relative
orientation of the substrate and the cofactor in the active site; as a result, this mutation has very little
effect on the overall reaction barrier, and this is consistent with the experimental data. This study
demonstrates that significant insights into the catalytic mechanism can be obtained from simulation studies,
and the results can be used to design novel mechanistic probes for the enzyme.

Mitochondrial 3-oxidation has been extensively studied found in these enzymes in patients who have problems
in the past 15 years because a humber of mutations in theranging from severe metabolic disorder to cardiac myopathy
enzymes (involved in th8-oxidation process) are responsible (1).
for diseases related to fatty acid metabolism. Fatty acid Medium- and short-chain acyl-CoA dehydrogenases (which
metabolism occurs within the mitochondrial matrix and hereafter will be called MCAD and SCAD, respectively) are
proceeds by a sequence of steps that remove two carbon unitsvo members of this group, and they catalyze thg-
in each cycle. The process involves at least 12 different dehydrogenation of medium-chain (€€14) and short-chain
enzymes, including the acyl-CdAlehydrogenases, which (C4—C6) fatty acyl-CoAs, respectively, by converting them
are flavoenzymes that perform the first step of jhHexida- into their corresponding enoyl-CoA forms. They are ho-
tion spiral. Members of this group of oxidoreductases act mologous and share a common functional base, a glutamate
on specific chain lengths of fatty acids, and deficiency in (Glu368 for SCAD and Glu376 for MCAD) at the active
any enzyme of the acyl-CoA dehydrogenase family leads to site. However, the active site cavity of SCAD is much
metabolic diseases. Indeed, a number of mutations have beeshallower than that of MCAD, consistent with the differing
substrate recognizing ability of their active sit&y. (The
substrate activation and catalytic mechanisms are similar in
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these enzymes. As the substrates bind to the active site, théhe reaction proceeds through a stepwise mechanism with
substrate thioester carbonyl interacts with the preformed the-hydride transfer step as rate-limiting and that both steps
oxyanion hole by two hydrogen-bonding interactions with contribute to the kinetics (concerted asynchronous or two
2'-OH of FAD and the amide backbone of the glutamate steps with similar rate constants). Thus it appears that the
base. These interactions cause polarization of the substratéwo most likely possibilities are a concerted asynchronous

molecule that is associated with a decrease of Kg®) of mechanism or a stepwise mechanism with both steps
the acyl-CoApro-R protons and a shift of over 100 mV of  contributing to the overall rate of the reaction.
the redox potential of the FAD4. In the present work, we use computational methods,

The oxidation of fatty acids occurs at theand-carbons  similar to that used in SCAD, to shed light on the MCAD
of the acyl-CoA substrate by a formal removal of a hydrogen mechanism as well as to explore the impact of mutations on
molecule ). Mechanistically, the process involves a proton catalysis. One of the disease-associated mutations, Thr168Ala,
abstraction from thet-carbon of the substrate by an active has been chosen for our study. The Thr168 residue is located
site glutamate residue (Glu376) and a hydride ion transfer in the active site of MCAD and has a hydrogen-bonding
from the-carbon to the cofactor flavin adenine dinucleotide interaction with the hydride acceptor atom, N5, of the flavin
(FAD). Despite extensive experimental studies of various ring of FAD. Biochemical studies show an 80% loss of
acyl-CoA dehydrogenases, the mechanistic details are stillenzymatic activity in the Thr168Ala mutant, compared to
poorly understood, especially as to whether the two stepsthe wild-type enzymel(l). Sequence analysig,(12) reveals
are concerted or stepwise. In principle, the reaction mech-that this threonine is conserved in the flavin-binding domain
anism (in which two G-H bonds are broken) could be of these enzymes. Kinetic isotope effects have not been
concerted or nonconcerted, with the latter mechanism involv- measured for this mutant. To understand the reaction
ing an isolable intermediate. Furthermore, a concerted mechanism and the effect of mutation, we employ a
mechanism can take place synchronously or asynchronouslycomputational techniquel) similar to that used for the
In the latter case, one bond dissociation largely precedes theshort-chain enzyme to model the medium-chain acyl-CoA
other §), but both features correspond to a free energy profile and two of its mutant forms.
along the reaction coordinate that exhibits only one transition o, earlier report of molecular simulations of MCARS),

state (i.e., local maximum) or two or more transition states starting from the X-ray structure 1IEG@4), resulted in an
separated by minima corresponding to kinetically insignifi- 5ctjve site conformation that is not suited for modeling the
cant transient species. Strictly speaking, kinetic isotope spemical steps of this enzyme. This was due to salt bridge
effects (KIEs) cannot distinguish between a stepwise mech-fomation between two oppositely charged residues: Arg256,
anism and a concerted asynchronous one in which one bondyich is conserved in all of the substrate-binding domains
dissociation occurs largely after the variational transition ¢ acyl-CoA dehydrogenase®, (12), and the basic residue,
state. However, usually if one observes a KIE for substitution Glu376, that abstracts the-proton of the substrate. This
at one but not another bond, it is reasonable to infer ajyeraction significantly reduces the basicity of Glu376. In
stepW|s¢ mechanism with the isotopically sensitive bond e present work, we started with the PDB structure 3MDE
broken in the slow step. , (15), and we also observed ion pair formation between
Kinetic isotope effects have been determined for a short- Arg256 and Glu376. However, we modified the orientation
chain enzyme (SCAD) in an unpublished thesis with KIES 4f the Arg256 (vide infra) by rotating the arginine’s
ranging from 1.2 to 2.2 for different substitutiqns on butyryl- guanidinium headgroup by 18@nd then performed energy
CoA (6). In contrast, for MCAD several studies have been yinimization and MD simulations to obtain a conformation
performed, and data from those studies are clearly contradic-gitaple for modeling the two reaction steps in MCAD. The
tory. Murfin (7), in experiments on the oxidation of hydro- regylting configuration is similar to that used in earlier work
cinnamoyl-CoA by MCAD, found a KIE of 6.9 fooD.- (10) on SCAD. In the course of the calculations, a new
and none foﬁDzjhydrocmnamoyl-(.?oAs, which |nd|ca}te§ a  structure (PDB code 1UDY) was reported for MCADS],
stepwisemechanism. However, at high pH, both substitutions showing the same Arg256 conformational arrangement that
resulted in KIEs with values of 3.5, 5.8, and 17 foD-, we had arrived at for our simulated active site. This
BD.-, and a,5Ds-hydrocinnamoyl-CoAs, respectively’)( emphasizes the importance of choosing an appropriate

Because the isotope effects appear to be multiplicative ratherstarting protein structure for computational simulation of
than additive, these results were interpreted as indicating thateyzymatic reactions.

the reaction follows @oncertednechanism. Kinetic isotope
effects of MCAD have also been determined for a different
substrate, namely, butyryl-CoA. The KIEs for theD,-
butyryl-CoA, -D,-butyryl-CoA, anda,-D4-butyryl-CoA
were found to be 23, %4’ and_ 1528, respectively§, 9). out molecular dynamics (MD) simulationgq, 20, 21) of
The KIE of thea-deuterio species appears to be smaller than both catalytic steps of the wild-type enzyme and the two

a typical primary isotope effect(5), whereas the observed mutants (Thr168Ala and Arg256Gin) of MCAD.
pB-deuterio value is unusually large. These data imply that

the -hydride transfer is slower than the removal of the \MATERIALS AND METHODS

a-proton, suggesting intermediate stabilization and a non-

concerted mechanism. All computations were carried out using the computer
Further insight into the SCAD mechanism was provided program CHARMM (C28a3)Z1) along with CHARMM22

by a computational approach. The potentials of mean force (22, 23) all-atom force field for the enzyme, substrate, and

for SCAD (10) in both one and two dimensions indicate that cofactor. The three-point-charge TIP3P mo@d) vas used

To probe further the role of Arg256 in transition state
stabilization, it was computationally replaced by a glutamine.
Using a combined quantum mechanical and molecular
mechanical (QM/MM) potential 1(7—19), we then carried



Modeling the Effect of Mutations on Enzyme Catalysis Biochemistry, Vol. 44, No. 50, 2009.6551

6B H T
( CHgy N N o
7% = \K
s N
& cp CHj N H
)
X H H o
)’\ / 2 3 2 Hin, / y:
o’ A SOB N CoA
\ N4 Co
NH 5 CsHi11 fFoy
05 H
Glu 376 6
7 0
N8 ©
09={o O usrs
1 m FIGURE 2: Representation of atoms used in defining the reaction
coordinates for the proton and hydride transfer reactions. As
147 11y, described in Materials and Methods, six atome, €, O, G3, H,
06 and N (shown in bigger and bold fonts), have been used in defining
\ _O the two reaction coordinatez, and z.
o;PQ
L left empty. The arginine residue at the active site, Arg256,
O=p2 was oriented so that its interaction pattern matched closely

with the active site of the short-chain enzyme as reported in
the crystal structure of PDB code 1J@B and in a previous
simulation (L0). For studying the Thr168Ala and Arg256Gin
ot _d O . mutated structures, point mutations were made by replacing

HO SH{ A Thr168 and Arg256 by Alal68 and GIn256, respectively.

=N Y All of these manipulations were accomplished with the aid

of graphics visualization.

Hydrogen Addition and Modeling Charged Residudse
hydrogen atoms were added by using the HBUILD module

Ficure 1: Representation of the cofactor FAD, substrate octanoyl- of CHARMM (21). All ionic amino acid residues were kept

CoA, and base Glu376 in the active site of MCAD. Quantum N @ protonation state corresponding to pH 7. Histidine
mechanically treated atoms are shown inside a rectangle. Fbur sp residues were modeled as neutral, and the question whether

carbon atoms, represented as B1, B2, B3, and B4, are taken ashe proton will be located on &or NO of a particular
boundary atoms. In the QM/MM method used in this study, nigazole moiety was answered by considering the possible
boundary atoms are partly quantum mechanical and partly moIe(.:uIarh d -bondi ¢ K of the at in that id ith
mechanical. Most hydrogen atoms bonded to carbon are omitted'Y@r0g€n-bonding network o the atoms In that resiaue wi
in the figure for clarity. its neighboring atoms in the X-ray crystallographic structure
(15). The protonation states of all of the histidine residues
to represent solvent water. Nonbonded interactions werededuced in this way were consistent with the assumption
truncated using a switching function between 11 and 12 A, that they are neutral. The active site base Glu376, which
and the dielectric constant was set to unity. Bond lengths abstracts thex-proton, was deprotonated.
and bond angles of water molecules and bonds involving a Representation of Atom§he protein-substrate-cofactor
hydrogen atom in the protein were constrained by the system was partitioned into two zones. Atoms that are in or
SHAKE algorithm @5). In all molecular dynamics simula-  close to the active site were treated quantum mechanically.
tions, a time step of 1 fs was used in the leapfrog Verlet A total of 55 atoms (shown in the rectangular box in Figure
algorithm for integration 46, 27). 1) were included in the quantum mechanical region, where
Ternary Enzyme Substrate-Cofactor ComplexThe pro- boundary atoms that are treated partly quantum mechan-
tein coordinates (PDB code 3MDE)g) were obtained from ically and partly classically are counted as QM atoms. The
the Protein Data Bank2@). The coordinates represent a QM subsystem consists of the entire isoalloxazine ring and
homodimeric structure of the enzyme. However, since the up to the second ribityl carbon attached to the N10 of
tetramer is the active form for this group of enzymes FAD. In octanoyl-CoA, the QM region included the
(including MCAD), we constructed the tetramer configura- CJ(C5*), Cy(C4*), C5(C3*), and Gx(C2*) atoms of acyl
tions by crystal symmetry operations using the CRYSTAL chain and the carbonyl carbon (C1*) and carbonyl oxy-
BUILDER module of Cerius2 (Accelrys Inc.). The tetrameric gen (O1*), and it extends up to the amino-functionalized
structure was used in subsequent calculations. All water carbon of thes-meracaptoethanolamine moiety. Also, a
molecules associated with the dimeric structure of the protein part of the side chain of Glu376 was included in the QM
determined X-ray crystallographically were retained in both region (Figure 2). The rest of the atoms in the molecule
dimeric components of the tetramer. Each of the four subunits constitute the MM region. Four $parbon atoms (represented
has an active site, which could in principle contain a substrateas B1, B2, B3, and B4 in Figure 2) joining the QM and
(octanoyl-CoA) and a cofactor (FAD). Since each active site MM region were treated with generalized hybrid orbitdl8, (
functions independently, we chose to limit our computation 19).
to a single active site, occupied by one octanoyl-CoA and  Potential Energy Function®Quantum mechanical calcula-
one FAD molecule; the other three binding pockets were tions on the QM region (described above) were carried out

4)—5 H61

/
N N6
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using the semiempirical Austin model 1 (AM1) meth@&d) deletion, and rotation was used to fill in any cavity generated
As described in the previous reportQj, for accurately during the equilibration.

determining the barrier height of the proton and hydride  Equilibration and Structure Engineeringpfter the sol-
transfer reactions, modifications were made in the AM1 vated ternary complex was obtained, energy minimizations
parameters to match the energy of reaction for the protonwere performed to remove close contacts prior to the heating
transfer process with that from Gaussian33, 32) calcula- simulation. The minimization was carried out in two steps.
tions. Thus, specific reaction parameters (SR¥3) (vere Initially, only the energy of the atoms within the QM region
used. In particular, the parametdp, for the two Glu376 was minimized using 40 steps of the adopted basis Newton
carboxylate oxygen atoms was modified, while the rest of Raphson (ABNR) minimization algorithm. Next, an ad-
the AM1 parameters were kept unchanged. For the hydrideditional 100 cycles of ABNR minimization were carried out
transfer, a simple valence bond (SVB) ter8d)was added by fixing the quantum mechanical atoms and all of the atoms
and calibrated to the barrier height obtained by constrainedbeyond 30 A of the active site center, including the main-
ab initio optimizations 10). The form and parameters of the chain carbon and nitrogen atoms and the water molecule

SVB potentials have been reported previoudl§) (The final atoms.
potential surface described by the hybrid QM(AM1-SRP Then the system was gradually heated in four cycles of 5
SVB)/MM potentials is therefore ps each from 20 to 300 K. As described in the subsection
Ternary Enzyme Substrate-Cofactor Complex, in the wild-
V= Vomami—sreymm + Vsve 1) type and Thr168Ala MCAD structures, the active site was

engineered with a modification of the Arg256 orientation in

Boundary ConditionsWe used stochastic boundary condi- the active sites. Additionally, in Thr168Ala, the threonine
tions @5) in the calculations. In this procedure, the system group was replaced by an alanine. After these modifications
is divided into three regions: the reaction zone, the Langevin the active site was further equilibrated in each case before
region (also called the buffer zone), and the reservoir zone.proceeding to further simulations. This was accomplished
The reaction zone consists of all atoms within a radius of in the following steps. First, the active site structures of both
24 A of the reaction center, defined as the average of the enzymes, MCAD (PDB code 3MDE}§) and SCAD (PDB
coordinates of all 55 atoms in the QM region, and is treated code 1JQI) 29), were analyzed to identify a number of
by Newtonian mechanics. Atoms within a-230 A shell interacting atom pairs, critical in retaining the active site
are designated as a buffer zone. The atoms in this region actonformation of the respective enzymes. MD simulations
as a heat bath and are treated by the Langevin equations ofvere performed on the modified active site (which was now
motion by imposing a friction force and a random force on a hybrid of the two above-mentioned structures) by applying
non-hydrogenic atoms in this region. The friction coefficients harmonic constraints on these pairs of atoms. Each of these
for this computation were maintained at 200 h$or all constrained initial MD simulations consisted of 20 ps heating
protein atoms and 62 psfor the water atoms in the buffer and 30 ps equilibration steps. Finally, all of these constraints
region. Furthermore, a harmonic restraining function was were removed, and the system was further equilibrated for
imposed on the buffer atoms to allow the system to maintain 30 ps of MD simulation. After each step, the active site
its structural integrity. At the outer edge of the buffer zone, structures were visualized, and the relative orientations of
the values of the harmonic force constants used were 1.22Arg256, Glu376, and the thioester moiety were studied. The
kcal mol A—2 for main-chain oxygen atoms, 1.30 kcal best structure obtained in this way was used as a starting
mol-* A2 for all other main-chain atoms, and 0.73 kcal point for simulating the enzymatic reaction steps.
mol~1 A=2 for all atoms of side-chain and water molecules.  Potential of Mean Force Samplinghe potential of mean
From the outer toward the inner Langevin region, the force (PMF) was calculated for the equilibrated system as a
harmonic force constants are gradually scaled to zero at thefunction of the reaction coordinate. The reaction coordinates
reaction region boundary. The remaining atoms within 45 for each of the two reactions (proton transfer and hydride
A are in the reservoir zone, whereas atoms beyond 45 A transfer) are defined &= rpreak— I'torm, Where eacht is an
were deleted. The system had a total of 22667 atoms, withinternuclear distance which will now be defined using Figure
7783 atoms in the reactant zone, 6230 in the buffer zone,2. For a-proton abstraction the reaction coordinatg, is
and 8654 atoms in the reservoir zone. Of the 7783 atoms inchosen ascq — ron, Which is the difference between the
the reaction zone, there are 103 substrate atoms, 84 cofacto€o—H distance and the ©H separation. Similarly, the
atoms, 5472 protein atoms, and 2124 water atoms. B-hydride reaction coordinate;, is equal to the difference

Sobent Addition We have kept all water molecules between the interatomic distancegy and ryy. For each
originally determined in the X-ray structure in the enzyme  reaction step, the range of the reaction coordinate was divided
cofactor-substrate ternary complex. This structure was into several individual simulations, called “windows”, in each
further solvated by placing the geometric center of the of which we added a biasing line potential that roughly
protein—substrate-cofactor system at the center of a cubic mirrors the PMF and a harmonic restraining force centered
box (60x 60 x 60 A3) of water, previously equilibrated by  at the central locationzf) of that particular window. The
molecular dynamics simulations. Water molecules from the biasing potential was adjusted on the basis of the initially
water box were retained within 30 A from the center. Water computed PMF during the equilibration stage of the umbrella-
molecules that were within 2.5 A of any non-hydrogenic sampling simulations. In each window, the system was
atoms were removed. This operation was repeated four timesequilibrated for 25 ps, and then the configurations alang
by rotating the water cube along a randomly chosen axis. were sampled for 50 ps to yield the PMF; the coordinates
To relax unfavorable contacts, the system was simulated inwere saved on every 100th step. Velocities and positions of
5 ps of MD calculations. The cycle of 4-fold superposition, the final configuration generated by a particular window were
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Ficure 3: Comparative structural representation of the active sites in crystal structures (PDB structures 3MDE and 1UDY) and the equilibrated
model in this work, showing the respective orientations of Arg256 and Glu376 in rectangular boxes.

used to initiate the computation in the next window. Free tion introduced by altering the orientation of Arg256 did not
energy as a function of the reaction coordinate was obtainedintroduce major conformational changes in the active site,
by using the umbrella-sampling techniqua6( 37). In including the acyl group, the thioester moiety, the panthoth-
particular, the weighted histogram analysis method (WHAM) enate carbonyls (anchored to Arg256), and the phospho-ADP
(36, 38) was used to obtain the unbiased free energy profile of the acyl-CoA, as compared to the original structure in
for the reaction. The PMF at the reactant side for the proton SMDE. The system was then further equilibrated by com-
abstraction simulation was anchored at zero, while for the bined QM/MM simulations for 30 ps, and it was found that
hydride transfer the starting value of the PMF was set equalthe relative orientations of the active site base Glu376,
to the energy of the product of the proton transfer reaction. octanoyl-CoA (the proton and hydride donor substrate), and
FAD (the hydride acceptor) are retained [as compared to the
RESULTS AND DISCUSSION starting crystal structure in SMDELH)]. The interactions

Conformations of Arg256A number of structures have ~Petween Arg256 and Glu376 are now weakly coupled,
been determined experimentally for this group of enzymes resembling the active site of the short-chain enzyme (1JQI)
(14—16, 29, 39, 40), and although the overall structures are (29). While this work was still in progress, the existence of
very similar, with RMSD values of 0-30.5 A, there is a  this flipped conformation of Arg256 in MCAD was con-
significant difference in the conformation of the Arg256 firmed by a recent crystal structured) (LUDY) that contains
residue at the substrate-binding site. Arg256 is completely & Substrate analogue, 3-thiaoctanoyl-CoA molecule (Figure
conserved in acyl-CoA dehydrogenasgsl?) and plays a  3)- Thus, the two X-ray structures (3MDE and 1UDY)
critical role in binding substrate. In the available X-ray crystal reépresent distinct active site configurations with differing
structures, two different conformations of this arginine were Arg256 conformations, and our simulation results indicate
observed. In the structures of medium-chain enzymes [pDBthat only one of them corresponds to a functionally active
structures 3MDE15) and 1EGC {4)], the arginine N atom enzyme.
is directed toward the Asp253 (Figure 3). However, in the  Potential of Mean ForcePrevious studies of the SCAD
short-chain acyl-CoA dehydrogenase structures [PDB struc-oxidation reactionX0) demonstrated that the coupled proton
tures 1JQI 29) and 1BUC {40)] the orientation of the and hydride transfer reactions have a stepwise character with
arginine was found to be significantly different. In particular, an enolate anion transient species between the two steps. If
the respective arginine’sd\atom is flipped 180and makes  this transient species has a long enough lifetime, it could be
a hydrogen-bonding contact with the backbone carbonyl an observable intermediate, but we did not predict the
group of the Glu367. lifetime, and it has not been observed experimentally;

When we performed simulations using the arginine con- therefore, we will call it a transient species. If it lives long
figuration in the 3MDE structure (which is of the former enough to be a stabilized intermediate, one should observe
type), it led to an ion pair interaction between Arg256 and nonconcerted kinetics. On the other hand, if it lives too
Glu376. The latter residue is the putative base in the protonfleetingly to be thermalized, the kinetics may be concerted
abstraction step, and the ion pair with Arg256 severely with nonsynchronous atomic motions. When we call the
reduces its proton abstraction ability needed for catalysis. A process stepwise, we do not distinguish between nonconerted
previous simulation13) of the active site starting with a  and nonsynchronous. A definitive comparison to experiment
different structure (PDB structure 1EGC)4j also led to would require further work on the effect of changing
the Arg256-Glu376 salt bridge, and it was concluded that substrate and pH, and thus the correspondence to the KIE
the active site conformation of 1IEGC is not the correct experiments requires further study. Nevertheless, the theo-
conformation for enzymatic catalysis3). On the other hand,  retical prediction of stepwise character of the atomic motions
in the short-chain enzyme, when computational models were provides a framework for further discussion. The conclusion
constructed starting with the flipped orientation of the argi- that the atomic motion is stepwise was confirmed by both
nine (as they appear in PDB structures 1BUC or 1JQI), this one- and two-dimensional potentials of mean force associated
ion pair interaction was not observetd)(41) as a dominant  with the two reaction coordinates. The computed primary
configuration. KIEs are also consistent with this mechanism, and the values

Thus, in the present study, we flipped the arginine’s are in accord with the experimental data. In the present
guanidinium moiety to mimic the configuration in the SCAD calculations of the MCAD system, we adopted the stepwise
active site (PDB structures 1JQI and 1BUC). The modifica- reaction mechanism to initiate the work and the reasonable-
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25 the formation of an enolate ion transient species. This
confirms that our initial computational strategy is valid. In
the wild-type MCAD, the observed barriers for the two
reaction steps are similar, with a value of 16.4 kcal/mol for
the proton abstraction and 18.2 kcal/mol for the hydride
transfer. The transient species structure has a free energy
minimum that is only~2 kcal/mol higher than that of the
Michaelis complex (Figure 4). The small difference of 1.8
kcal/mol between the two reaction barriers, which is close
to the uncertainties of our computational results, suggests
that both steps contribute to the overall rate of the reaction
and may be partially rate determining.

(B) Thrl68Ala Mutant The free energy profile for the
disease-associated mutant Thr168Ala shows that-{i@ton
andg-hydride transfer reactions have energy barriers of 18.2
and 17.2 kcal/mol, respectively (Figure 4). The proton
transfer step increases by 2 kcal/mol compared to the wild-
type enzyme, while the hydride transfer barrier decreases
by 1 kcal/mol. Thus the overall barrier remains the same,
~18.2 kcal/mol, but the mutation will make the proton
transfer reaction slower compared to that in the wild type.
The proton transfer step is predicted to make a greater
contribution to limiting the rate of the overall reaction than
in the wild-type case. The transient species has a stabilization
energy identical to that observed for the wild-type enzyme,
and again a stepwise mechanism is predicted.

Quantitatively, the canonical unified statistical thectg,(

43) shows that the combination of 18.2 and 16.4 kcal/mol
free energy barriers corresponds to a phenomenological free
energy barrier of 18.23 kcal/mol, whereas the combination

_ ) of 18.2 and 17.2 kcal/mol barriers corresponds to a phe-
Ficure 4: Potentials of mean force for the wild-type (red) enzyme

and for the Thr168Ala (green) and Arg256Gin (blue) mutants. The nomenological free energy barrier of 18'3.0 kcal/mol oroa
two reaction coordinates are placed end to end for this figure. The Slower rate than that of the former two-barrier case by 13%.

reaction coordinate of the proton transfer is on the left, and the The activity, determined experimentally by a ferricinium
reaction coordinate of the hydride transfer reaction is shifted to assay of this mutant enzyme, was reduced by only 80% of
the right by 3.45, 3.45, and 3.15 A for the wild-type, Thr168Ala, that of the wild type {1). This translates to an increase in
and Arg256GIn enzymes. the phenomenological free energy of activation by less than
1 kcal/mol. Thus, the simulation results are consistent with
the experimental data.
i (C) Arg256GIn MCAD The free energy profile of the
Potentials of mean force were computed for the proton Arg256GIn mutant shows (Figure 4) that the transient species
and hydride transfer reactions of the wild-type MCAD and s |ess stable compared to that in the wt and Thr168Ala
the Arg256GIn and Thr168Ala mutants, all at 298 K. Inthe \MCAD and is 5 kcal/mol higher than the reactant state. This
proton transfer step, Glu376 abstracfraR a-proton from  indicates an increase of2 kcal/mol in the free energy for
the octanoyl-CoA substrate, resulting in an enolate ion the proton transfer reaction in this mutant. However, the
transient species. This is followed by the second step, wherepaaction is still predicted to be stepwise.
the p-hydride is transferred onto the N5 atom of the flavin  Thys the energy barriers for both steps are increased due
along with Gx—Cp do_uble bond formgtion in the substrate_. to the mutation. Compared to the wild-type enzyme, the
The free energy profiles were determined along the reaction gctivation barrier for the proton transfer step is elevated by
coordinate,z;, for the proton transfer reaction, amg for 3 kcal/mol. However, the effect of the mutation is more
the hydride migration# andz, are defined in Materials and pronounced in thed-hydride transfer step, whose barrier
Methods). In each case, the product configuration of the first height exhibits an increase of about 5 kcal/mol (Figure 4).
reaction step, i.e., the proton abstraction reaction, was usedrhe overall barrier height is thus increased by the same
as the starting structure for tifiehydride transfer step. The  amount, indicating a ¥efold reduction of the activity of the
free energy of the reactant of the second reaction step Wasarg256GIn mutant. The PMF calculation also reveals that
made equal to that of the product of the proton transfer steptpe catalytic role of Arg256 is stronger for the hydride
reaction. A total of 1.5 ns of simulations was performed for tansfer reaction step than the proton one, so much so, in
the combined proton and hydride transfer reactions in eachfact, that without Arg256 the hydride transfer step is rate-
case (the wild-type enzyme and its mutants). The results arelimiting for the Arg256GIn mutant enzyme.
shown in Figure 4. Thus our computations indicate that this mutation severely
(A) Wild-Type MCAD The potential of mean force in inactivates the enzyme. While this paper was in preparation,
Figure 4 shows that the two reaction steps are stepwise withthis prediction was confirmed by a recent report of an

PMF (kcal/mol)
w

5

-15

2 0 2 4
Reaction coordinate {A)

ness of this adoption is confirmed by the results presented
in this section.
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Table 1: Selected Hydrogen-Bonding Interactions of the Substrate FAD:04—Thr168:HN (1.9 A) (Figure 5 and Table 1). The

(Octanoyl-CoA) and the Cofactor (FAD) with the Neighboring other isoalloxazine ring atoms, N3, O2, and N1, interact with
Residues of wt MCAD and Its Mutarits polar Tyrl33 and Thrl36 groups, forming three more
equili- equili- equili- hydrogen-bonding interactions, namely, FAD:HNByr133:0

3MDE brated brated brated (2.0 A), FAD:02-Thr136:HN (2.3 A), and FAD:N%
crystal  MCAD T168A- R256Q- Thr136:HG1 (2.7 A) (Table 1). The backbone amide of a

structure structure MCAD MCAD ; ; ; ;
neutral residue, Val135 (not shown), also interacts with flavin
FA”;":?;“'% hi‘;;"gHeglbmds (’;)0 (’;)3 @ ()24 atom 02 through (FAD:02Val135:HN, 2.2 A).
,:AD§O4_Th£168§HN 23 1.9 3.3 20 The t'hioester moie_ty of octanoyl-CoA is bo_und to the
FAD:N5—Thr168:HN 3.0 2.6 2.8 2.4 active site pocket by virtue of two hydrogen-bonding contacts
FAD:HN3-Tyr133:0 19 2.0 2.0 19 (Figure 5) with the ribityl 2-hydroxyl group (FAD:H12—
D02 vansonN ST Y CoA:01*, 2.4 A) and the Glu376 backbone amide (GIu376:
FAD:N1—Thr136:HG1 18 27 20 22 NH—CoA:01* 2.1 A) (L5). These two hydrogen-bonding
FAD:H12 —CoA:01* 2.1 2.4 2.8 3.8 interactions resemble features observed in the oxyanion
g?g%—glf?g%NHE 22?? 22§ 3274 24-53 stabilization in the peptide hydrolysis by serine protease,
u376: rg : . . . . ;
Glu376-0-Lys333:HZ1 5.9 36 3.6 26 althoughkthe Iatter consists hydrogen bonds donated from
CoA:05-Arg256:HH22 26 25 31 two backbone amide groupég, 50).
20'“215069;ﬁ|r1922_5£¢"';52310m 33-97 2494 41;19 A network of hydrogen-bonding interactions, starting from
rg . Sp . . . . H H H
ASp253:0D2-CoA:H62 53 53 53 29 this reaction center (thioester carbonyl), passes through

: residues Glu376, Arg256, and Asp253 to reach the adenosine
2 The distances tabulated are from the proton to the acceptor oxygenand of the octanoyl-CoA (Table 1 and Figure 5). Arg256

or nitrogen atom? The orientation of Arg256 in the simulated structure . it that i tricall tered in th
of MCAD and 3MDE differs such that the guanidinium protons that occupies a position that 1s geometrically centered Iin the

interact with the GIu376 carbonyl oxygen and pantothenate carbonyls Network. The HE atom of Arg256 is hydrogen bonded to
of octanoyl-CoA are different. In each case the distance from the nearestthe backbone carbonyl of the base Glu376 through Arg256:
protons is measured for the hydrogen bond comparison. HE—GIu376:0 (2.3 A). Also, Arg256 is involved in the

binding of the octanoyl-CoA and makes moderate interac-

experimental study with Arg256GIn MCAD by Zeng et al. tions with the pantothenate carbonyl oxygens O5 and O9,
(44). The overexpressed recombinant mutant enzyme wasas reflected from the distances of CoA:08rg256:HH22
found to possess no catalytic activity. Thus our computations (2.5 A) and CoA:09-Arg256:HH21 (4.4 A). The network
indicate that this mutation severely inactivates the enzyme. of interaction extends up to the phosphoadenosine end of

Hydrogen-Bonding Interactions and Their Changes along the substrate through two more hydrogen bonds: Arg256:
the Reaction Coordinates of Proton and Hydride Transfer HH12-Asp253:0D1 (2.9 A) and Asp253:0DZL0A:H62
MCAD is a medium-sized homotetramer, which has a (2-3 A) (Table 1 and Figure 5).
molecular mass of 44 kDa per monom#b), The substrate Table 2 shows that most of the hydrogen-bonding contacts
octanoyl-CoA binds in a cavity adjacent to the isoalloxazine of the isoalloxazine ring did not undergo any significant
ring of the FAD cofactor and has hydrogen-bonding contacts change in the course of our simulations of the two reactions.
with the ribityl hydroxyl (2-OH) group of the cofactor.  Hydrogen-bonding interactions of the flavin ring with Thr136
Experimental studiest6—48) show that hydrogen-bonding and Thrl68 were maintained, and they remained quite
interactions play significant roles in activating the enzyme invariant along the reaction coordinates of batfproton
by guiding the orientations of the cofactor (FAD), the abstraction ang-hydride transfer reactions.
substrate, octanoyl-CoA (referred as CoA for describing the  The variations of hydrogen-bonding interactions along the
hydrogen bonding in Tables 1 and 2), and the proton- reaction pathways reveal that the reaction center thioester
abstracting base (Glu376). Furthermore, several hydrogen-carhonyl moiety maintains two hydrogen-bonding interac-
bonding contacts in the reaction center are responsible fortjons with ribityl 2-OH of FAD (FAD:H12—CoA:01*) and
stabilizing the transition states for both reaction steps. An the backbone amide group of Glu376 (CoA:GX3I1u376:
extended hydrogen-bonding interaction network involving HN) throughout both reaction steps (Figures7. An
FAD, octanoyl-CoA, and Glu376 along with several active interesting observation in this analysis is the nature of the
site residues is clearly identifiable, as shown in Figure 5. eyolution of the enolate ion at the end of the proton transfer
Table 1 shows the hydrogen-bonding interactions obtainedreaction. The buildup of negative charge on the oxygen (01*)
from the crystal structure, which are compared with the s clearly indicated by the strong decrease (Figure 6) of the
average hydrogen-bonding distances of the present simulatwo hydrogen-bonding interaction distances with this atom,
tions of the wild-type enzyme and the two mutant forms.  during the first reaction step. Then the hydride transfer step

(A) Wild-Type Enzymeln the wild-type enzyme, the removes the enolate functionality, and this is also reflected
crystal structureX5) shows that the FAD cofactor is bound in the increase in hydrogen-bonding distances of these
tightly in the active site. The tricyclic isoalloxazine ring of interactions (Figure 7). The interaction of the Glu376
the FAD has been implicated to play a significant role in carbonyl group with the HE atom of Arg256 was also
the folding of this enzyme4@), and it makes a number of maintained throughout the first reaction profile. The phos-
hydrogen-bonding contacts with the active site residues. A phoadenosine end of octanoyl-CoA interacts quite strongly
threonine (Thrl168) residue interacts with the N5 (hydride with Asp253, and the distance of Asp253:0BRQoA:H62
acceptor) and O4 atoms of the flavin ring through two well- remains almost invariant (1-71.8 A) throughout the two
formed hydrogen bonds: FAD:N5Thr168:HG1 (2.3 A) and reactions.
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Table 2: Comparison of the Selected Hydrogen-Bonding Interactions for Reactant, Transition State 1, Intermediate, Transition State 2, and
Product As Observed in the Active Site of wt, Thri68Ala, and Arg256GIn Mutants Equilibrated and Through the Reaction Coordinate

proton and hydride transfer
wt MCAD Thr168Ala MCAD Arg256GIin MCAD

R TSL It TS2 Pr R TSL It TS2 Pr R TSL Int TS2 Pr
hydrogen bonds dh dH AdH A A A A A A A A A A A A

FAD:N5—Thr168:HG 2.3 2.4 2.2 2.2 2.2 2.2 2.3 2.3 2.4 2.3

FAD:04—Thr168:HN 2.0 2.0 2.0 2.0 2.0 3.3 2.4 3.8 2.2 2.1 2.0 2.0 2.0 2.0 2.0
FAD:N5—Thr168:HN 2.9 2.9 3.0 3.1 3.3 2.9 2.7 3.2 3.0 2.9 3.1 3.0 3.0 3.7 3.3
FAD:HN3—Tyr133:0 19 2.0 1.9 1.9 2.0 18 1.8 1.8 19 19 1.9 1.9 19 19 1.9
FAD:02—-Thr136:HN 2.1 2.1 2.1 2.0 2.0 2.0 2.0 2.0 1.9 2.4 2.0 2.0 2.0 2.0 2.0
FAD:N1—-Thr136:HG1 2.9 2.9 3.2 2.2 2.0 2.4 2.3 2.3 2.8 3.9 2.7 2.5 2.4 2.1 ‘2.0
CoA:01*—FAD:H12 2.4 2.0 1.9 2.0 2.1 3.7 3.1 2.0 3.2 3.9 3.8 4.6 4.5 4.4 4.3

CoA:01*—Glu376:HN 2.2 2.0 1.9 2.0 2.1 2.1 2.1 2.0 2.2 2.1 4.7 4.8 4.4 5.3 4.6
Glu376:0-Arg256:HE® 3.3 2.4 2.4 2.3 4.1 3.5 3.5 3.5 3.7 3.8 2.1 2.5 2.0 1.9 2.1
CoA:05-Arg256:HH22 4.0 2.7 2.6 2.5 3.4 3.6 2.8 2.3 35 3.6
CoA:09-Arg256:HH21 4.2 4.2 4.4 4.0 4.0 2.2 2.2 2.7 2.4 2.5
CoA:H62—Asp253:0D2 1.8 1.7 1.8 1.7 1.7 25 2.0 2.0 2.0 3.0 3.6 3.1 3.3 3.0 3.4

a|n the Thr168Ala mutant the distance of the backbone amide of Alal68 is measured from O4 and N5 of the fladimrihg.Arg256GIn
mutant the distance of the closest amide proton of GIn256 is measured from the backbone carbonyl of Glu376.

thicester
carbonyl

256 253

Ficure 5: Hydrogen-bonding network with the cofactor, FAD, and
the substrate, octanoyl-CoA, in the equilibrated wt MCAD active
site. Enzyme residue numbers are shown in italics and colored.
Colored atom labels correspond to the following residues: Thr136
and Thrl68 (green); Tyrl33, Glu376, and Asp253 (red); Arg256
(blue); octanoyl-CoA and FAD (black).

Hydrogen bonding distances (A)

This analysis of the evolution of the interactions indicates
that Arg256 plays a central role in the hydrogen-bonding
network that encompasses the reaction center at the thioeste

of the substrate. The variations of all of the hydrogen-bonding COA:09--Arg256:HH21 FAD:04---Thr168:HN
interactions (Figures 6 and 7 and Table 2) with Arg256 2 10 1 22 4 0 1 2
further suggest that despite the fact that Arg256 can rotate, Reaction coordinate (A) Reaction coordinate (A)

it maintained a single conformation throughout the two FiGURE 6: Variation of selected hydrogen-bonding distances of

simulated reaction steps. The persistence of all theseFAD ?‘”‘:} °°ta”°y('j'co'% "?"0';]9 thﬁ pgzgto? transfer reagtion goggzli-

hycrogen-bonding interactions throughout the two reaction Taie, 1" () & o the Thriedia (reer) and A2soc

steps is indicative of their collective role in maintaining the formation and breaking of hydrogen bonds.

active site geometry and thus contributing to the stabilization

of the transition states, the transient species, and the produciThr168Ala has little effect on the hydrogen-bonding interac-

states. This catalytic role explains why this residue is highly tions of the thioester carbonyl (O1*) (Figures 6 and 7). Of

conserved. the two hydrogen-bonding interactions, only one changes
(B) Thri68Ala MCADThe absence of the hydroxyl group  significantly; in particular, the CoA:O1*FAD:H12 (with

in Ala168 reduces its interactions with the flavin ring atoms, the 2-ribityl hydroxyl group as shown in Figure 4) increased

N5 and O4. The weaker interaction of the backbone amide by 1.0 A, compared to wt MCAD. However, Arg256 appears

of Ala168 with the flavin O4 atoms is reflected in an increase to have moved away from the base Glu376 in this mutant.

in the FAD:0O4-Ala168:HN distance by about 1.5 A (Figures  This is evident from an increase of1.0 A in the Glu376:

6 and 7) as compared to the wild-type enzyme. No significant O—Arg256:HE distance and a decrease~af.5 A in the

difference is observed for any of the other hydrogen-bonding CoA:09-Arg256:HH21 distances (Figure 5), compared to

interactions with the isoalloxazine ring. The mutation of that in the wild type (Tables 1 and 2 and Figures 6 and 7).
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cycle. It is interesting to note that Thr168 also resides in the
= /_//“x\/»x__v ETF binding site of MCAD 2).

: (C) Arg256GIn MCAD Although not directly involved in
the chemical steps, the Arg256GIn mutation affects the
hydrogen-bonding interactions of the thioester carbonyl

7 e group. Arg256 is instrumental in binding the substrate,
octanoyl-CoA, through strong interactions with pantothenate
COA:O1*---FAD:H12' COA:01*---Glu376:HN carbonyls (CoA:O5 and CoA:09 in Figure 5). In the

(=]

Arg256GIn mutant, the GIn256 amide hydrogens are far from
the substrate pantothenate group, and hence the strong
interactions of arginine’s guanidinium moiety with the
substrate, observed in the wild-type case, are absent in this
mutant. The failure to anchor the substrate in this mutant
has an important effect on the geometry of the reaction
center. In particular, it is reflected in very large changes in
the two hydrogen-bonding interactions (CoA:GAFAD:
H12 and CoA:01*GIlu376:HN) of the reaction center
thioester carbonyl group (Figures-3 and Tables 1 and 2).
Analysis of these hydrogen-bonding interactions along the
reaction path indicates that both of them increase-bg A
N IRy and are weakened as compared to the wild-type case. This
2| Ip— S makes the enolate transient species less stable as compared
to the case of the wild-type enzyme or Thr168Ala MCAD.
COA:09---Arg256:HH21 FAD:04---Thr168:HN The backbone carbonyl of Glu376 makes a strong interaction
r— 0 T s 2 a1 o 1 2 with one of the GIn256 amide protons, with the Glu376:
Reaction coordinate (A) Reaction coordinate (A) O—GIn256:HE12 distance varying from 1.9 to 2.5 A. This

F ) _ . analysis predicts that the binding of the octanoyl-CoA in the
IGURE 7: Variation of selected hydrogen bond distances along . A . . . .
the reaction coordinate of the hydride transfer reaction for the three 8Ctive site is severely compromised in this mutant. This is
enzymes, with the same color codes as used in Figure 6. Dottedconfirmed in the comparison of active site structures in the
lines at 2.5 A indicate the formation and breaking of hydrogen following subsection.
bonds. Structural Changes in Thr168Ala and Arg256GIn MCAD
o ) ) Here we compare the following active site structural features
This is also reflected in the results of structure comparison j, the two mutants to those in the wild-type enzyme: (i) the
of the active sites for these two proteins (vide supra). tricyclic isoalloxazine ring of FAD, (ii) the orientation of
Sequence and structure comparison stud®of acyl- the thioester carbonyl (C+*01*) in octanoyl-CoA, (iii) the
CoA dehydrogenases with acyl-CoA oxidases suggest thatcentral part of the substrate which is anchored to the enzyme
although the latter enzymes lack Thr168, they successfully (by Arg256) through two pantothenate carbonyl oxygens (05
carry out the same,3-dehydrogenation of acyl-CoA. These and 09), and (iv) the phosphoadenosine tail of the substrate,
studies may be indicating that, in MCAD, Thr168 plays a which lies quite far ¢ 15 A) from the reaction center.

S
T
\

%]

o

Hydrogen bonding distances (A)

role in preventing oxidation of the flavin by dioxygen.  As described in the discussion of hydrogen-bonding
Although both acyl-CoA dehydrogenases and acyl-CoA interactions, for a particular enzyme these structural features
oxidases perform the same reductive half-reaction e do not show any significant change during the course of the

dehydrogenation of acyl-CoA tdransenoyl-CoA), the  two reactions. However, the active sites of the two mutants,
oxidative half-cycle (reoxidation of FAD) proceeds by two Thr168Ala and Arg256GIin, do show some noticeable
completely different routes. In the oxidative half-reaction, structural differences from the wild-type case all along the
reduced FAD in acyl-CoA dehydrogenase is reoxidized by reaction paths. The wild-type active site is compared to those
another group of flavoproteins known as electron transfer of Thri68Ala MCAD and Arg256GIn MCAD, shown in
flavoprotein (ETF), closing the redox cycle. In contrast, this panels a and b of Figure 8, respectively. Only the respective
step is carried out by molecular oxygen in acyl-CoA oxidase proton transfer transition states are shown in this figure.
2. The absence of the threonine hydroxyl group in the
In acyl-CoA oxidase, a glycine residue is in the same Thrl68Ala mutant reduces the interaction of Alal68 with
position as Thrl68 in MCAD g1). This gives rise to a  the N5 and O4 atoms of the flavin ring as compared to the
situation similar to that of the Thrl68Ala mutant of the wild-type (Figure 4) and Arg256GIn MCAD. Consequently,
present study with respect to hydrogen-bonding patterns, butthe side of the flavin ring that interacts with Alal68 has
with a greater cavity. For acyl-CoA oxidase, the loss of undergone some changes compared to the wild-type enzyme.
hydrogen-bonding interaction between the threonine hydroxyl This is evident from the change in the local structure (inset
group and flavin N5, among other factors, is implicated to of Figure 8a), containing atoms N3, C4, O4, and C4a.
be responsible for an increase in the solvent-accessibleHowever, the position of the flavin ring relative to the
surface area of the flavin ring that exposes it to the molecular substrate does not change much in the Thr168Ala MCAD
oxygen 61). If the Thrl68Ala mutation has an analogous case when compared to the wild-type enzyme. This is
effect, it will most likely affect the reoxidation of flavin by  revealed from the average distance of the hydride acceptor
electron transfer flavoprotein (ETF) in the oxidative half- atom, N5 (of FAD), to the hydride donor atom C3* AL
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GIu376 Ficure 9: Comparative features of the fluctuations of the €3*
C2*—C1*—01* torsional angles in the substrate along the two
reaction coordinates for wt (red), Thrl68Ala (green), and Arg256Gin

Arg/GIn256  Asp253 MCAD (blue). The dihedral angles are plotted as functions of the
simulation time. The reaction stages, indicated at the bottom right

FiIGURE 8: Relative orientation of the cofactor (FAD) and substrate corner of each graph are labeled as follows: R (reactant), TS1
(octanoyl-CoA) in the active site of the superimposed transition (proton transfer transition state), Int (intermediate), TS2 (hydride
state structures of (a) wt (red) and Thr168Ala MCAD (green) and transfer transition state), and Pr (product).

(b) wt (red) and Arg256GIn MCAD (blue). The insets show zoomed

views of the orientations of (a) the cofactor flavin ring and (b) the grientation of the thioester carbonyl relative to that in the
substrate thioester carbonyl. Hydrogen atoms are omitted for clarity. wild-type and Thr168Ala mutant enzyme. In contrast to the
wild-type structure the thioester CE0O1* bond in this

(of octanoyl-CoA), which is about the same, 3.7 A, in both mutant is flipped about 180with respect to the wild-type
wt and Thr168Ala MCAD. Also, the orientation of the Structure (inset of Figure 8b). This explains the longer
thioester in this mutant remains superimposable on that in hydrogen-bonding distances, observed for the O1* atom with
the wild-type enzyme (Figure 8a). There is some change in Glu376:NH and FAD:H12 Similar to t_he situation in
the interaction of Arg256 with the pantothenate carbonyl Thrl68Ala MCAD, the phosphoadenosine moiety of the
groups of the substrate. Unlike the wild-type enzyme, the subst_rate resides in a slightly different location compared to
positively charged guanidinium group of Arg256 resides in the wild-type enzyme.
the middle of the two pantothenate carbonyls of the substrate The computational results predict that the Arg256GIn
and interacts with both of the oxygen atoms (O5 and 09). mutation severely affects the nature of substrate binding at
This structural change seems to have little influence on the the active site of the enzyme. The relevance of Arg256 in
energetics of either of the reaction steps. The entire phos-catalysis was observed independently by two other research
phoadenosine group of the substrate in Thr168Ala MCAD groups @4, 52) including a recent publication, while this
appears to occupy a position slightly different from that paper was being reviewe&3). In both studies, mutations
observed in the wild type. The amide of the adenine group of this single residue completely destroyed the catalytic
interacts strongly with Asp253, similar to the situation of activity of this enzyme.
the wild-type case, as observed in the hydrogen-bonding Changes in the Dihedral Angle8ecause considerable
analysis. double bond character is produced in the enolate ion transient
In both wild-type and Thr168Ala MCAD, it was found species, the change in the dihedral angle (€32*—C1*—
that Arg256 acts as a primary anchoring residue for the O1*) about the carbonyl carbon (C1*) and thex €arbon
substrate. In fact, the replacement of the positively charged (C2*) provides an indication of the progress of the two
arginine with a neutral glutamine results in complete loss of reaction steps, this dihedral angle is also a measure of the
the interactions with the substrate. Throughout the two deformation of the substrate along the reaction path. At the
reaction steps, the nearest amide proton lie§ A away conclusion of the second reaction step the €C2* bond
from the substrate pantothenate carbonyl oxygens, O5 andhas full double-bond character, and the dihedral angle is zero.
09. This has been illustrated in Figure 8b by the superim- The evolution (for each of the three enzymatic catalysis) of
posed transition state structure of the proton transfer stepthis dihedral angle in the reactant (R), transition states (TS1
for the wt and Arg256GIn mutant. However, the consequence and TS2), and transient species (Int) to the product states
of this mutation is most noticeable in the change of the (Pr) is shown in Figure 9.
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_For both wild type and Thr168Ala, the Variat_ion of the Table 3: Comparison of the Hydrogen-Bonding Distances of
dihedral angles matches the expected behavior over theselected Water Molecules with the Reaction Center Thioester
course of the reaction. In the reactant state, the-@3?*— Carbonyl, Flavin Ring Nitrogen N5, Carboxylic Acid Group of
C1*—01* dihedral is nonzero and shows fluctuations in both Specific Base Glu376, and the Guanidinium Moiety of Arg256 in
directions as expected for the single-bonded character ofthe Active Site of the Wild-Type Enzyme

C1*—C2*. As the reaction approaches the transient species a-proton abstraction and
state, the fluctuation decreases and the value of the dihedral B-hydride transfer
angle oscillates around 0. This indicates that, after the interactions with R TS1 Int  TS2 Pr
abstraction of thei-proton from C1*, the anion is predomi- water molecules A A A A A
nantly present in the enolate form and the transient species FAD:02—-W4:H2 4.6 4.3 3.2 3.3 35
might be stabilized. In the hydride transfer step, no major COA:01*~W4:H2 °5 59 60 61 61
hange in this dihedral angle is noted; this indicates that, ras-oz. \waeaiis 34 42 37 27 28
chang ! al ang ' ' CoA:01*—W422:H2 62 46 60 57 46
after a transient species is formed by the proton transfer, FaD:02-w3:H1 4.9 4.6 3.0 4.8 4.3
the hydride transfer does not require further rearrangement CoA:01*-W3:H2 4.7 4.2 4.1 5.0 5.0
of the geometry and proceeds directly through the second E376:0EFWI1569:H2 18 19 31 38 30
transition state E376:0EX-W1569:H1 30 32 39 25 21
- _ R256:NE-W1559:H2 31 31 35 36 36
For Arg256GIn MCAD the dihedral angle (C3C2*— R256:NH2Z-W1569:H2 3.8 3.8 4.0 4.0 4.5

C1*—01*) exhibits strong fluctuations at the end of the E376:0E2-W1447:H2 3.5 3.4 3.8 2.9 3.0
proton transfer reaction (Figure 9). The significant increase R256:NE-W1447:H1 49 43 65 40 40

! o . . e .~ R256:NH2-W1447:H2 58 54 6.0 50 46
in oscillations of the dihedral angle is striking and is 376’ 0E1 Wi44a7:H1 24 19 45 22 27

indicative of a highly fluxional state of the substrate fFap:04—w2:0H2 2.2 2.0 2.0 3.1 2.0
molecule, precipitated by the proton abstraction from its C2*

atom. Keeping in mind the differing orientation of the

thioester carbonyl moiety (C+*0O1*) in the active site of to those in the. rea}ctant gnd produ_ct state_s. The S”O'."gef
hydrogen-bonding interaction associated with the transient

this mutant as compared to that in the wild-type case, this ; . N
observation further corroborates the loss of geometric species enolate speaks n favor Of a significant role that these
two water molecules might play in the catalysis.

requirements needed to stabilize the transient species in the
enolate form. The fluctuations gradually reduce as the The other water molecule, W422, has moderate-to-weak

hydride transfer step progresses, and the average value o teractions with both FAD:02and CoA:O1* atoms (Table

the dihedral angle reaches the range of 20° ). The proton abstracting base, Glu376, interacts with two
Influence of Water Molecules on Catalysi® understand g\ther wafter mtohlecules thOfe hydroger(u)atomfst;]emalﬁ 2t
the role that solvent water plays in theoxidation, we moni- away trom the carboxylate oxygen. ne ot these water

tored the fluctuations of the water molecules in the active molecules al_so interacts with Arg256. _Flnally, the flavin
site of MCAD. In the wild-type enzyme, we have identified oxygen (O4) is hydrogen handed 1o a sixth water mollecule
and monitored water molecules that are within 5.0 A of the [also opseryed in the crysta_ll sj[ructure.SX], and this
thioester binding site, the specific base Glu376, or the flavin |nterac't|on is found to be maintained throughout the two
N5 nitrogen. We found that, by this definition, there are six catalytic steps (Table 3).
water molgcules. As the reaction propagates, the ,hydrogen'CONCLUSIONS
bonding distances of these water molecules, obtained as an
average from the saved coordinates of MD simulations of a  For the wild-type acyl-CoA dehydrogenase as well as its
particular reaction stage, are given in Table 3. two mutants, we found that the two—& bond cleavages

In the thioester binding site a cluster of three water mol- occur in a stepwise fashion via an enolate ion transient
ecules, namely, W4, W422, and W3, interact with the ribityl species, which is only 25 kcal/mol higher than the
2-hydroxyl group of FAD (FAD:02 and the thioester  Michaelis complex. A similar result was obtained in the
carbonyl oxygen (CoA:01*). Two of these three water mol- previous study of the short-chain enzyme (SCADY) fvhere
ecules, W3 and W4, are from the crystal structure. Besidesa stepwise mechanism was predicted from simulated reaction
these interactions they also interact with the neighboring steps. However, the present computation shows that in
pantothenate amide of octanoyl-CoA and the phosphateMCAD the difference between the energy barriers of the two
oxygen of FAD (data not shown). The hydrogen-bonding reactions is smaller than that in the short-chain enzyme, the
distances of the protons of these three water molecules werehydride transfer barrier being only 2 kcal/mol higher than
observed to be varying within-3 A of the thioester binding  that of the proton transfer. This indicates contributions of
site atoms, CoA:01* and FAD:O2Knowing that the CoA, both of the two G-H bond dissociations in the rate-limiting
O1* atom, bears a uninegative charge after the proton transferprocess of this reaction. This is in contrast to the SCAD,
step, a comparison of these interacting distances were madevhere thef-hydride transfer reaction was predicted to be
in each stage of the catalysis (Table 3). It reveals that, for solely rate determininglQ). In the present case, it might be
these two water molecules, designated as W3 and W4, thepossible to design experiments to perturb the system in a
interacting distances drop significantly as the reaction passeswvay that influences one catalytic step more than the other.
through the transient species (Table 3). If the proton of W4 This makes the catalytic mechanism in MCAD “tunable”.
nearest to this site is designated as H2 and that of W3 as The disease-associated mutation of threonine 168 does not
H1, then the decrease in the W4:HRAD:02 and W3:H1- seem to have major effects on the catalysis. The computed
FAD:0O2 distances in the transient species states—dket free energy barrier is similar to that observed in the wild-
and—0.3 A, and—1.9 and—1.3 A, respectively, as compared type enzyme, although the relative barrier heights for the
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proton and hydride transfer steps are reversed. This istwo enzymatic bond cleavages are fully nonconcerted, then
consistent with experiments which showed that the Thr168Ala the perturbation of any one-€H bond will not have an
mutation only decreases they value by 80% {1). Our appreciable effect on the other. In that case experiments can
calculation predicts 13%. Structural analysis of the Thri68Ala be designed to quasi-independently change the relative barrier
MCAD mutant reveals that the loss of one hydrogen bond heights of the two steps. This may be accomplished, in
has little effect on the orientation of the flavin ring. Also, principle, by introducing a modification in the substrate or
the electrostatic charge decomposition analysis reveals thain the enzyme. On the basis of this hypothesis one of the
this residue does not have a significant effect on the energystrategies being explored in this laboratory is to construct
profile along the reaction path. Thus the present study substrate analogues that can lower the proton transfer reaction
concludes that this residue plays an insignificant role in the barrier (or increase the hydride transfer reaction barrier). In
enzyme catalysis in the reductive half-reaction, and the causeparticular, c-monofluoro- andy,y-difluoro-substituted de-
of the disease may be due to its effect in the subsequentrivatives of the octanoyl-CoA have already been synthesized
reoxidation of flavin by ETF in the oxidative half-reaction. and are currently being used to probe the enzyme mechanism
Arginine 256 occupies a position at the center of a (53).
hydrogen-bonding network and is highly conserved in all of ~ The second approach arises from the catalytic role of
these enzymes. Crystal structural data show that it has twoArg256 predicted by the present work and also subsequently
possible conformations in the active site. From the presentconfirmed by recent experimental findings by other research-
study it is evident that only one specific conformation of ers @4, 52). The present computations show that a modifica-
this arginine residue is catalytically active. Simulation of the tion of the active site engineered by mutating this arginine
active site starting from the other conformation results in a (Arg256GIn) increases the hydride transfer reaction barrier,
catalytically inactive state of the enzyme. Furthermore, from and as a result the reaction would stop after completion of
these computations it can be concluded that this residue playsonly the proton transfer step. Consequently, this would
a very important role in catalysis. A model mutation provide us an opportunity to detect the transient species, if
performed by replacing this residue with glutamine causes it is formed in the first step. Furthermore, since the arginine
significant damage to the hydrogen-bonding network near is absolutely conserved in the acyl-CoA dehydrogenase
the arginine, which propagates a change in the bonding andsequence 1(2), recently found to be associated with the
orientation of the substrate reaction center. This mutation MCAD deficiency disease5@), absolutely important in
destroys two crucial hydrogen bonds between the substratesubstrate binding1), and has a proven role to influence
carbonyl and protein at the active site whose importance inthe catalytic steps4d, 52), the mutational substitution of
stabilizing the enolate is well supported by experimental work this residue by neutral, charged, and hydrophobic residues
(48). This work clearly shows that this results in a loss of can throw some light on the regulating aspects of this
orientation of the substrate and destabilization of both catalytic chemistry in this group of enzymes. The overex-
transition states, transient species, and product. pression, purification, and characterization of one of the
The computed potentials of mean force indicate that this mutants (Arg248Ala) in the short-chain enzyme is currently
arginine mutation has a pronounced effect on the hydride being pursued54) in this laboratory.
transfer step. A 10000-fold decrease of activity is predicted
by this calculation for the Arg256GIn mutant, which implies ACKNOWLEDGMENT
that for all practical purposes this enzyme may be considered
to be catalytically inactive. Our study further demonstrates
that, besides binding, this arginine has a direct role in the
stabilization of transient species and the two transition states.
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