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On the basis of a large amount of experimental information, the reductive half-reaction of PSAO has been
studied quantum mechanically using hybrid density functional theory (B3LYP). The suggested mechanism
agrees very well with the one suggested experimentally and incorporates the observation of two different
Schiff bases. The half-reaction is suggested to occur in six steps, and transition state structures connecting
the different intermediates have been optimized. Two of these steps are further subdivided into two separate
parts. The rate-limiting step is found to be the & activation of the substrate in agreement with experimental
findings, and this step is found to be driven by a large gain of aromaticity in the TPQ ring. To make full use
of this driving force, O2 of TPQ is suggested to be protonated prior to thid @ctivation. A mechanism for

how this protonation might occur is suggested. The roles of the TPQ cofactor and the critical Asp300 are
discussed and compared to experimental observations and suggestions.

I. Introduction

Copper-containing amine oxidases (CAO’s) form a family Asn386
of redox active enzymes which is present in both prokaryotes G 9 .
and eukaryotes. They catalyze the oxidative deamination of @ ® : ©) @
primary amines by dioxygen to form aldehydes, ammonia, and Q) e (e
hydrogen peroxide. In prokaryotes, amine oxidases provide the ("N @ eo ©
source of carbon and nitrogen but in eukaryotes they are Q “ W & Asp300
suggested to be involved in cell differentiation, cell growth, © PR :
detoxification, wound healing, cell signaling, and possibly in His603
cell deatht™> The medical interest in amine oxidases is ©
increasing, with reports suggesting their involvement as a g © Lysz96
mediator in the interaction between lymphocytes and endothelial Hisdd2
cells® in the formation of vascular plaques suggested to be € o © Tur2%6

involved in congestive heart failufeand in vascular damage
observed in late-diabetic complicatioh§he CAO enzymes are  Figure 1. X-ray structure of the active site region of PSAO.
homodimeric with 76-95 kDa subunits, and with each subunit
containing one copper cente¥%The catalytic reaction requires
a redox cofactor, 2,4,5-trihydroxyphenylalaninequinone referre
to as a topa quinone (TPQ), which is ubiquitous in amine .
oxidases. The presence of TPQ has been confirmed in the amine Eox - RCH, NH, = Ereq + RCHO @
oxidases in pea seedling (PSAB)n pig kidney (PKAO)*2in
Escherichia coli(ECAO),!2 in Arthobactor P1(APAO),** in
bovine serum (BSAOY, and in yeastilansenula polymorpha® Eeqt O, + HO—E, + H,0, + NH, %)
Two hypotheses have been advanced for the biogenesis of the
TPQ cofactor, involving either a self-processing mechanism This type of mechanism is supported by steady-state kinetics
oxidizing a tyrosine residue into TR@*®or a direct incorpora-  for the CAOs with regard to amine substrate and dioxykfén.
tion of it into the enzyme via a unique tRNA&.It is possible Kinetic constants obtained for the reduction of the enzyme in
that the copper center therefore could play a crucial, dual role the absence of dioxygen agree well with the steady-state
in amine oxidases. Not only is the copper atom suggested to beparameters for the reductive half-reactf8.he rates of these
involved in the biogenesis of the organic quinone cofactor, but two half-reactions depend on the source of enzyme with the
it is also instrumental in the catalytic oxidation of amines in rate for the reductive half-reaction found to be much greater
the enzyme. Most amine oxidases are substrate specific; pro-than the one for the oxidative half-reaction for plant amine
karyotic bacterial amine oxidases and mammalian plasma oxi- oxidases while the opposite is true for pig plasma amine oxidase
dases prefer monoamines as substrates, whereas PSAO hgPPAQ)2324
stronger preference for diamines. The catalytic mechanism of = The crystal structure for eukaryotic PSAO has been solved
copper-dependent amine oxidases has recently been revigfed. to 2.2 A resolutior? Each monomer in PSAO contains three
Experiments strongly suggest that all CAOs utilize a two step, domains. At the active site, see Figure 1, the Cu atom is
ping-pong type mechanism in its catalytic cycle. The process coordinated to the imidazole side-chains of three histidines,

can be formally divided into reductive and oxidative half-
d reactions, with the reductive half-reaction being

and with the oxidative half-reaction being
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Figure 2. Experimentally suggested mechanism for the first half-
reaction of copper-containing amine oxidases.

His442, His444, and His603, and to two water molecules, one
equatorial and one axial in the distorted square-pyramidal
geometry. The active site is deeply buried, and a significant
amount of reorientation of the polypeptide is needed for the

substrate to reach it. The organic cofactor TPQ and copper are

in close proximity but they are not coordinated to each other
with the quinone oxygen O2 (see Figure 1) lyié A from the

Cu atom. All three oxygen atoms of TPQ form hydrogen bonds
with neighboring groups, O2 to the carboxylate side chain of
Asp300, O4 to the side chain nitrogen atom of Lys296, and O5
to Tyr286 and Asn386. Asp300, Tyr286, and Asn386 residues

are conserved in all the amine oxidases studied so far, wherea:

Lys296 is conserved in approximately half of théhThe TPQ
cofactor must be highly flexible since it is required to rotate by
18C° to form a Schiff base at O5 with the help of Asp300,

generally believed to be an essential part of the substrate

mechanism.

The most accepted mechanism for the first half-reaction of
CAQ?0:27.28is shown in Figure 2. In the first step, the substrate
uses an aminotransferase mechanism to bind its nitrogen to th
TPQ ring, leading to the formation of a Schiff base at the C5
position of the ring. This position is suggested on the basis of
model studies with hydantoit®® and on reductive trapping
experiment$132 The presence of the imine intermediate is
furthermore confirmed by resonance Raman spectrostopy.

Even more direct evidence is obtained from a crystal structure

of the complex between CAO fror&. coli and its inhibitor,
2-hydrazinopyridine, solved to 2.0 A resoluti&hiThe inhibitor
does not have the-€H bond required to reach the second step,

and therefore allows the isolated study of step 1. In the structure

formed, the inhibitor covalently binds at the C5 position of the

quinone ring of the cofactor and forms a substrate Schiff base.
In the first step of the suggested mechanism, a water molecule

is also formed. In the second step, a hydrogen is suggested t

be abstracted from C1 of the substrate leading to a new Schiff

base. Asp300 is proposed to be a likely proton abstractor in

this step3®25see Figure 2, but in other suggested mechanisms

Asp300 remains unprotonated after this stefphe hydrogen
abstraction from CL1 is indicated by kinetic isotope measure-

ments3%:35 and also by recent resonance Raman spectroscopy.

experiments for the E406N mutant of yeast methylamine
oxidase, which provide direct evidence for the accumulation of

an intermediate that has all the characteristics of a product Schiff

base compleX*3®In the third step of the suggested mechanism,
hydrolysis of the product Schiff base leads to the formation of
the product aldehyde and an aminoquinol form of the cofactor.

()
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Even though copper is not directly implied in any of the
suggested steps in the first half-reaction, it is required also in
this part of the reaction in all CAOs except lentil seedling amine
oxidase3"-38 However, it should be noted that copper depletion
decreases the rate of the lentil seedling amine oxidase reaction
with hydrazines, which are substrate-like inhibitéfs.

The above detailed information about the different steps and
intermediates in the catalytic cycle of CAO, combined with the
known X-ray structure, provides an ideal starting point for a
quantum chemical study of the mechanism. Besides giving
detailed energetics for the reaction steps which can be used to
test the suggested mechanism, calculations can provide ad-
ditional information such as structures for short-lived intermedi-
ates and transition states. The present study is similar to previous
ones, which have successfully elucidated the substrate mecha-
nisms of ribonucleotide reductase (RN®Y and pyruvate
formate lyase (PFL3}!

II. Computational Details

The calculations were performed in two steps. First, an
optimization of the geometry was made using the B3LYP
method? with double¢ (d95) basis sets in most cases. In the
second step the B3LYP energy was evaluated for the optimized
geometry using the large 6-315(2d,2p) basis sets, which
include diffuse functions and two polarization functions on each
atom. All degrees of freedom were optimized. The transition
states obtained were confirmed to have only one imaginary
frequency of the Hessian. Zero-point vibrational effects and
thermal effects were added based on B3LYP calculations using

ghe same basis sets as for the geometry optimization. The

dielectric effects from the surrounding environment were
obtained using the self-consistent isodensity polarized continuum
model (SCI-PCM)23 where the solute cavity is determined self-
consistently. The dielectric constant was set equal to 4, which
corresponds to a dielectric constant of about 3 for the protein
and 80 for the water medium surrounding the proféiSince
models with the same charge (neutral models) were used
throughout the present study, the relative dielectric effects were

e;found to be rather small and not very sensitive to the method

used or to the value chosen for the dielectric constant. The
relative energies discussed below are Gibbs free energies where
all the effects described above are added. Normal errors of using
B3LYP and different aspects of modeling enzyme active sites
are described in recent revie?s' All calculations were
performed using the GAUSSIAN-94 progrdh.

To test the accuracy of the B3LYP method for the present
systems, a few calculations were done at a higher level for the
overall reaction energy of the reductive half-reaction. The
method used for these tests was the G2MS methuadich is
similar to the original G2MP2 methd¥except that somewhat
smaller basis sets are used, the 6-31G* basis for the CCSD(T)
calculations and the 6-3%#%5(2df,2p) basis for the MP2
calculations. B3LYP geometries as described above for the
smallest possible model was used. The results are given in Table
1 and show that the reaction energy for the entire first half-
reaction is 2.0 kcal/mol larger at the G2MS level than at the
B3LYP level for the same model with the basis set described
above, which is a quite satisfactory deviation. Zero-point,
thermal, and dielectric effects are not included in this compari-
son.

Ill. Results and Discussion

The mechanism suggested based on experiments, shown in
Figure 2, was used as a starting point for the present B3LYP
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TABLE 1: B3LYP and G2MS Energies (au) for the TPQ Ny PO CH
Reactants and Products of the Reductive Half-Reaction of CHy Asb300 : H Asp300
Amine Oxidase A . H/Q\
o HO O 0 oY%
EgaLyp Ecavs H/ . 0
reactants / N/H_ /g
TPQ (start) —456.8091 —455.9130 y N TR, u i~
methylamine —95.8965 —95.6802 O H A
products o Qo H CH,
TPQ (final) —438.1894 —437.3014 “n Mt
el — \\\ \N/
formaldehyde 114.5428 114.3216 N Lysaos Ly5296
study of the first half- reaction (eq 1) for PSAO. The initial H CHa CH,

question to be anSIdgreq herg is the choice of an ?pprOpnateFigure 3. Suggested first step of the amine oxidation in PSAO.
model for the active site including the substrate amine. It can
first be concluded that since experiments suggest that the copper o)
complex is unlikely to play a major role in this part of the o
reaction3® it can be left out of the model. Now what remains is
to decide upon the choice of amino acid residues that need to
be included in the model and the total charge state of the model.
A model of Asp300 is obviously needed based on what is known
experimentally. After considerable experimentation, it was
decided that a model of Lys296 of PSAOQ is also useful for some
of the steps. Since, in other CAOs, the lysine is too far away
from TPQ to be likely to be active in the reactions, the role of
lysine could possibly be taken either by a water or by an
asparagine for these enzymes. In some steps discussed below,
water and asparagine were therefore used instead of lysine to
investigate the difference between these groups on the reaction.
The asparagine residue has been suggested to be important for
the initial positioning of the TPQ cofacté?,but this does not
exclude also other roles for this residue. Concerning the not-
so-critical charge state of the model, a neutral model was
considered to be the most reasonable choice for a molecular
system deeply buried in the low-dielectric of a protein. Assum-
ing the substrate to be neutral and that Asp300 and Lys296
together carry a net neutral charge, the TPQ cofactor will then of the substrate on C5. A concerted attack on C5 and O5 is
start out neutral in the first geometry optimization. It should be necessary for a low barrier. This step has large similarities to
pointed out that this initial choice does not necessarily mean one of the steps suggested for the RNR substrate reaction
that the TPQ cofactor will always stay neutral. For some of the sequence, where a ketogroup is attacked by a cysteine and a
structures a negative TPQ cofactor was found, in line with carboxylaté® and is probably a quite general mechanism for
suggestions by experimeri&For a neutral TPQ cofactor one  these types of reactions. Besides the attack on C5 a proton also
of the three oxo groups should be protonated. By far the most moves from O4 to Lys296, so that at the end of this step both
stable position to protonate TPQ is at O4. The energy preferenceLys296 and Asp300 are charged and the TPQ cofactor is
for protonating O4 compared to O2 is as large as 12 kcal/mol, negative. The step illustrated in Figure 3 is found to have only
and O4 therefore starts out protonated in the reaction sequence small barrier of 2.6 kcal/mol and to be perfectly thermoneutral.
discussed below. In step 3 of this reaction mechanism, the protonThe transition state obtained is shown in Figure 4. The calculated
is suggested to move from O4 to O2, and for this purpose three entropy effect ist-4.0 kcal/mol (included in the values), favoring
water molecules are added to the model for this step. Two of the reactants and indicating a more tightly bound product than
these waters are seen in the crystal structurggénd W)>5? reactant. On the other hand, the dielectric effect (also included
while the third water is used to model Tyr286. In steps 2 and in the values) favors the products by 4.0 kcal/mol, and is due
5 of the suggested reaction mechanism, it was also found to beto the formation of the charged residues indicated in the figure.
necessary to include an external water molecule in order to b. Step 2: Formation of the Substrate Schiff BaseThe
bridge different protonation sites. Water molecules not needed suggested second step of the reaction mechanism is divided into
for a step were left out of the model in that step. On the basis two parts, shown in Figure 5 and Figure 6, and describes the
of earlier experience, a neutral Asp300 is modeled by a formic formation of the substrate Schiff base observed experimentally
acid, while a neutral Lys296 is modeled by a methylamine. The in a crystal structure of thE. coli enzyme with the 2-hydrazi-
neutral substrate is modeled by an ethylamine. nopyridine inhibitor® It has also been observed by resonance
a. Step 1: Substrate Attack at the C5 Site of TPQAs a Ramant* in model studied?2% and by reductive trapping
starting point for the geometry optimization for the first step of experiments$32 The formation of this base is suggested to
the amine oxidation in PSAO all the different species involved, involve a proton transfer from the amino group over a solvent
Lys296, Asp300, TPQ, and the substrate, were chosen neutralwater molecule to the C5 hydroxyl group, where a water
The optimization of the reactant did not change the charge statesmolecule is released. In the first part of this reaction step the
of any of the amino acids involved, nor of TPQ or the substrate. substrate amino group is deprotonated and Asp300 is protonated
The best present suggestion for the first step is shown in Figurein a proton-transfer chain reaction. This part has a barrier of
3. This step can be described as a simultaneous protonation ofL5.1 kcal/mol, which includes zero-point vibrational (plus
O5 of TPQ by the neutral aspartate, and an attack of the aminethermal enthalpy) effects 3.3 kcal/mol and dielectric effects

Figure 4. Optimized transition state for step 1.
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Figure 10. Suggested second part of the third step of the amine
oxidation in PSAO.

kcal/mol (included in the values) favoring the product, and is
due to the release of the water molecule. The fact that the second
step is calculated to be exothermic agrees with the inhibitor
of —2.3 kcal/mol, and it is uphill by 5.5 kcal/mol. The transition crystal structure of the enzyme which shows that the doubly
state obtained is shown in Figure 7. In this transition state bonded substrate Schiff base is more stable than the singly
structure it may appear as if a proton was also moving betweenbonded reactant of this step.

Lys296 and O4 in this step, but this is not the case. The proton c. Step 3: Formation of the Product Schiff Base.The
position is essentially the same from reactant to product. After suggested step 3 is also divided into two parts, which are shown
this step the main reaction coordinate is the@bond between in Figure 9 and Figure 10. This is a key step of the entire
the C5 carbon and the water molecule being formed. Simulta- mechanism in which the €H bond of the substrate is broken.
neously Asp300 is deprotonated again. The resulting transition A second Schiff base is formed in this step which can be
state is shown in Figure 8. The computed barrier for this part is identified with the product Schiff base recently observed by
8.1 kcal/mol, which includes zero-point vibrational (plus thermal resonance Raman spectroscopy of a mutant of yeast methyl-
enthalpy) effects of-0.5 kcal/mol and dielectric effects f0.1 amine oxidasé+36To accomplish the difficult task of breaking
kcal/mol. Going from reactants to products in step 2 is the C-H bond, full use has to be made of resonance effects in
exothermic by 2.5 kcal/mol, where zero-point vibrational (plus the TPQ ring. This requires that O2 of TPQ becomes protonated
thermal enthalpy) effects contributed.2 kcal/mol and dielectric before the G-H activation, and a suggestion for how this is
effects—1.1 kcal/mol. The calculated entropy effect-.5 done in PSAO is shown as the first part of the third step in

Figure 7. Optimized transition state for the first part of step 2.
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Figure 11. Optimized transition state for the first part of the third ~ step of the amine oxidation in PSAO.
step of the amine oxidation in PSAO. some experimental suggestiéh¢see Introduction), but does

Figure 9. A proton is initially available at Lys296, but a rather form a very strong hydrogen bond with a distance of only 1.38
long-range proton transfer is needed for it to reach O2. It turns A. The water molecule produced in step 2, is hydrogen bonded
out that the enzyme is perfectly set up for this transfer, with a to the second oxygen of the Asp300 carboxylate, and swings
hydrogen-bonded chain composed of Tyr286 and the two wateraround in this process, and is then prepared for the next step
molecules observed in high-resolution structures of amine placed close to the substrate C1 carbon. This happens automati-
oxidase$1521t is interesting to note that the enzyme is likely cally in the geometry optimization. The barrier for this step is
to make use of this hydrogen-bonded chain also in the oxidative 8.4 kcal/mol, which includes zero-point vibrational (plus thermal
half-reaction where hydrogen peroxide is formed from an enthalpy) effects of 3.7 kcal/mol, entropy effectsed.1 kcal/
oxygen molecule. The optimized transition state for the proton mol, and dielectric effects of-2.3 kcal/mol. The origin of the
transfer to O2 is shown in Figure 11. This part of the third step large dielectric effect is a large change of dipole moment from
is endothermic by 8.1 kcal/mol, where entropy effects contribute 3.3 D for the reactant to 7.1 D for the transition state structure.
—0.6 kcal/mol and dielectric effects1.6 kcal/mol. The barrier ~ Since the third step follows a step which is endothermic by 8.1
for the proton to reach O2 is 10.1 kcal/mol, where zero-point kcal/mol (see above), the barrier to break the-HC bond
vibrational (plus thermal enthalpy) effects lower the barrier becomes 16.5 kcal/mol. This barrier makes it the rate-limiting
significantly by 5.4 kcal/mol. Entropy and dielectric effects on step of the presently suggested mechanism for the reductive
the barrier aret-0.7 kcal/mol and-1.1 kcal/mol, respectively.  half-reaction, which agrees well with rapid scanning kinetic
With the proton present at O2, the enzyme is well prepared to data®® The calculated kinetic isotope effect is 3.9 (by substitut-
perform the C-H bond breaking. This is done in the second ing hydrogen by deuterium on the Ggroup of the substrate),
half of the third step and is driven by a strong exothermicity of which is significant but still lower than the experimental isotope
28.5 kcal/mol, which mainly comes from the aromaticity of the effect of 8.5. This type of underestimation is common and could
TPQ ring obtained in this step. It is interesting to note that at least partly be due to tunneling efféétaot included in the
textbook values for the energy gain by aromaticity is 36 kcal/ present estimate. As a final comment on this step, it can be
mol >3 based on the hydrogenation energy of benzene, which is noted that lysine is assigned an important role as proton donor
rather close to the exothermicity in this step. However, if the in the first half of this step and as a proton-transfer agent in the
ring is replaced by hydrogen atoms bound to C4 and C5, therebysecond part. Since lysine is not as close to the active site in
destroying the gain obtained by the aromaticity, the exother- other CAOs its roles might be taken by other residues for those
micity decreases by only 19 kcal/mol. The entropy effects enzymes. It is difficult to predict where the proton needed at
increase the exothermicity by 1.9 kcal/mol, and the dielectric O2 comes from in the other CAOs. A proton source other than
effects give an increase by 2.3 kcal/mol. It is clearly highly the lysine appears likely since it is 7.5 A away from O4Hn
significant that the enzyme places almost all of the available polymorpha'® As a proton transfer agent in the second part its
reaction exothermicity from the reductive half-reaction in this role definitely has to be taken over by some other molecule.
single critical step where the-€H bond is broken, since thisis  Replacing lysine with water increases the barrier for the second
a way to bring down the barrier and increase the rate. The part by as much as 7.3 kcal/mol, but using both water and
possibility to use the aromaticity as a driving force in the rate- asparagine, leads to a barrier which is only 1.5 kcal/mol higher
determining step is obviously the reason the enzyme has athan the one with lysine. To the accuracy of the present methods
quinone as a cofactor. The situation described here is quitethese barriers are therefore essentially the same.

similar to manganese catalase, which was recently studied by d. Step 4: Substrate C-OH Bond Formation. In the
similar method$? where almost all of the available exother- suggested fourth step, the water molecule formed in step 2
micity was found to be placed in the single rate-limiting step attacks the C1 carbon of the substrate, see Figure 13. After step
where the G-O bond is broken, and is probably common for 2, the water molecule is bound to one of the oxygens of the
enzyme-catalyzed reactions in general. The transition state forAsp300 carboxylate, but in the course of step 3, the Asp300
this step is shown in Figure 12. In the present mechanism has swung around 18@see above) and thereby positioned the
Asp300 remains unprotonated in this step in agreement with water in the region of the C1 of the substrate. Since Lys296
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Figure 13. Suggested fourth step of the amine oxidation in PSAO.
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Figure 14. Optimized transition state for step 4. Figure 16. Optimized transition state for step 5.
has become hydrogen bonded to the O4 hydroxyl group, which strong with a short ©H distance of only 1.45 A. A large
is reasonably far away from the substrate, it is not active in number of attempts were required before the suggestion depicted
this step. The transition state for formation of the substrat©C in Figure 15 was found. In this mechanism, which requires an
bond is shown in Figure 14. The calculated barrier is 11.8 kcal/ added water molecule, a proton is transferred from the aspartic
mol, to which entropy effects contribute By2.3 kcal/mol. The  acid over the water molecule to the nitrogen, rather than by a
reason for this is that there is a relatively free water molecule direct rotation of Asp300. The optimized transition state is
before the reaction with a large entropy. Dielectric effects are shown in Figure 16. As seen in this figure, the proton transfer
small, raising the barrier by 0.6 kcal/mol. Asp300 plays a crucial is a strongly concerted process with severatiDand N-H
role in the C-O bond formation as proton abstractor from the distances in the range 1.3 A. The computed barrier height
water molecule. In fact, this is the most important function of js 10.6 kcal/mol, where zero-point vibrational (plus thermal
this aspartate so far in the present mechanism for the reductiveenthalpy) effects have lowered the barrier significantly by 4.1
half-reaction. This result agrees well with mutation experiments kcal/mol. Entropy and solvation effects on the barrier are small.
on yeast methylamine oxidad&3®which show that if Asp319  The fifth reaction step is weakly exothermic by 0.5 kcal/mol.
(which corresponds to Asp300 in PSAO) is replaced by an A final model calculation was done for step 5 in which lysine
asparagine, the reductive half-reaction will halt after the replaces the water molecule in transferring the proton. This
formation of the product Schiff base (the third step, see above). turned out to be less favorable and led to an increase of the
The C-0 formation step is endothermic by 3.1 kcal/mol, where barrier for this step by 4 kcal/mol.
again entropy contributes significantly biy2.7 kcal/mol for f. Step 6: Formation of Product Aldehyde.The only step
the same reason as for the barrier. For the reaction energyremaining in the first half-reaction is the sixth one which should
solvent effects are more important than for the barrier, increasing release the product aldehyde. The suggested mechanism is
the endothermicity by 2.3 kcal/mol. The reason is a change of shown in Figure 17. The water molecule which was added in
dipole moment from 11.5 to 6.5 D for the products. step 5 is no longer needed and is therefore removed from the
e. Step 5: Transfer of Proton from Asp300 to Substrate model. To break the €N bond of the substrate to release the
Nitrogen. In the suggested fifth step, a proton should be moved aldehyde, a proton transfer to Asp300 is needed. This is another
from the carboxylate of Asp300 to the substrate nitrogen. This important function of Asp300 in the reductive half-reaction. As
might appear as a rather simple step. All that is required is that discussed above, Asp300 is also crucial in steps 4 and 5 as
the Asp300 swings around 18@s it did during the third step,  proton abstractor and donor. No transition state for product
and delivers the proton to the substrate nitrogen. However, therelease was found in step 6, but the reaction is only uphill by
barrier for rotating Asp300 is prohibitively high. The reason is 5.9 kcal/mol. The reason the transition state optimization failed
that the hydrogen bond to the substrate hydroxyl group is very even though explicit Hessians were calculated, is due to a very
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RNR and PFL. As usual, the present investigation was strongly
guided by experimental structural and spectroscopic information,
which is summarized in the mechanism shown in Figure 2. The
energy diagrams for the presently suggested PSAO mechanism
can be divided into six steps, as shown in Figures 18 and 19.
Two of these steps are further subdivided into two steps each.
Energy diagrams were constructed by imposing that the reactant
of each step has the same energy as the product of the previous
step. There is one exception to this rule and this is for step 5.
In this case the product of step 5 is placed at a calculated energy
of 0.4 kcal/mol below the reactant of step 4. The reason for
this is that in step 5 there is an addition of an extra water

molecule, while in the fourth and sixth step the same size of

small barrier for the backward reaction which led the geometry models were used. The reactant of the sixth step was found to
optimization either to the reactant or to the product. However, be 0.4 kcal/mol lower than the reactant of the fourth step using
a small barrier for this step should have almost no chemical the same model. By placing the product of step 5 below the
consequences. Rather surprisingly, the calculated entropy effecteactant of stge 4 a minor discrepancy to experiment was
on the endothermicity is only 0.3 kcal/mol. One reason for this avoided, since it is known that the reactant of step 6 should be
is that there is a very strong hydrogen bond between the productlower than the reactant of step 4. The calculated energies are
aldehyde released and Asp300 (1.59 A). It is clear that as this given in Table 2.
hydrogen bond is replaced by hydrogen bonds to other residues, Tne first step in the presently suggested scheme is the
the aspartate will be deprotonated. In this process, the aldehydgnermoneutral addition of the amine substrate to the C5 carbon
would become much more free and a gain of entropy would o TpQ, which occurs simultaneously as O5 becomes protonated
result that together with the deprotonation of Asp300 should by Asp300. There is a small barrier of 2.6 kcal/mol for this
eventually make this step exothermic. This part of the final step step. In the second step, the O5 hydroxyl group of TPQ, formed
of the reductive half-reaction was not modeled here since it i, step 1, becomes protonated to form a water molecule. In the
would require a substantially larger model than the one presently fiyst part of this step there is a proton transfer from the substrate,
used. As the €N bond of the substrate is broken, the cofactor \ar an external water and the O5 hydroxyl group to Asp300.
is left in its aminoquinol form. It will return to its original TPQ g part is endothermic by 5.5 kcal/mol and goes over a barrier
form only after the oxidative half-reaction. of 15.1 kcal/mol. The product of the second part of this step is
the substrate Schiff base observed experimentally in a crystal
structure with an inhibitd® and by resonance Raman spectros-

The reductive half-reaction of PSAO has been studied by copy!* The second part goes over a barrier of 8.1 kcal/mol and
similar computational methods and models as have been useds exothermic by 8.0 kcal/mol. Overall, this makes the second
previously for the substrate reactions of other enzymes such asstep slightly exothermic by 2.5 kcal/mol, which is in agreement

IV. Conclusions

7.6
5.6
=
3 CHa
= 5 HO
= 3
=
=2
= H
> 0
e
L
- +
a8 H
\
v CH,
3 \
0
=4

Reaction Coordinate

Figure 18. Energy diagram for the first three steps of the reductive half reaction of PSAO.
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Figure 19. Energy diagram for the last three steps of the reductive half reaction of PSAO.

TABLE 2: Energies (au) for the Optimized Structures of
the Different Steps

Ebig basis EDZ EAHa Esolvb ETAS

Step-1

R —917.1428 —916.7261 0.3359 —916.7397 0.0788

TS —917.1405 -—916.7266 0.3351 —916.7407 0.0756

P —917.1411 -—916.7402 0.3376 —916.7602 0.0725
Step-2a

R —993.6127 —993.1834 0.3639 —993.2031 0.0752

TS —993.5857 —993.1499 0.3587 —993.1660 0.0764

P —993.5994 —993.1557 0.3655 —993.1754 0.0781
Step-2b

R —993.5994 —993.1557 0.3655 —993.1754 0.0781

TS —993.5882 —993.1522 0.3647 —993.1717 0.0757

P —993.6132 —993.1826 0.3637 —993.2005 0.0808
Step-3a

R —1146.5769 —1146.0819 0.4194-—-1146.0985 0.0914

TS —1146.5551 —1146.0699 0.4109—1146.0847 0.0903

P —1146.5578 —1146.0984 0.4167—-1146.1010 0.0924
Step-3b

R —917.1242 —916.7078 0.3355 —916.7229 0.0772

TS —917.1012 —916.6856 0.3296 —916.7043 0.0773

P —917.1633 —916.7496 0.3357 —916.7684 0.0802
Step-4

R —917.1633 —916.7496 0.3357 —916.7684 0.0802

TS —917.1482 —916.7395 0.3347 —916.7574 0.0765

P —917.1691 -—916.7589 0.3383 —916.7740 0.0759
Step-5

R —993.6403 —993.1896 0.3657 —993.2062 0.0788

TS —993.6164 —993.1801 0.3591 —993.1974 0.0785

P —993.6424 —993.1971 0.3646 —993.2151 0.0749
Step-6

R —917.1698 —916.7568 0.3378 —916.7759 0.0761

P —917.1610 —916.7406 0.3353 —916.7561 0.0766

a2The sum of zero-point and thermal enthalpy effeEBalculated
with DZ basis set.

The third step of the reductive half-reaction is the most critical
one and is rate-limiting in the present model in agreement with
experiments$® This step is also subdivided into two parts. In
the first part a proton is transferred from Lys296 hydrogen
bonded to O4 over to O2 using a hydrogen-bonded chain of
two waters and one tyrosine, all of them observed at proper
positions in the X-ray structures. This part is endothermic by
8.1 kcal/mol and goes over a barrier of 10.1 kcal/mol. In the
second part of this step a-&1 bond of the substrate is broken
and the O4 of TPQ becomes protonated. The proton is suggested
to be transferred over Lys296 in PSAO while in other CAOs
the role of lysine could be taken by a water molecule assisted
by an asparagine. Asp300 is only a spectator in the present
mechanism and remains unprotonated in agreement with some
previous suggestior’d.The second part of this step is strongly
exothermic by 28.5 kcal/mol which helps in overcoming the
C—H bond cleavage barrier. A large part, 19 kcal/mol, of this
exothermicity comes from the aromaticity introduced into the
quinone ring. The overall barrier for step 3 is calculated to be
16.5 kcal/mol. The product is a second Schiff base, which has
also been observed experimentally by resonance Raman spec-
troscopy for an E406N mutant of yeast methylamine oxida%e.
The reason this product Schiff base can be observed is that
Asp319 (corresponding to Asp300 in PSAO) plays a key role
in the next step, where the substrate is hydroxylated, and its
removal therefore prevents this step. In step 5 the substrate is
protonated by Asp300 in step 5. Since Asp300 is locked in its
position from step 4, an external solvent water molecule is
needed to assist in the proton transfer. The barriers for step 4
of 11.8 kcal/mol and for step 5 of 10.6 kcal/mol are substantially
lower than for the rate-limiting step 3. Finally, in step 6 the
aldehyde is released. The present mechanism, as described in
Figure 18 and Figure 19, agrees very well with most of the

with the fact that the substrate Schiff base is the one observedavailable experimental information. In addition the calculations
experimentally and not the singly bonded reactant of this step. supply information about the energetics of the different reaction
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steps as well as detailed transition state structures and should (30) Mure, M.; Klinman, J. PJ. Am. Chem. Sod 995 117, 8707~

be useful for further analysis of this interesting enzyme reaction.
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