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ABSTRACT: Large-scale CarParrinello molecular dynamics simulationsmalanine oxidation catalyzed

by the flavoenzyme-amino acid oxidase have been carried out. A model of the enzyme active site was
built by starting from the enzyme X-ray structure, and by testing different subsystems comprising different
sets of aminoacyl residues. In this process, the stability of the enzgoizstrate complex was taken as

a measure of the accuracy of the model. The activated transfer of the amina-bgittogen from the
substrate to the flavin N5 position was then induced by constraining a suitable transfer reaction coordinate,
and the free energy profile of the reaction was calculated. The evolution of electronic and structural
properties of both enzyme-bound substrate and flavin cofactor along the reaction path is consistent with
a hydride-transfer mechanism. The calculated free energy barrier for this process (13 kcal/mol) is in excellent
agreement with the activation energy value derived from the experimentally determined rate constant for
the corresponding enzyme-catalyzed reaction. The electronic distribution of the reduced flavin shows that
the transferred electrons tend to be centered near the C4a position rather than delocalized over the flavin
pyrimidine ring. This feature is mechanistically relevant in that such an electronic distribution may promote
the subsequent enzyme-catalyzed reduction of molecular oxygen to yield hydrogen peroxide via a postulated
flavin 4a-peroxide intermediate. These results also show that a first-principles molecular dynamics approach
is suitable to study the mechanism of complex enzymatic processes, provided that a smaller, yet reliable,
subsystem of the enzyme can be identified, and special computational techniques are employed to enhance
the sampling of the reactive event.

The modeling of enzymesubstrate complexes, and, in in the literature (see, e.g., réb). Recent reviews, focused
particular, of reactive processes involving the breaking and on ab initio studies of biochemical systems, can be found in
forming of chemical bonds as well as many-body, polariza- refs16 and17, while a discussion on the behavior of current
tion, and hydration effects modifying the electronic distribu- DFT approximations for very weak (dispersion) interactions
tion during the evolution of the system, is a prohibitive task can be found in ref.8.
for molecular dynamics approaches based on empirical, b-Amino acid oxidase (DAAO) is the prototype of flavin
predefined force fieldsl{ 2). On the other hand, ab initio  adenine dinucleotide (FAD)-containing enzymes of the
molecular dynamics simulations based on the-Rarrinello oxidase class (for recent comprehensive reviews seé9efs
method B) have proven to give reliable results in the 22).
modeling of chemical reactions in condensed phages) DAAO catalyzes the oxidative deamination mfamino
as well as in highlighting the structure and dynamics in acids to yield the correspondingketo acid and ammonia
enzymatic system®( 7). The first-principles determination  according to eqs-13.
of interatomic forces based on density functional theory
(DFT:! 13, 14) allows parameter-free simulations including RCHNH,COOH+ E-FAD —
all the complex effects mentioned above to be performed. RC=NHCOOH + E-FADH, (1)
The accuracy of DFT theory has been discussed thoroughly

E-FADH, + O,— E-FAD + H,O, )
T The calculations performed in this work were partially supported

by a grant of computer time from the CINECA Supercomputing Center RC=NHCOOH+ H,0 — RCOCOOH+ NH, (3)
at Bologna, Italy. 2 3
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nucleotide; MD, molecular dynamics; TS, transition state; DPC, catalytic cycle. The nonenzymatic hydrolysis of the imino
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Ficure 1: Proposed mechanisms for DAAO-catalyzedlanine dehydrogenation: (a) carbanion mechanism; (b) hydride transfer from the
o-amino group; (c) direct hydride transfer.

A number of kinetic and mechanistic studies have been of the DAAO active site in complex with substrates or
performed on pig kidney DAAO (pk-DAAOQO), making itthe  substrate analogues is consistent with the “direct-hydride-
prototype of flavin-dependent oxidasd®{-22). However, transfer” mechanism (Figure 1c). The latter is also supported
several mechanistic issues have not been solved yet. Theoy recent studies using wild-type and mutant forms of
mechanism of oxygen reduction to yield hydrogen peroxide mammalian and yeast DAAO2%-32).

(eq 2) is still unknown, while at least three different  1he DAAO active site geometry does not rule out
mechanisms for substrate dehydrogenation (eq 1) have beeRiernative, although less likely, mechanisms. Bhproton
proposed. As shown in Figure 1, the proposed mechanismspt the amino acid could be transferred to the flavin N5
differ for the mode of transfer of two electrons plus one pqsition, followed by transfer of the electron pair via the
proton to the flavin isoalloxazine nucleus. In the so-called fq5 mation of a short-lived carbanion intermediat@0)(
“carbanion mechanism” (Figure 1a) an active site base would yo\ever, a radical reaction pattern may be exclude-(
abstract the amino acidw-proton, forming a carbanion 22) for the first reaction step (eq 1) in DAAO.

intermediate (Figure la, step 1). Two electrons would be . . .
(Fig P 1) With the three-dimensional structures of DAAO at hand,

transferred from such a discrete intermediate to the flavin, S .
perhaps through formation of a covalent adduct with the & first-principles molecular modeling study of the enzyme-
catalyzedp-amino acid dehydrogenation is feasible and

flavin N5 position (Figure 1la, steps 2 and 3). A second . . o
P (Fig P ) allows, for the first time, mechanistic hypotheses to be

hypothesis also requires the formation of a carbanion . . . . )
intermediate, and the presence of an active site base. Aftef€Sted and provides new insights into the properties of this

a-proton abstraction, the imino acid would be formed parallel €N#YME-
to hydride transfer from the substrateamino group to the In the present work extensive ab initio simulations of the
flavin N5 atom (Figure 1b). The third proposed mechanism pk-DAAO-catalyzed-amino acid dehydrogenation reaction
involves direct hydride transfer of the-hydrogen of the ~ (eq 1) have been carried out. The large computational
D-amino acid substrate to the flavin N5 atom, concerted with requirements of this kind of simulation limit the size of the
imino acid formation (Figure 1c). In all cases, the first Systems that can be modeled to a few hundred atoms at most,
experimentally detectable reaction intermediate is a charge-and the time scale of the simulations can hardly extend
transfer complex between the reduced flavin cofactor and beyond several picosecond33). Taking these limitations
the imino acid (the so-called “purple complex” or “purple into account, it has been possible to build a reliable model
intermediate”), which dissociates in a step that limits pk- of the active site of DAAO enzyme witlp-alanine as
DAAO turnover. substrate, and to perform a series of “constrained reaction
The three-dimensional structures of pig kidreyamino coordinate” simulations34) to study the reactive process.
acid oxidase in complex with various substrate analogues This methodology allowed us to determine the free energy
and products have been solved by two independent groupsprofile for the enzyme reductive half-reaction (eq 1).
(23—27), and the structure of the relat®thodotorula gracilis Furthermore, the structural and electronic transformations
enzyme (Rg-DAAO) in the reduced form has been deter- brought about by the reaction can be examined in great detail
mined at 1.2 A resolution2@). In all cases, no residues along the reaction path. Therefore, the method provided a
properly located to act as the active site base were observedimicroscopic description not only of the minimum (reactant
thus challenging the carbanion mechanism (Figure 1a).and product) and maximum (transition-state) energy struc-
Furthermore, the orientation and binding mode of the tures, but also of the way in which the transformation
substrate, with its.-hydrogen pointing toward the flavin N5 gradually takes place between them. The results will be
position, make electron transfer from the substeatEmino discussed in comparison with the structural and functional
group to the flavin unlikely (Figure 1b). Indeed, the geometry experimental evidence available for DAAO.
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EXPERIMENTAL PROCEDURES described as a cavity of 160°Alimited on one side by the
isoalloxazine nucleus of FAD and lined mainly by hydro-
phobic aminoacyl side chain23). The cavity characteristics,

) ) such as size, shape, and polarity, are suitable for accom-
which performs DFT-based molecular dynamics (MD) oqating small hydrophobic amino acids, DAAO's preferred
simulations within the CarParrinello scheme3j. The substrates. A protein loop formed by residues 2288

doubly occupied KohrSham orbitals have been expanded 4 ides aminoacyl side chains involved in accommodating
in & plane-wave basis set up to an energy cutoff of 60 Ry. 4nq pinding the substrate in the active center (Tyr-224 and
Only valence electrons are considered explicitly, and their Tyr-228; 23, 27) and forms a lid, which closes the active
interaction with the ionic cores was represented by Norm- canier and shields it from the bulk solvent. Such an “active
conserving Troullier Martins (36) pseudopotentials. Alocal e Jig” has a role in allowing substrate access and product
pseudopotential was employed for hydrogen, while nonlocal gease, by switching from an “open” conformation to the
pseudopotentials (in KleinmarBylander 87) form) includ-  «joseq” structure with the substrate bound to the active site
ing s, p, and d terms represented C, N, and O ionic cores. 55 i the crystal structur@8, 27, 42). Clearly, any model
The gradient-corrected functionals of Becg)(and Perdew ¢ he DAAD active site should include the flavin isoallox-
(39) were employed for the exchange-correlation energy. A gzine ring and key residues implicated in substrate binding
time step of 0.121 fs and a fictitious electronic mass of 500 5,4 should reflect the overall properties of the active site

au were used in all the MD simulations. cavity. To identify the minimal requirements of a system

During building of the enzyme active sitsubstrate  reflecting the enzymesubstrate complex, we tested several
mOdel, the FAD cofactor isoalloxazine nucleus and selected different models built up by inc]uding increasing numbers

active site protein fragments (see details below) were placedof residues.
in a periodically repeated cubic supercell, whose edge was Egch model included the FAD isoalloxazine ring cut at
chosen abdib A larger than the longest interatomic distance he c1 position of the ribityl side chain and thealanine
measured along each axis. In this way, the system wasgypstrate. The latter replaces the benzoate molecule in the
surrounded by a vacuum region large enough to minimize x_ray-determined structure2®). Initially, the p-alanine
the interactions with the periodic images in the neighboring gy pstrate was oriented according to the inhibitor-based model
cells. The system geometry was optimized, by simulated of ref 23 by superimposing the carboxylate groups of the
annealing, with respect to all nuclear degrees of freedom, t\wo molecules and the &&-CB bond ofp-alanine onto the
until the gradients converged to5 x 107* au. Atthe end  penzoate C2C2. The positions of othep-alanine atoms
of such a process the system was slowly heated to 300 K,\yere set to reflect the proper stereochemistry. However, it
all residues (but not the substrate) being held in place by shoyld be noted that, in all calculations, the positions of
fixing several carbon atoms in positions resulting from the 5 _gjanine atoms were left free to detect changes in the
geometry optimization, so as to model the structural effect 5 pstrate position within the DAAO active center model.
of the protein framework. All nitrogen, oxygen (except EFragments of active site aminoacyl residues included in the
water’s), and hydrogen atoms were left free. The C4a and yodel(s) were cut from the rest of the protein; their hydrogen
C10a atoms of the FAD molecule, which are expected 10 51oms, missing in the X-ray structure, were added. Dummy
undergo important rearrangements in the course of thepyqrogen atoms were also added to saturate the broken
reaction, were not fixed either. The initial model of the coyalent bonds, which connect the residues to the rest of
enzyme-substrate complex used for other calculations was e protein. According to the crystal structures of DAAOs
dgtermine_d by repeating th.e procedure (geometry (_)p_timiza—in complex with substrate analogues and produ2ss-28),
tion, heating, and dynamics) on systems comprising an the most important residues involved in substrate binding
increasing number of active site aminoacyl fragments until (Figure 2) are Arg283, Tyr228 (which interact with the
a minimal subset of the enzyme active center was four!d, in substratea-carboxylate group), and one water molecule
which the enzymesubstrate complex appeared to be in a (wat17) whose position is well-defined in pk-DAAO struc-
stable conformation. The simulations were carried out on {res @3, 25, 27). Such “active site water” is held in place
parallel supercomputers, CRAY-T3E (using 64 processors) thyoyugh formation of hydrogen bonds with GIn53 and Gly313
and IBM-SP3 (using 32 processors), both at CINECA, main chain carbonyl oxygens and with the Tyr224 side chain
Bologna, Italy. A single time step took about 50 s in both Ly droxyl group. Therefore, the first model we tested included
cases. In the dynamics simulations the temperature ISfragments corresponding to Arg283, Tyr228, GIn53, and
controlled by a Nos¢éhermostat40) to an average of about Gly313. p-Alanine was introduced as the anion pEH-
300 K. (CH3)COO™ to balance the positive charge on the Arg283
Setup of the ModeThe atomic coordinates of pk-DAAO  guanidinium fragment and to maintain the overall neutrality
in complex with benzoate, a substrate analogue, were usecf the system. Indeed, the simulation of isolated charged
to build the initial model of the oxidized enzyme-alanine systems is computationally much more demanding than the
complex (Protein Data Bank file 1KIF). The enzyme simulation of neutral systemdg). However, the assumption
comprises 347 amino acids and one molecule of non- s justified in the case af-amino acid oxidase since kinetic
covalently bound FAD. To find a compromise between the studies have shown that the substratamino group must
size of the system and the resources required to simulate ithe unprotonated for catalysi81) so that a proton must be
(41), we proceeded by looking for the minimal model |ost from the charged amino group upon binding to the
adequately describing the enzyme active center. enzyme active site. Therefore, in our simulations we are
The three-dimensional structure of the enzyrhenzoate looking at a situation in which such a deprotonation step
complex @3) showed that the DAAO active center can be has already taken place. We have not tested here the

Car—Parrinello Molecular Dynamics SimulationgAll
calculations were carried out with the CPMD progra3s)(
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R residues Pro54 and GIn53 as a ZHIH—CO—CH,—NH—
o L 0N 0 CHs; moiety corresponding to the main chain atoms and with
¢ A1 ?(/ the last methyl replacing the Trp52 carbonyl, and Tyr224 as
NH a CH=CHOH group, as done for Tyr228 but without the
methyl group.
H After the heating phase, a trajectory of 2 ps at 300 K was
P E carried out: the (unconstrainephalanine molecule showed
NH NHz* \c— ’\+ Tyr224 only librations and vibrations, but did not translate outside
C\ NHz - nor rotate inside the model active site cavity, roughly
N r maintaining the same orientation as in the optimized structure
o (Figure 3a) and as predicted by the 70 K X-ray structures
ﬂgﬁ\ﬁ.. (23—28). The stability of the substrate in the final model
/o o\\ (and presumably in the real enzyme) seems to arise from
& c— two concurring effects: the strong attractive interaction
ay31a \ / inss between thep-alanine carboxylate and the positive guani-
FiIGURE 2: Schematic representation of the DAAO active site and dinium fragment of Arg283 (see below) is essential to hinder
of the essential interactions between the protein aminoacyl residuessubstrate rotation and translation, but only when combined
i‘g% theDaaflf_““O ﬁCid lsut_)strateb. The SChet:nebWQS dfrr?wnbfrom ref with the additional steric interaction, with all the additional
00 htd c’)‘:]oineﬂ'}';g éxggﬁn‘"’]‘gh”tglﬁ/u dzgtrﬁiﬁgbtgieenisyl;gé eizggéoate fragments completing the cavity walls. Indeed, in the absence
complex structure by superposing tealanine and benzoate Of the latter interactions the substrate moved away from the
carboxylate groups amotalanine @—Cp bond and benzoate €1 active site immediately after the dynamics simulation was
C2 bond. Bonds used for such superposition are in bold. Numbering started.
of the relevant positions of the FAD isoalloxazine ring is also The good match between the energy-minimized structures
indicated. of the enzyme substrate complex calculated by us at 300
K and that determined by X-ray crystallography at 70 K

could lead to its positioning with the-amino aroun pointin (Figure 3a) is relevant to validate both techniques. Indeed,
P 9 group p 9 protein diffraction studies are carried out at very low

toward the' flavin N5, as In Figure .1b: on the basis of steric temperature, while our ab initio molecular dynamics simula-
factors, this would require a major rearrangement of the

. . . on is run at 300 K, even if for a short elapsed time.
active center residues. This rearrangement was not observe

- : : omputer minima are found that are very similar to low-
with any of the experimentally determined DAAO crystal temperature X-ray-determined structures, and on the other
structures 23—28).

i . i ) ) hand, Car-Parrinello simulations show that low-temperature
With this and other models of increasing complexity, we x_ray structures do not differ substantially from room-

carried out geometry optimization, heating, and dynamics temperature behavior of the substrate inside the enzyme cage.
calculations as described above, but we observed that, already Controlling the Reaction: Sampling the Blue Moon

in the heating phase, the substrate quickly left the active site ensembleThe rate constant for flavin reduction (eq 1) has
model, indicating that the model was not adequate to describeygeap, directly measured by stopped-flow spectrophotometry
the pk-DAAQ active center. Therefore, we proceeded by {5 pe in the 12254000 st range R9, 44), corresponding
adding other fragments, and by repeating the above procedurgy 5n activation energy of 12-613.3 kcal/mol, at 25°C.
(geometry optimization, heating, and dynamics) until we The crossing of this energy barrier israre eventon the
found a stable configuration, i.e., a model able to bind the {jne scale of typical microscopic simulations, and special
substrate and hold it in place. At difference with the previous, techniques are required to enhance the sampling of the low-
incomplete modelsp-alanine showed only oscillations in probability region near the barrier top. The blue moon
the active site, and no repositioning occurred after 3 ps of osemble method of constrained molecular dynansds (
unconstrained dynamics, while in the other cases the substratq5) allows a particular reaction path to be sampled and the
was clearly seen to move away after 2800 fs. Moreover,  corresponding free energy profile as a function of a chosen
the average force of constraint calculated for this model (se€gaction coordinate, to be obtained. The reaction coordinate
below) was clogg to zero, in.dicati.ng thadlanine is indeed g initially assigned a value ofr corresponding to the
in a stable equilibrium configuration. reactants, and a simulation is performed with the constraint
Such a final model consists of 141 atoms (11 aminoacyl q = gg. Then a series of finite-temperature dynamics
fragments plus the flavin isoalloxazine nucleus and the simulations are performed, varying thealue in small steps
p-alanine substrate) enclosed in a cubic box with a side of from g to a value ofgp typical of products. In each
19.42 A. The optimized geometry is shown in Figure 3a, simulation the constraint force needed to keep the constraint
where the X-ray-crystallography-determined structure of pk- at the imposed value is calculated and averaged until its mean
DAAO has been superimposed. value shows no more drift. By integrating the mean force
The fragments included in the final enzymsubstrate [(F(g)Calong the reaction path, the change in free energy
model were (clockwise from the top of Figure 3a) the alkyl between two points, A and B, can be computed according
side chains of Leu51, 11e230, and lle215, the polar part of to eq 4.
the phenol ring (as a GHC(CH;)OH moiety) of Tyr228,
the positive [CH—NH—C(NH,)2]* guanidinium fragment AG= —j;iBD?:(q)Eﬁq 4)
of Arg283, the peptide bond between Gly313 and Tyr314
as a CH—NH—CO—CHjs; moiety, the peptide bond between This method allows estimation of the free energy profile of

possibility that binding ob-alanine in the zwitterionic form
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Ficure 3: Optimized model geometries of the oxidized flavimalanine (a) and reduced flaviiiminopyruvate (b) complexes. The
corresponding experimentally determined structures (PDB accession codes 1KIF and 1DDO, respectively) have been superimposed as black
sticks, with x’s indicating the points where covalent bonds have been cut. The superimposition has been performed in such a way to
achieve the best overlap between the modeled and experimental FAD units and by rotating the rest of the system accordingly. Atom color
key: H, white; C, green; N, blue; O, red.

the reaction. Interestingly, no prior knowledge of the coordinate was properly reweighed according tod®fThe
transition-state structure or of its corresponding reaction mean force converged to its final value within the first
coordinate value is needed. On the contrary, the system ispicosecond; therefore, the next constrained trajectories were
smoothly led from the reactants to the products, exploring extended for 1.5 ps at most, always checking for the
the configurations available at a finite temperature, thus convergence of the mean force. The final configuration of
following a reliable and accurate reaction path. However, each constrained trajectory was taken as the starting point
the choice made about the relevant reaction coordinateof the next one, with the distances involved in the reaction
controlling the course of the reaction is essential for the coordinate adjusted to increageéy ~0.25 A at a time.
success of the method. To model substrate dehydrogenation A clear description of the electron distribution along bonds
catalyzed by DAAO, we decided to use the transfer reaction and atoms has been obtained at several points for each

coordinate %) defined as constrained simulation via a Wannier transformation of the
Kohn—Sham eigenfunctions4f), giving localized orbitals
d=Rcy — Rw (5) (analogous to the Boys orbitald?), which minimize the

spread for each electronic state. In particular, the plot of the
whereRcy is the distance between the proton and tle C  centroids of the Wannier functions (WFCs) at each point
carbon ofb-alanine andRyy is the distance between the same along the reaction path provides a dynamic view of the
proton and the flavin N5 atom. On the reactant sifis electronic displacements and rearrangements during the
negative, while it changes sign on the product side. However, reaction 48).
as the reaction may not be symmetrical, the transition state
is not necessarily located @t= 0. Indeed, the zero value of RESULTS AND DISCUSSION
the mean constraint force is actually used to identify the  Free Energy Profile of the DAAO-CatalyzedAlanine
transition state §). Compared to constraining a single Dehydrogenation Reactioiien constrained trajectories have
distance or angle, the present choice dds more flexible been carried out, and the mean constraint force as well as
in that it avoids any direct restriction on thee€N5 distance, the free energy profile were calculated according to eq 4,
as well as on the €@-H—NS5 angle: both values can vary and are reported in Figure 4. A negative constraint force
following the course of the reaction. The initial value fpr ~ implies that the proton is pulled toward thm-alanine
was fixed to—1.32 A, taking the last value af from the a-carbon. On the contrary, when the force is positive, the
trajectory performed with the oxidized enzymsubstrate proton is pulled toward the flavin N5 atom. The mean force
model (Figure 3a) without constraints. Tha 4 pscon- should be zero at the extrema along the reaction path:
strained trajectory was carried out, and the mean constraintreactant, transition state (TS), and products. The TS is located
force averaged over the last 3 ps. The bias on the phase spacat q = 0.25 A. At this point, the free energy profile reaches
averages introduced by the constraint must be taken intoa maximum and the mean force value is zero (Figure 4).
account by an appropriate reweighing of the quantity to be Due to the asymmetry of the reaction, the trend from the TS
averaged. In the case of mean force, the Lagrange multiplierto the products does not mirror the trend on the reactant side.
associated with the force of constraint for the present reactionindeed, wherg ~ 1.3 A, the mean force is still far from
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W———— T 7T of the X-ray experiments. Despite the fact that none of the
p-alanine atoms were fixed during the calculations, the
p-alanine substrate keeps the initial orientation with its
o-hydrogen pointing toward the flavin, and with thex€
N5 distance of 3.38 A, very close to the value of 3.4 A
calculated from the DAAO crystal structure3). The
substrate is held in place by the double hydrogen bond
between its carboxylate group and the guanidinium group
of Arg283. The hydroxyl group of Tyr228 is also H-bonded
to the amino acid-carboxylate. These interactions reproduce
those inferred from the analysis of the structure of DAAO
in complex with the substrate analogues benzo28: 24)
W1 ando-aminobenzoate2b). The same is true for the hydrogen
g A bonds involving the active site water molecule, which

Ficure 4: Energetics of the modeled DAAO-catalyzegilanine Intet:actsl with the fhé(ljrggl grgqul cg3T)Xt2 24.and Wlt.?htthhe
dehydrogenation reaction. Mean constraint force (thin line) and free carbonyl groups ot Gly an nos. Altvariance wi e

energy (thick line) values calculated as a function of the reaction model based on the crystallographic structure of the DAAO
coordinateq. benzoate complex2@), our optimized structure does not

show H-bonds involving the amino group of the substrate.

zero. To locate the value corresponding to the products, Such a difference can be ascribed to the fact that in our model
the constraint on the reaction coordinate was released startinghe substrate-amino group is neutral, while in the model
from the last configuration witly ~ 1.3 A, and leaving the  of ref 23 (see Figure 2) it is positively charged. However,
reaction product (2-iminopyruvate) free to settle in the active the overall similar geometries of the crystallographic and
site without constraints. With such constraints removed, the computed enzymesubstrate complexes demonstrate that
substrate slightly moved away from the now reduced flavin protonation of the substrateamino group does not influence
without changing its orientation, until the differenBey — the orientation of the-alanine substrate in the enzyme active
Run reached a stable value of approximately 2 A. The latter center. Furthermore, the crystallographically and computa-
value was taken as the reaction coordinate value for thetionally determined geometries both contribute to rule out
reaction product in complex with the reduced enzyme. A mechanism 1b as a likely reaction mechanismof@anine
further constrained trajectory with= 2 A was performed dehydrogenation reaction catalyzed by DAAO.
to ensure that the product energy well was reached. Indeed, At the end of the reaction, we optimized the geometry of
the mean force calculated with this constraint converged to the reduced enzymeminopyruvate product complex. The
a value close to zero (Figure 4). On the basis of the free minimum energy structure has been superimposed (Figure
energy profile (Figure 4), the activation free energy for the 3b) onto the experimental structure of reduced pk-DAAO
reaction was 13.305 kcal/mol. This value must be comparedin complex with the reaction product-iminotryptophan
with the experimentally determined values of 12163.3 kcal/ (iTrp; 27). In the latter structure the bulky iTrp side chain
mol (29—44). The excellent agreement between the calcu- appears to have induced a considerable rotation of Tyr224
lated and observed values of the activation energy of theto accommodate it and, as a likely consequence, to have
DAAOQ reaction supports the conclusion that the model and displaced the active site water molecuR8+27). These
the calculations provide an accurate description of the modifications are not expected to occur with the smaller
reaction under study. p-alanine substrate. Thus, Tyr224 has been omitted for clarity

At this point, with both a good starting configuration as from the experimental structure in Figure 3b. Indeed, in the
compared with the experimentally determined X-ray structure crystal structures of the reduced DAA®@ -pyrrolidine-2-
and good agreement with kinetic results, we are in a position carboxylate (DPC26) and of the covalent DAA©keto-
to discuss the microscopic details of the reaction mechanismvaleric acid complexZ7), the active site water molecule and
for the enzyme-catalyzed dehydrogenatiomflanine (eq the residues keeping it in place in the active center through
1). H-bond interactions (hamely, GIn53 and Gly313 carbonyl

Structures of the Oxidized DAA®-Alanine and Reduced oxygens and the Tyr224 hydroxyl group) are found in
DAAO—-Iminopyrwate Model SystemsTo compare the  positions indistinguishable from those observed in the
structural features of our model with those of the enzyme in DAAO—benzoate complex. Furthermore, such active site
complex with substrate analogues determined by X-ray water and its interacting residues are present also in the X-ray
crystallography 23—25), the optimized geometry of the structure of the reduced Rg-DAAO in complex with
reactants (see above) has been superimposed onto thalanine 28).
corresponding residues in the X-ray structure of 2&f Overall, the positions of the residues in our optimized
(Figure 3a). Most of the residues included in our model to structure do not show large deviations from the correspond-
mimic DAAO active site functional groups keep rather close ing crystallographic positions. The same hydrogen bond
to their starting (crystallographic) positions. The small network as that observed for the oxidized enzymelanine
rearrangements shown, e.g., by Gly3T3/r314 fragments, complex is observed, with an additional H-bond between the
can be ascribed to the incomplete protein structure of the (now positive) NH group of the imino acid product and
model, which allows for the observed conformational dif- Gly313 carbonyl oxygen. Interestingly, a similar H-bond
ferences between the model and the enzyme crystal structurebetween the product iminium ion and Gly313 carbonyl
However, the calculated geometry is within the resolution oxygen is observed in the reduced DAAQTp complex

S
T

AG (kcal mol™)
S
T
constraint force (kcal moI"A“)
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Ficure 5: Evolution of characteristic distances and angles along FIGurRe 6: Evolution of the main distancé&sbetween characteristic

the reaction path: (ad) the distanceR between the atoms  WFCs and atomic centers. (a) Distances between the indicated
indicated have been calculated as time averages along eactatoms and WFCs originally on the substratey, WWFC originally
constrained trajectory; (&), the mean value of the three relevant belonging to the @—H bond; Wy, lone pair amino nitrogen WFC.
angles about € (H,N—Ca—CHz, H.N—Ca—COO~, and CH— The interatomic N5H (dotted line) and @—H (dashed line)
Ca—COO), averaged during the course of the reaction as the distances are also reported for comparison. (b) Distances between
previous distances; empty symbols, time averages; full symbols, the indicated atoms and the N5 lone pair WFC. See Figure 8 for
optimized geometries; gray symbols, geometry of the products with the identification of WFCs.

the dipole added (see the text for details).

(although in the absence of the active site water molecule;%:gs\li;nofetgtigzswe willdiscuss in greater detail in the
27) and in the reduced DAAS©GDPC complex 26). This 9 ' o _ )
additional interaction could play an important role in ~ The bond length modifications occur in a continuous
stabilizing the reaction products. Finally, in both the oxidized Process as soon as theproton moves away from the
and reduced forms the flavin ring in the optimized structures Substrate toward the flavin N5 atom. Such a process parallels
is essentially planar, also in good agreement with the the changes observed for thealanine @—N bond length
experimentally determined structur@3{-28). However, in (Figure 5d) and) (average of IgN—Ca—_CHg_, H.N—Ca—
the MD simulations the thermal motions induce small COO", and CH—Co—COO" angles) in Figure Se. The
distortions from planarity, which are more marked for the formation of a planar imino acid, with a shorter—@l
reduced flavin. The overall good agreement between the distance than in the tetrqhgdnaalannje substrate, is evident.
minimum energy geometries of our model and the corre- The most |mportant point is that this transfformatlon occurs
sponding X-ray structures shows the reliability of the smoothly_ and smgltaneously as the_reactlon proceeds. This
computational method and, in particular, of the approxima- Observation constitutes the first evidence otancerted
tions made in model building, namely, the exchange- mephanlsm: mdged, if a g:a_rpanlon intermediate was formed
correlation density functional chosen, or the limited size of during the reaction, the initial tetrahedral angle andNC
the system and the use of a periodic supercell to represengingle bond characters of the substrate would have been
it. conserved at least for a part of the reaction path, giving rise
Analysis of the Reaction Patfigure 5 shows the variation 0 horizontal segments in panels d and e of Figure 5.
of several relevant distances and angles during the reaction;Therefore, the electron transfer occumsparallel with the
the reported values have been averaged over each constraind@nsfer of the hydrogen atariiaken together such observa-
trajectory. They provide a clear picture of the structural tions lead to the conclusion that our model represents the
modifications taking place in the course of the reaction. The first reaction step (eq 1) according to a concerted hydride-
expected electron shift (Figure 1) when the flavin is reduced transfer mechanism in which formation of the iminium ion
by two electrons on the N5 atom involves the reduction of {akes place at the same time as a hydride ion is transferred
the C4a-N5 and C10aN1 bond order and the shortening from the amino acid substrate to the flavin redox center. The
of the C4a-C10a bond. The evolution of the C4&10a fact that the calculated activation barrier this hydride
(Figure 5a), C10aN1 (Figure 5b), and C4aN5 (Figure transfer coincides with the experimental measure for the
5c) distances is generally consistent with this electron reaction step in eq 1 supports the conclusion that the enzyme-
rearrangement, albeit the increase in the €48 distance catalyzed reaction proceeds by a hydride-transfer mechanism.
is more marked than the variations of the €4zl0a and, Electronic Distributions along the ReactioA.picture of
particularly, C10a-N1 distances. This point indicates that the electronic structure evolution can be obtained by inspect-
the electron density shifted away from the NG4a region ing the WFC position and spatial dispersion) (@s the
does not completely move to the N1 position as depicted in reaction proceeds18) (Figures 6 and 7). For eaahvalue,
Figure 1. Rather it extends to other regions of the isoallox- the figures show the WFCs calculated for the final config-
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T 1 previous conclusion that the imino acid is gradually formed
065 i in a concerted way as the hydride ion is transferred. These
results are in excellent agreement with conclusions drawn
0.6 7 from the observations of kinetic nitrogen isotope effects with
055k i pk-DAAO (31) and of structure/linear free energy correla-
tions and deuterium kinetic isotope effects using substituted
0sr ] phenylglycines andTrigonopsis variabilis DAAO (Tv-
0451 - DAAO; 30).
O Structure and Electronic Distribution of the DAAO-Bound
© Reduced Flain Isoalloxazine MoietyThe analysis of the
08 g electronic distribution on the flavin ring also provides insight
ol ] into the DAAO-catalyzed reaction. As the transferred hydride
’ ion comes within bonding distance with respect to the flavin
0.6 . N5 atom, we observe a significant rearrangement of the
sk ] internal electronic distribution over the flavin isoalloxazine
ring. As noted before, from the mechanism of Figure 1 a
041 7 substantial change in the electronic distribution is expected
o3b——t L L ! to take place in the N5C4a-C10a-N1 region of the

isoalloxazine ring. Contrary to these expectations, in our
model such developing negative charge does not appear to
be localized on the N1 atom nor on the whole pyrimidine
ring. Rather, the presence of a WFC close to the C4a atom,
which was absent in the oxidized flavin (compare the position
of W2ys-c4 (center 5b) in Figure 8b,c), suggests charge
localization on this atom. The second pair (\W¥14 center
5a) is shifted on the C4aN5 bond axis, to form a single
uration of the corresponding constrained trajectory. In our bond (Figure 8c). The dispersions associated with these
calculation scheme with doubly occupied orbitals, each WFC centers, reported in Figure 7b, are consistent with these
position corresponds to the center of charge density of thetransformations. The final position of W& c4 is out of the
maximally localized orbital describing an electron pair, while flavin plane, in the region between FAD and the imino acid
its spatial dispersion is proportional to the delocalization (Figure 8c). On the other hand, theyWcio electron pairs
extent of the orbital. (centers labeled as 6 in Figure 8) show only a negligible
Note that the two Wannier centers involved in a double displacement toward N1 in the reduced flavin.
bond are symmetrically located on both sides of the bond An increase of electron density at C4a has been observed
axis, while the WFC of an ordinary single bond is located by 3C NMR spectroscopy4®) in the charge-transfer (CT)
exactly on the bond axis. Moreover, an electron pair involved complex between anionic reduced flavin and zwitterionic
in a single bond becomes less localized when a double bondimino acid (the DAAO purple complex; see below). Fur-
is formed; thus, its spatial dispersion increases, as it alsothermore, the electron density distribution on reduced flavin
does for instance when it is involved in charge-transfer in the reduced Rg-DAAGD-alanine complexZ8) is also
processes4g). consistent with our result. The localization of electron density
We considered the WFCs originally belonging (i.e., on the flavin C4a position, as opposed to charge delocal-
closest) to the substratea©H bond (W,), to the Gx—N ization over the pyrimidine ring or the NAC(2)=0 position
bond (W&-y), and to the initial lone pairs on thealanine has been proposed to be relevant in the ability of DAAO-
amino nitrogen (W) and on N5 (Wns) and the WFCs bound flavin to react with molecular oxygen in the second
originally involved on the flavin N5C4a double bond  partial reaction (eq 219—-22). It is generally accepted that
(W1lns—ca and W2s—c4) and on the N+C10a double bond  in the reoxidation of flavin by molecular oxygen (eq 2)
(Wlni—cio and W2u-cio Figure 8a); their initial/final electrons are transferred (most likely in a stepwise process)
positions are shown in Figure 8b,c. from C4a to Q. Therefore, the ability of the enzyme active
As shown in Figure 6a, Wclosely follows the transferred  site residues to maintain/concentrate a high electron density
proton (open circles), leavingdC(open tilted squares), and on C4a contributes to catalysis of the oxygen reduction
approaching N5 (open squares); this confirms that the reaction.

1
q(A)

FiGure 7: Spatial dispersiona) of the main WFCs along the
reaction path: (a) WFCs belonging to the substrate; (b) WFCs
originally on the N5-C4a double bond; W, lone pair amino
nitrogen WFC; W._n, WFC originally on the @—N bond;
Wlns—cq and W2s-cq, WFCs originally on the flavin N5C4a
double bond. See Figure 8 for the identification of WFCs.

transferred species is a hydride ion, with a minimum-v¥
distance of 0.17 A when the.y andRyy distances are equal
(q = 0). The N5-H bond is formed whelg > 1 A. On the

In addition, it has been suggested that the formation of
the stable CT complex plays an essential role in maintaining
a high charge density on the C4a positio26)( Our

substrate side, while the proton is being transferred to the calculations provide evidence of a weak charge transfer from

flavin, the WFCs orp-alanine rearrange with two electron
pairs in the C-N interatomic region. Figures 6a (full circles)
and 8b highlight the formation of the imino acich©NH,
double bond with the displacement of W/ in the C-N
region closer to thex-carbon. The convergence of tle
values of Wy and Wy (Figure 7a) supports this observa-
tion. The trend of the curves in Figure 6a supports the

the reduced flavin to the chargegimino acid. The evolution

of Wipns distances in Figure 6b shows that after the formation
of the N5-H bond ¢ > 1 A) the electronic distribution near
N5 is polarized toward the oxidized substrate. Moreover,
W2ns-c4's dispersion remains significantly large even after
product formation (Figure 7b). These observations suggest
that there is indeed some charge transfer from the reduced
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Ficure 8: Identification of relevant WFCs. (A) Labeling of relevant WFCs: 14\, We_n; 3, Wipn; 4, Wipns; 58, Wis—cs; 5b, Wis—c4;

6a and 6b (later marked as 6), W1ci0 and W3;—ci10, respectively. (B-D) Position of selected WFCs in the enzyrsibstrate model
complex (B), in a configuration taken from the last trajectory with the “free products” (C), and in a configuration taken from the last
trajectory with the free products after inclusion of the dipole, whose hydrogen atom H-bonded to O2 is shown in the lower left corner (D).

WZNS-C4 wIpN!':

Ficure 9: Wannier orbitals occupied by the two electron pairs involved in the DAAGInopyruvate charge-transfer interaction. Top

row: W2ys—ca (A, B) and Wyns (C, D) in the DAAO—-iminopyruvate CT complex. Bottom row: Wg-c4 (E, F) and Ws (G, H) in the

DAAO —iminopyruvate CT complex including the dipole (shown in the lower left corner of panels E and G). Positive and negative isosurfaces
are shown in yellow and purple, respectively.

flavin (both from C4a and N5) to the imino acid when they by the CT interaction with the imino acid, we performed a
are close together. further geometry optimization and MD trajectory after

To confirm and clarify the nature of this effect, the two inserting into the simulation box a HCONIrholecule where
Wannier orbitals having W&-cs and Wjns centroids are the pk-DAAO Leu316-Thr317 peptide bond is located.
shown in Figure 9 (top). The first one is indeed centered on Indeed, it is reported that the large dipole of hetik5
C4a (Figure 9A,B). It spreads over C1, N5, and C10a on (whose positive end is close to Thr317) could play a key
both sides of the flavin plane, with a larger lobe in the region role in the stabilization of the negative charge of the reduced
toward the imino acid. The orbital occupied by the N5 lone anionic flavin on the N+-C2=02 locus (9—23). Due to
pair (Figure 9C,D) is less delocalized in the flavin plane but limits imposed by both the size of our model and the
shows a considerable charge density along the Gib axis. difficulty to evaluate the precise value of the helix dipole
Therefore, it appears that the CT complex arises from the (which may be influenced by surrounding protein residues),
shift of electronic charge both from C4a and, to a greater we tried to mimic its effect by positioning a local dipole
extent, from N5 toward the imino acid, in agreement with directed with its positive end toward O2. After reoptimizing
NMR experiments49) showing an electron-rich C4a inthe the geometry of the reduced enzysimino acid complex,
purple complex. we found small rearrangements in the distances of key atoms

Role of theaF5 Helix Dipole To further investigate these  as reported in Figure 5 (gray symbols). More relevant to the
points, e.g., to establish whether the charge localization onpresent discussion is the fact tithé inclusion of the dipole
the reduced flavin C4a position could effectively be triggered has the effect of destabilizing the CT compliexfact, we
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Ficure 10: Cumulative numbers of WFCs contained in a sphere
of radiusR centered on the flavin C2, C4a, and N1 positions in the

Tilocca et al.

Another interesting point is that the loss of the CT complex
determines only a slight decrease of the charge localization
on the flavin C4a atom; this was already implicit when we
emphasized its minor importance in the CT interaction. A
small shift of electronic density from the C4a toward-N1
C2=02 can be highlighted by calculating the number of
WEFCs close to N1, C2, and C4a (Figure 10). The presence
of the dipole has the effect to shift almost two WFCs closer
(within 2 A) to N1 and C2, at the expense of WFCs close to
C4a. However, the charge remains centered mainly on C4a
even in the absence of the CT complex (Figure 8d),
indicating that, at variance with the previous conclusi?g) (
it is not the presence of the posii end of the zwitterionic
imino acid in the CT complex that determines and stabilizes
the charge accumulation on the fia C4a position

CONCLUSIONS

presence (continuous line) and in the absence (dashed line) of the

dipole adjacent to the N(£)C(2=0 position of the reduced flavin.

performed an MD simulation of the reduced flaviimino
acid—dipole system without constraints on the reaction
coordinate. In this system, the imino acid left free appears
to be more mobile than in the system without the dipole.
After 0.1-0.5 ps it considerably rotates and changes orienta-
tion, pointing its methyl group toward the flavin ring (Figure
8d). The larger mobility of the imino acid in the model
containing the dipole could be related to the “pulling”
(electron-withdrawing) effect of the dipole positive end. This
reduces the polarization of the electronic charge toward the
imino acid, with the consequence that the CT interaction
between the reduced flavin and the imino acid product
discussed above is disrupted. The disappearance of the C
complex can be deduced first by looking at Figure 8d, where
the relevant WFC positions when the dipole is present are
shown. After the inclusion of the dipole and the rotation of
the imino acid, the displacement of the M¢ and W23is_ca
centers toward the imino acid is reduced. The corresponding
Wannier orbitals are shown in Figure 9H. The W25-c4
orbital shows only minor changes (note however the dis-
appearance of the two small lobes on @ith respect to
Figure 9A-D); a greater change is observed for thgW4/
orbital, where the considerable shift of charge toward the
imino acid disappears. This confirms that the CT interaction
mainly took place from the N5 lone pair.

The CT complex thus appears to be labile in our model,
and its stability is strongly affected by long-range effects,
as the electrostatic effect of the dipole. It is worth pointing
out that the DAAO purple complex is a stable intermediate
in the reaction of pk-DAAO wittp-alanine, and this is typical
of DAAO from pig kidney. In the other well-characterized
DAAOSs, namely, Rg-DAAO and Tv-DAAO, such a charge-
transfer complex does not build up due to a greater
dissociation rate as compared to that observed in the pig
kidney enzyme&0). Such a different stability of the purple
intermediate correlates with the presence in pk-DAZRJ)(
but not in Rg-DAAO ¢8), of the 216-228 active site lid,

We have shown here that modeling of the active center
of DAAO is feasible, and that a reliable description of the
enzyme-catalyzed-alanine dehydrogenation can be obtained
to complement information obtained by kinetic and equilib-
rium studies in solution and by X-ray crystallography. The
present computational approach led to the conclusion that
the crystallography-based models of the enzysigbstrate
and enzyme-product complexes reflect stable conformations
of the system.

The transfer of the substratehydrogen to the flavin N5
position has been simulated, and the free energy profile of
the reaction and the electronic distributions are consistent
with the proposal that the DAAO-catalyzed reaction proceeds

.lby a hydride-transfer mechanism, which is tightly coupled

to imino acid formation (Figure 1c). Thus, the alternative
(and unlikely) mechanism (see 126 for a discussion) which
implies transient formation of a carbanion intermediate with
the flavin N5 position acting as the proton acceptor is also
not supported by the present data. A weak reduced ftavin
imino acid charge-transfer complex is observed in our model,
and such a CT complex is further destabilized by the presence
of a dipole near the flavin N3*C2=0O locus. The poor
stability of the reduced enzymeémino acid CT complex
highlights a role of the DAAQO active site lid in stabilizing
such reaction intermediate. In contrast with earlier proposals,
charge transfer to the imino acid in the purple complex
originates from the N5 lone pair rather than from C4a.
Furthermore, regardless of the presence of the dipole and of
the presence of the charge-transfer interaction between
reduced flavin and the iminopyruvate product, electron
density remains localized around the C4a position of the two-
electron-reduced flavin, thus priming the reaction of the
reduced enzyme with molecular oxygen.

Contrary to expectations, the positive end of ¢tk helix
dipole does not appear to be necessary to enhance flavin
reactivity in thep-alanine dehydrogenation reaction nor to
affect to any significant extent the electron density distribu-
tion on the flavin isoalloxazine ring. The activation energy
for the reaction calculated in the absence of the dipole closely

which is missing in our present model as well. The poor matches that determined experimentally in solution studies:
stability of the purple complex we observe supports the this could indicate that the dipole is not essential for catalysis
hypothesis of the role of the enzyme active site lid in of pb-alanine dehydrogenation. Rather, we have found that it
controlling substrate/product binding to the enzyme active plays a role in destabilizing the DAAO purple intermediate
site 27, 42). through a mild electron-withdrawing effect that subtracts
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charge density from the C4a\N5 region. This reflects the

importance of long-range effects in controlling product

stability.

The extension of the present approach to obtain mecha-
nistic information on other flavin-dependent enzymes appears
possible. Furthermore, the application of this approach to
the study of the reaction of reduced DAAO with molecular
oxygen, which has escaped experimental investigations,

would be particularly interesting.
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