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The mechanism of the copper-containing enzyme quercetin 2,3-dioxygenase has been studied using hybrid density
functional theory. This enzyme cleaves the O-heterocycle of a flavonol using dioxygen and releases carbon monoxide.
Two different pathways for the dioxygen attack on the copper complex have been investigated, and the one where
the first attack is on copper is found to be the energetically preferred one. By using this pathway the problem of
having to go through a spin—orbit-induced spin crossing is also avoided. The adduct has three unpaired spins and
is ideally suited for forming a dioxygen bridging structure, which occurs in the next step. Rather than cleaving the
0-0 bond in the next step, another C—0 hond between dioxygen and the substrate is first formed. Finally, the
0-0 bond is cleaved, and CO is released in one concerted transition state with a very low barrier. The results are
in good agreement with experimental findings. The mechanism is compared to the ones for other similar enzymes
studied recently by similar methods.

I. Introduction The X-ray structure of quercetin 2,3-dioxygenase was first

. ) . available without substrate at a resolution of 118 But has
Dioxygenases are enzymes that catalyze the incorporationy,s recently become available anaerobically complexed with
of both oxygens of dioxygen into their substrates. Their main

X . ; X » the substrate quercetin to a resolution of 1.70 A for
biological importance relates to their ability to degrade Aspergillus japonicuéili2 The active site of the latter

aromatic compounds, but they also have other functiéns. gy \cture is shown in Figure 2. Before substrate binding, the
Quercetin 2,3-dioxygenase (2,3QD) is the only known ¢,y metal ion is chiefly bound in a distorted tetrahedral

member of this family which contains coppef. Most of geometry ligated by three histidines (His66, His68, and
the other ones contain non-heme iron, but dioxygenasesyisy 12y and a water molecule. Upon anaerobically binding
containing manganese and magnesium are aiso khoWe yho supstrate, the structure changes to a pentacoordinated
substrate reaction cat_al)_/zed by 2,3QD is shown in Figure 1. square pyramidal geometry by replacement of the water and
The substrate quercetin is a 3,5, A3pentahydroxy flavone. 5 qgitional binding of a glutamate (Glu73) and the substrate.

The O-heterocycle of the polyphenolic flavonol is cleaved, jisg6 His112, GIu73, and the O3 atom of the substrate form
and carbon monoxide is released. The reaction is caIcuIatedthe equatorial base, and His68 is the apical ligand. One

to be exothermic by 88.9 kcal/mol. Apart from the different interesting feature of the structure is that the substrate O3

substrates, the reaction in the figure also differs from the 5,4 Gj,73 are at hydrogen bonding distance, indicating that
non-heme |ron_|ntra- and extradiol dioxygenases by releasing, o proton of the substrate might be positioned on the
carbon monoxidé:’ glutamate. Another interesting feature is that the substrate
becomes bent at the C2 atom which is pyramidalized,
indicating a possible radical site at this atom.
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Mechanism of Quercetin 2,3-Dioxygenase

Figure 2. X-ray structure of the region around the Cu complex at the @ c C
active site of quercetin 2,3-dioxygenase. The axiallN—O angle is 105.9 o o’é (l; "
and the equatorial NCu—O angles are 90°1and 140.9. \T//\O\(i/
His
. . . . —C.
On the basis of the X-ray structures, EPR investigatiéns, His~— A IL--0 \<|;/°

and biomimetic studie¥; 1" a possible mechanism was set e <|;| o i F!’h(OH)z

. . u !
up, see Figure 3, from here on termed the experimental /
mechanism? The biomimetic studies were made on the co

substrate radical without the copper complex and showedFigure 3. Reaction mechanism suggested by experiments.

that the same product was formed in the reaction with

dioxygen as in the enzyme. The first step of the suggestedwas advocated mainly since the biomimetic studies showed
mechanism is the substrate binding and was already partlythat the substrate radical reaction gives the same reaction
described above. The substrate becomes bound by its O3yroducts, but also because @ormally does not bind to
atom, and the proton is transferred to Glu73. The possible cu(ll), and because this pathway appears more geometrically
near degeneracy between the [Cufi)ibstrate] and [Cu-  faaqiple. In the third step dioxygen binds with both its oxygen
(I)—substrate(rad)] states is implicated in the mechanism. ,, .« ¢ the substrate. Finally, the-O bond is cleaved,

In the_ .n.ext step, .dloxygen attacks the complex. Two concertedly with cleavage of the<C bonds and release of
possibilities were discussed: one whergdectly attacks . .

. . .. .. CO. The proposed mechanism suggests that the only differ-
the substrate, shown in the figure, and one where it first ence between the biomimetic reaction and the one in the
attacks Cu(ll) and then the substrate. The former pathway . ) . ) :

enzyme is the way in which the flavonoxy radical is
(13) Kooter, I. M.; Steiner, R. A.; Dijkstra, B. W.; van Noort, P. 1.; Egmond, ~ generated, where the enzyme uses the redox properties of
M. R.; Huber, M.Eur. J. Biochem2002, 12, 2971-2979. Cu(ll). The mechanism bears resemblance to the one

(14) Speier, G. InDioxygen Actiation and Homogeneous Catalytic ) . .
Oxidationy Simandi, L. I., Ed.: Elsevier Science: Amsterdam, 1991; suggested for intradiol Fe(lll) catechol dioxygenalSek.

pp 269-278. i i
(15) Balogh-Hergovich, E.; Kaizer, J.; Speier,J5Mol. Catal.200Q 159, Shou'q be added in this Cor.]teXt that these enz.er.]es' are r_]Ot
215-224. evolutionary related, but their apparent mechanistic similari-
(16) Barhacs, L.; Kaizer, J.; Speier, G. Mol. Catal.2001 172 117—
125.
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ties support the view that the copper site of 2,3QD has in the optimized geometries. However, by graphical inspection of

evolved from a preexisting, possibly iron-containing metal the normal modes, these frequencies are easily identified and not
center? confused with transition states of interest.

With high-accuracy X-ray structures available, the mech- Several aspects of freezing some atoms at their positions in the
anism of 2,3QD is ideally suited for a study using quantum X-ray structure have been investigated and discussed elsetthere.
chemical models. In the present study, the plausible experi-TWO aspects will be mentioned here. First, it is very important to
mental mechanism in Figure 3 was used as a starting point keep some atom frozen for the residues not anchored by the metal;

but other pathways were also investigated. As in previous otherwise they can start to move around unreasonably during the
1020 : . ; . optimization. However, once the optimization has been completed,

studies; hybrid DFT US'”Q the B3LYP functional has the constraints can often be released with only small energy changes,

been used. Further information concerning the accuracy of 55 found for thermolysin. Furthermore, for catechol oxidase the

the methods and models can be found in these reviews. Theenergetic effects of freezing coordinates from very different crystal
model used contains the metal complex including the first- structures were investigatédAgain, the effect was found to be
shell ligands and substrate. No other residues were includedsmall even though some positions frozen differed by more than
since no additional groups have been implicated as beingone Angstrom. For the present system, all amino acids are anchored
important for the mechanism. To stay reasonably close to by copper; thus, the effects of freezing are expected to be small.
the X-ray structures, one atom of each amino acid was frozenStill, few tests were made by repeating the calculations without
at its position in these structures. For the finally suggested &1 constraints. For the reactant complex without dioxygen, the
mechanism, calculations were performed with and without €"€"9Y 9in by releasing the constraints was found to be 6.1 kcal/
the phenyl B-ring of the substrate. Comparisons will be made mol. For the complex with dioxygen, the gain is 5.2 kcal/mol. The

. lel ; . relative effect is thus 0.9 kcal/mol, which is almost within the
to previous and parallel studies on copper-containing en- roundoff errors of the calculations. The effect is quite similar for

zymes such as tyrosina$;*catechol oxidas&,and amine  ihe TS of the dioxygen attack on the substrate. All these results
oxidasé® and to the iron-containing intradiol dioxygenase, are quite expected.

which has a similar function as 2,3QD. In the second step, the B3LYP energy was evaluated at the
optimized geometries using a larger basis set,léloe3p* basis
set, which is of triple quality and uses a single set of polarization

The calculations were performed in three steps. For each structurefunctions on each atom except the hydrogens.
considered, a full geometry optimization (with some atoms frozen  In the third step, the surrounding protein was treated with a self-
from their positions in the X-ray structure) was performed using consistent reaction field method, using a PoissBoltzmann solver.
the hybrid density functional B3LYP meth8dThe present open-  The dielectric constant of the homogeneous dielectric medium was
shell systems were treated with unrestricted DFT. In the first step, set equal to 4.0, in line with previous modelings of enzyfidhe
standard valence doubfghasis sets were used for all light elements probe radius was set to 2.50 A to avoid artifacts sometimes
and for copper a nonrelativistic effective core potential (E&P). appearing using a smaller probe raditislo geometry optimizations
The valence basis set used in connection with this ECP is essentiallyincluding the dielectric continuum were made since the calculated
of double¢ quality (thelacuvp basis set). The same basis set was dielectric effects were found to be quite small. A test was made of
used also for the calculations of the Hessians for the smaller modelusing a larger dielectric constant of 20.0 instead of 4.0 since site-
of the substrate, without the phenyl B-ring, and the zero-point directed mutagenesis appears to indicate a dielectric constant of
vibrational effects were taken from the results for this model. For this size3! For the step where the ®ridge was formed between
the three most important transition states, Hessians were computedcopper and the substrate, the effect of increasing the dielectric
also for the larger model of the substrate to make sure that the constant to 20.0 was 0.2 kcal/mol on the computed barrier. This
geometries do not change between the models. Since some atomsmall effect is not surprising since the dielectric energy effects
were kept frozen, the computed thermal effects are not reliable, depend on the dielectric constant as{ 1)/e. The energetic effect
and these were therefore neglected. From previous experience, thi®f changing the constant between 1.0 and 4.0 is therefore much
should not qualitatively affect the general conclusions concerning larger than changing it between 4.0 and 20.0, and the total dielectric
the mechanism but could, of course, affect the energetics slightly. energy effect using 4.0 is by itself quite small for the present type
The only point where entropy effects are expected to be important of reactions. The calculations can thus in shorthand notation be
is where dioxygen becomes bound, and this will be discussed in written as B3LYP/lacv3p* energies including solvent contributions
the text below. Another side effect of having some atomic positions based on B3LYP/lacvp geometries. All calculations except of the
frozen is that there tends to be a few small imaginary frequencies Hessians were carried out using the Jaguar progtdie Hessians
were calculated using Gaussiar®d8he errors of using B3LYP
(19) Siegbahn, P. E. M.; Blomberg, M. R. Annu. Re. Phys. Chem. for the present type of systems are usually smaller than 3 kcal/mol
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Mechanism of Quercetin 2,3-Dioxygenase

Two tests of the effects of leaving out the hydroxyl groups
at the 5, 7, 3 and 4 positions have been made. First, the
energy for reaction 1 was calculated with and without these
hydroxyls, and the result changed by only 1.0 kcal/mol out
of a total of 90 kcal/mol. Second, the binding of @ the
quercetin radical (discussed at the end of this section) was
computed with and without the hydroxyls, and the difference
was found to be only 0.3 kcal/mol. This error should be
viewed in the context of error bars of-3 kcal/mol already
expected for the present type of studies.

a. Binding of O,. The optimized structure in Figure 4 is
reasonably close to the experimental one in Figure 2. The
distances to the three histidines are around 2.10 A, and the
Cu—O distance to the glutamate is 2.20 A compared to 2.30
A in the X-ray structure. As indicated by the rather short
Cu—03 distance in the X-ray structure, the O3 proton prefers
to stay at the Glu73 carboxylate. It will stay there until the
- 4 Optimized structure for th ant of i 2.3 end of the reactions, when it will be donated back to the
e o erceln 2o substrate. The reason the-€i distance is somewhat shorter
with an asterisk (*) were frozen from the X-ray structure. The axial N the optimized than in the X-ray structure is that the
N—Cu-0 angle is 101.% and the equatorial NCu—O angles are 100% hydrogen bond to O3 of the substrate is slightly too strong,
and 154.5. thereby making the carboxylate more negative. This is a

the amount of exchange was reduced from 20% to 15% in single- common flnd!ng usmg a me?” (IjI?Z-type bas'fd set folr'kthle
point calculations for the entire mechanism. The results do not geometry optimization, and the distance would most likely

change the conclusions drawn based on the B3LYP energetics bufMProve with a larger basis set. However, there are by now
indicate a few points where corrections may be needed. The resultsnumerous examples showing that these types of minor errors

are described below. do not influence the energetics significantly and therefore
not the conclusions concerning mechanisms eith&rand
Ill. Results and Discussion the more time-consuming optimizations using a larger basis

were therefore not done. The spin distribution, also shown
The mechanism of quercetin 2,3-dioxygenase (2,3QD) wasin, the figure, is characteristic of Cu(ll). The spin population
studied using the model shown in Figure 4, in the figures on copper is about 0.6, and the rest of the spin is spread out
termed QUE to differ it from the actual quercetin substrate gn the atoms ligating copper, the three nitrogens and the
Q. For comparison, calculations were also done for the oxygen with slightly more spin on the O3 oxygen. The total
substrate without the phenyl B-ring. As seen in the figure, charge of the model isk1. The details of the charge
the quercetin substrate was modeled with hydrogens rathergjstribution are not given since these are seldom important
than hydroxyl groups at the 5, 7\,&nd 4 positions. Inthe  for the mechanism. One reason for this is that the charges
enzyme the hydroxyl groups of the substrate are not bounddo not change much. For example, the charge on copper in
to the peptide but only to solvent waters, which means that || the optimized structures discussed in this paper are all in
the substrate should be comparably flexible at these points.the narrow range+0.67 to+0.74.
The ligand histidines are modeled by imidazoles and the  one of the most interesting questions in connection with
glutamate by a formate, as usual. This type of modeling hasipne mechanism of 2,3QD is where dioxygen binds. There
been demonstrated to work excellently for the energetics of 5. essentially two possibilities, either directly on the
enzyme mechanisms previoudh??* To further keep the  gypstrate or in the empty position on copper. These two
optimized structures reasonably close to the experimentalpathways were considered in the experimental mechapism
ones, one atom of each amino acid was frozen at its positionjp, Figure 3, and the former one was chosen as more probable
in the X-ray structure, see the figure. mainly on the basis of the biomimetic experiments using
substrate radical$- 17 It is clear that the electronic ground-
(33) ,\'jlfiSACh'C'\r/]'-eg-sieTT::%ij % _Vggksrzcg\llfsgkei'\'/*-g;; I\?g;ltsegirg’e?- E-iAROJbr?' state [Cu(ll}-substrate] configuration will bind dioxygen
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millagn, J. I\)I/ Daniels, duite poorly, and other low-lying excited states are therefore
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tlthmgsi,idga%rogg, of interest. Cu(lll) is unlikely to be involved since this state
Cifforc, S, Gehterski, 3. Petersson, 6. A; Ayala, P, Y. Cui, 6 1as been found to be quite high in eneféyThe most
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; interesting low-lying excited state is instead [Cu{fub-
Egserfg;igvJA-_E‘-F;igli(%sr'zo"'vj'_‘ikg-&grfg;iJ-l\_/-(?sirtﬁfaer:fs"ﬁg-_ BMatt'IL:] %? strate(radical)]. The same conclusion was reached in the
L.: Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, 8_ Y., Nanayakkara, €Xperimental studyHowever, when this state is considered,
A.; Gonzalez, C.; _Chal(;acongbtla_, _IVIH; Ggl_,g. I\éI-W-,;wJ_ognsciny lB-:<E3h§rp one still has the two possibilities of binding dioxygen
\évdb?/ey,og.g/&%am’ség SBGaussian Inc. bittsburgh. pA 1905, described above, since dioxygen is likely to bind well both
(34) Siegbahn, P. E. Ml. Comput. Chenm2001, 22, 1634-1645. to Cu(l) and to the substrate radical. With the present model,
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a g g ?Toz
. HC~ \CH b. HC~ \CH
P @) o AQ! ) to
< H
SN N7 N g7 [ctque Ci-Que(rad) | CikQue(rad)
e Ly oo ] ¢ | tol
His 1 ,O¢C\|/o " 040\ O
~cu’ ! C|> His— uH K oC Figure 7. Spin distribution for the reaction between the copper complex
; L His/\ \,;6/0° l and dioxygen.
GIluOH GIuOH Ph
Figure 5. Possible binding modes of dioxygen (a) on the quercetin 0-2 kcal/mol. A simple way to modify the stability of the
substrate and (b) on copper. substrate radical is to replace the phenyl B-group by a

hydrogen, which should have a destabilizing effect. When
this is done the effect is as expected and dioxygen binding
on copper becomes endothermic by 13.3 kcal/mol rather than
9.6 kcal/mol with the full substrate. The main difference in
the spin distribution between the two substrates is at the C2
position. In the full substrate the spin population-8.29

on C2 and—0.15 on the phenyl ring, while without the
phenyl the spin on C2 is0.40. The spin on copper is 0.45
for the large models and 0.44 in the small one, while the
spin on dioxygen is 1.44 (1.43).

It is interesting to note that the above argument can be
applied also on the non-heme iron intradiol dioxygenases.
In that case a similar low-lying state has also been suggested
to simplify dioxygen binding. The reactant is an Fe(l)
catechol complex, and the corresponding excited state will
then be [Fe(Ily-catechol(radical)}:'8 Like in the case of 2,-
3QD, the presence of this low-lying excited state has been
used to suggest that dioxygen might attack the substrate
directly. However, also in that case dioxygen attack on the

_ . ) _ metal is found to be preferred. For an earlier study of
Figure 6. Optimized structure for the dioxygen adduct of quercetin 2,3-

dioxygenase. Distances are given in A, and spins larger than 0.10 are given.dloxygen attack in intradiol dloxygenase, see also ref 35'
Atoms marked with an asterisk (*) were frozen from the X-ray structure. A consequence of the formation of the substrate radical

) ) ) at C2 is that the single €0 bond at C3 will become a
dioxygen is found to bind much better to copper than to the o ple bond. This, in turn, leads to a loss of binding between

substrate b_y 14 kcal/mol. Still, the binding is found to be Cu(ll) and the substrate. The €E@3 distance becomes as
endothermic by 9.6 kcal/mol compared to the reactant a”dlarge as 3.78 A. This is partly due to a very flat potential

free dioxygen (the result with only 15% exchange is 8.3 kcall g rface. Decreasing the €03 distance to 2.20 A only costs
mol). Apparently, there is a rather large cost involved in 5 g kcal/mol, which is thus an upper bound for the effect of
reaching the [Cu(b-substrate(radical)] state. This energy cost protein strain on this step. However, from previous experi-

is t0 a large extent due to the formation of thesG double  gnce the effect of protein strain is likely to be even smaller.
bond on the substrate, which forms a much weaker bond o \yhenever dioxygen is involved in reactions with closed
copper than the previous €~ group does. The large  gpe|| substrates there is a spin-transition problem since
e_ndothermlcny of 23.5 kcgl/mol for the b_|n_d|ng of dioxygen dioxygen is a triplet while the reactant and product are
directly to the substrate is rather surprising but mal_<es the singlets. Without any metal present the only solution is to
conclusion to rule out that pathway quite safe even_lf there torm high-energy biradical states or to involve sporbit
should be unexpectedly large errors in the calculations.  effects. By the formation of the dioxygen structure in Figure
Since itis the state [Cu(f)substrate(radical)] thatwill bind - g the spin-transition problem is solved through the formation
dioxygen, the excitation energy to reach this state will affect ¢ 5 low-energy complex with three unpaired spins, see
the binding energy. This is the case irrespective of where rigre 7. Dioxygen reacts with the low-lying state of the
the binding occurs. In the optimized structure in Figure 6 reactant, and one of the up-spins is simply delocalized from

one can see that there is one spin on the substrate whenjioxygen to copper, keeping the down-spin on the substrate.
dioxygen binds to copper. It can be noted that this structure grom this point onward, the spins are decoupled and no

is the only one of the present structures where the expectationyther spin-forbidden processes are required. It should be
value of & is substantially different from the correct value noted that copper is particularly well suited for this process.

of 0.75. The calculated value is 1.76, showing a strong rqr example, a high-spin iron would have to be transformed
mixture with the quartet state, as expected with the spin 5 one with lower spin in the same process, which would
distribution given in the figure. However, this spin contami- st more energy.

nation does not have any effect on the energy. The quartet
state was optimized giving an energy that differs by only (35) Funabiki, T.; Yamazaki, TJ. Mol. Catal.1999 150, 37—47.
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H H
HT/ \TH HC/C\CH
0. C CH ’ '
\C/ \C/ O§C/C\C/CH
T's /(|: (\) His | |
" —
His— 11 0T N —  His—_ I 040\0/0
K4 Cu—0.
oo o~
GIUOH Ph His' Ph

GIuOH
Figure 8. Second step of the suggested mechanism for 2,3QD.

Thus far, the expected entropy loss when dioxygen binds
has not been considered. If the harmonic approximation is
used and if the reactant and dioxygen are treated in two
separate calculations, an entropy loss larger than 10 kcal/
mol is obtained, which would lead to a too high barrier for
the next step. The most careful treatment of dioxygen binding
done so far is the one on hemerythrin using QM-MM
methods to treat the entire enzyRieAn interesting effect
found in that study is that van der Waals effects from the
enzyme go in the opposite direction to the entropy loss and
therefore cancel these to a large extent. Furthermore, reducing
the exact exchange in B3LYP increases the dioxygen bindingigure 9. Optimized transition-state structure for the first-O bond

. : formation in 2,3-quercetin dioxygenase. Distances are given in A, and spins

somewhat, see above. These two considerations togethefarger than 0.10 are given. Atoms marked with an asterisk (*) were frozen
indicate that the best estimate for the binding of dioxygen from the X-ray structure.

that can be made at this stage is obtained if about 5 kcal/ ) o ) )
mol is added to the computed enthalpy of binding. Even if and for biogenesis in copper amine oxidase 2.10, 1.40, and

this estimate deserves further studies, it is concluded here2-00 A. At the transition state the spin on the quercetin has
that the most interesting conclusions of the present studydecreased from 1.00 to 0.40. Nearly all spin on the phenyl
will be unaffected by the precise size of these effects. B-ring is gone. The hydrogen bond between O3 and Glu73

b. Peroxide Bridge Formation.In the next step, dioxygen is almost unaffected by the bridge formation process. The

should attack the substrate radical. This step is already well C4~ O3 distance at the TS is 2.69 A. As for the reactant of
prepared with a spin on dioxygen of 1.44 and on the substrateth'_S step, see abqve, _the cost of decreasing Fhls bond to 2.20
of —1.00. The situation is quite similar for the non-heme A is rather small, in this case 2.5 kcal/mol. Th_|s valug shou_ld
extradiol dioxygenase, where the binding of dioxygen on iron _be an upper bound to_ t_he effect of F_’mte'” strain. I’t& IS
leads to a peroxy radical and a radical on the deprotonated'nterGStIrlg to note that fixing the CtO3 distance at 2.20

catechol substrate with opposite spin. The structure of the 2f€Cts the barrier for @bridge formation by only 0.1 kcalf

active complex in the biogenesis of the TPQ cofactor in MO countedhfrom the p((a%cq)xide adduct. The imaginary
copper-containing amine oxidase is even more sirffilihe ~ "eduency atthe TS is 219 crn After passing the transition

formation of the bridging peroxide is therefore expected to state Fhe key bonds contin.ue to change and the bridge
be quite simple. Indeed, the barrier counted from the formation becomes exothermic by 6.2 kcal/mol, counted from

dioxygen adduct is only 1.1 kcal/mol, which is 10.7 kcal/ th€ dioxygen adduct (with 15% exact exchange the exother-

mol higher than the starting reactant and dioxygen (the barrierm,iCity becomes 8.0 kcal/mol). The spin on copper increases
using only 15 exact exchange is 7.4 kcal/mol). One reasonSI_Ightly to O.63_fr0m 0.57, and the spin on the subsrate

the barrier is so low is that the reactant dioxygen complex disappears entirely. No other spins are changed. For the
and the substrate radical are easily lined up for bridge sma_ller substrate without the phenyl B-ring, only a very small

formation since the direct bonding between the substrate anoba”"]fr of(;esst:han 1 rl:cal/ moklj was founr(]j, and thekreall/cuo?
Cu(ll) has been lost, see above. The optimized transition state?/3S ToUn to be exothermic by as much as 18‘:.)’ calmor.
is shown in Figure 9. The barrier can be compared to the One reason for this is that the spin is better localized on C2

ones in extradiol dioxygenase of 3.3 kcal/mol, in amine in the small substrate. On the other hand, preparation of the
oxidase of 8.4 kcal/mol, and in tyrosinase of 12.3 kcal/mol.

dioxygen adduct is more costly in that case. Overall, the
The reason the barrier is so much higher for tyrosinase ishlgher stability of the product complex is due to less

that the substrate radical state is not the ground state for thd €PUlSion between dioxygen and hydrogen than between
peroxy complex. dioxygen and phenyl.

The main structural parameters of the transition state in ¢. Third Step of the Catalytic Cycle. At some stage the

Figure 9 are the ©C2 distance of 2.09 A, the-©0 distance 0—0 bond in dioxygen must be cleaved. For copper amine
of 1.37 A and the CtO distance. of 1,98 A The corre- oxidase, iron intradiol dioxygenase, and tyrosinase, the

sponding distances for tyrosinase are 1.82, 1.49, and 2.04 Ab”dgmg dioxygen posmqn is the point fro'm Wh'(.:h this bond
cleavage occurs, see Figure 10. In amine oxidase the two

(36) Wirstam, M.; Lippard, S. J.; Friesner, R. & Am. Chem. S02003 electrons required for the cleavage come from the substrate;
125 3980-3987. in intradiol dioxygenase, the two electrons are available from
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Figure 10. Companso_n qf mechar_nsms for four different enzymes. All e |I:1/O—c/c\C/CH His |U/0—C/C\C/CH
four enzymes form a bridging peroxide structure between the substrate and ™ ~~cy ot 0 _— cu ! \
the metal but cleave the-@0 bond in different ways. e’ | 0% _O Y wie” o
GuoH ~ 0—¢ co GIUOH o=C\
H H
HCANCH @) HC G Ph Ph
@ o éQJ:H His AOI Figure 13. Fourth step of the suggested mechanism for 2,3QD.
- %{T/ \C/ HIS\C| u/o_/c/ \C/CH
e —_— u . -
) T.IsI =0 /L i ‘ O?__—_clz\ /L hydrogen bond moves from O3 to OA4. If this change is
s . . . . .
> u—o\o/c\ GIUOH 0—0\ included in this step, it becomes endothermic by only 1.7
HI™ Giuon Ph Ph kcal/mol (with 15% exact exchange it is 1.9 kcal/mol). It
Figure 11. Third step of the suggested mechanism for 2,3QD. should be noted that this change of hydrogen bonding is

needed at some stage in the reaction sequence, since the
iron + tyrosinate and the substrate; in tyrosinase, the two proton on the glutamate should eventually end up on O4
electrons can be obtained from the Cu(l) centers. However,while C3—03 should become a carbon monoxide molecule.
the O-0O cleavage is not energetically possible for 2,3QD The small substrate model behaves similarly. The barrier is
at this point since two electrons are not easily available. A 12.7 kcal/mol, and the step is endothermic by 6.2 kcal/mol.
cleavage would lead to Cu(lll) and a substrate radical. For Both these energies differ from the large model by about 5
2,3QD, a second €0 bond between dioxygen and the kcal/mol, reflecting the high stability of the peroxide reactant
substrate therefore first has to form before the@cleavage  for the small model.
can occur, see Figure 11. The optimized transition state for d. O—O Bond Cleavage The next reaction step is quite
this C-O bond formation, which occurs to C4 of the complicated with a simultaneous cleavage of the@bond
substrate, is shown in Figure 12. The critical-2 distance and two G-C bonds, see Figure 13. The optimized transition
is 1.93 A, somewhat shorter than the 2.09 A for the previous state is shown in Figure 14. To find a sufficiently good
TS. The imaginary frequency is 136 ck The barrier starting geometry for this optimization, a pointwise search
counted from the peroxide bridge minimum is only 7.1 kcal/ was made. There are actually as many as five critical bond
mol (with 15% exact exchange it is 6.5 kcal/mol). No distances for which the optimized values are 1.99-(),
significant spin changes occur in this step. The reaction is 1.64 (C2-C3), 1.68 (C3-C4), 1.33 (C2-0), and 1.37 A
endothermic by 4.5 kcal/mol. However, at the completion (C4—0). The two latter values are between the ones for the
of the step a change of hydrogen bonding occurs which leadsreactant of about 1.50 A and the ones for the product of
to a lowering of the energy by 2.8 kcal/mol. The Glu73 about 1.25 A and are of key importance for finding the TS.
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In the first attempt to find the TS (using the model without Figure 15. Suggested reaction sequence between dioxygen and the
the phenyl B-ring) not enough attention was paid in the duercetin radical.

pointwise search to find good starting values for theseOC
distances and the geometry optimization instead led toward
a structure about 10 kcal/mol higher than the reactant. At
that point the G-O bond is completely broken with an-<€D
distance of 2.4 A. The electronic structure in this region is
that of a substrate biradical with antiparallel spins on the
oxygens. Since the antiparallel spins are so far from each
other, the quartet state with parallel spins is quite similar in
energy, only 0.5 kcal/mol lower. For the actual TS in Figure
14 the barrier is only 0.2 kcal/mol. Without dielectric effects
(—0.2 kcal/mol) and zero-point energiesZ.4 kcal/mol) the
barrier is 2.8 kcal/mol (with 15% exact exchange it is 0.7
kcal/mol). A graphical display of the imaginary frequency
of 387 cni! very clearly shows the correct character of the
TS. The presence of the biradical state is probably not
important for the low energy of the transition state since the
spins of the oxygens at the TS are quite small, see the figure.
The only significant spin is the one on one of the oxygens
with —0.24. For the model with the smaller substrate the
barrier is also very small with only 0.5 kcal/mol. After
passing the TS the energy goes down very much all the way
to the formation of the anionic product. The computed
exothermicity of this step is as high as 101.8 kcal/mol (with

15 exact exchange it is 98.6 kcal/mol). For the small substratenext step of the radical reactions only has a barrier for the

model it is 95.5 kca_1|/mo|. _ _ o small basis set but none with the larger basis. This step is
e. Substrate Radical Reactionskinally, the l31|70m|met|c exothermic by 17.4 kcal/mol. With the large basis set, the
reaction between £and the substrate radicdl,'” without  picqre of these two steps is therefore that of one step with
the presence of the copper complex, was also studied. This; onconcerted formation of the second-@ bond and a
is obviously a much simpler reaction to treat and led to useful cleavage of the EC bond. This single step has a barrier of
starting structures for the reaction of the full model. 54 o kcal/mol and an endothermicity of 0.8 kcal/mol. The
Surprisingly, very few studies have been reported on similar subsequent ©0 bond cleavage idahas a small barrier of
reactions previously. Of the few examples found for reactions 5 1 \cai/mol and is strongly exothermic by 60.6 kcal/mol.
with triplet dioxygen, there is one with the ethyl radi€al  the next step of €C bond cleavage iBa also has a low

and one with alkoxy radicaf$. However, even though the
radical reaction has significant similarities to the enzyme
reaction and led to the same products, there are also some
notable differences. Once the substrate has formed the two
bridging bonds to the oxygens, the enzyme reaction is nearly
over. The only step remaining is the-@ bond cleavage,
which goes over a small barrier and leads almost all the way
to the product. In contrast, the radical reaction is found to
go through several steps to form the product after the
bridging dioxygen structure has been formed, see Figure 15.
The energetics (without entropy contributions) are shown in
Figure 16. These reactions were studied without the phenyl
B-ring.

The rate-limiting step of the radical sequence in Figure
15 is the formation of the second, bridging;O bond Ba).
This step has a calculated barrier of 21.0 kcal/mol, which
might become somewhat lower with the addition of the
phenyl B-ring. This step is substantially endothermic by 18.2
kcal/mol. It is interesting to note that the reaction between
O, and the nonradical quercetin substrate to form a bridging
singlet peroxide species is endothermic by only 2.1 kcal/
mol but obviously has a much higher barrier and involves a
spin transition. The cleavage of the-C bond in3ain the

(37) Andersen, A.; Carter, E. Al. Phys. Chem. 2002 106, 9672-9685. (38) Setokuchi, O.; Sato, Ml. Phys. Chem. 2002 106, 8124-8132.
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barrier of 1.0 kcal/mol and is exothermic by 10.3 kcal/mol. |H/0—EI:/C\C/ \/c o |
The final step of CO release frofa goes over a barrier of /C“ 1{ 0 l) ' Hi Lo 0"\2‘50/0
. . . His’ 'HY u i
15.2 kcal/mol and is endothermic by 7.3 kcal/mol. This step GuoH o=c" co
. . P . H Ph
is obviously strongly modified by entropy, which may even 8 \p,, / 6
make it exergonic. co

In a comparison of the mechanisms of 2,3QD on one hand Figure 17. Suggested catalytic cycle for 2,3QD.
and the non-heme iron intra- and extra-diol dioxygenases
on the other, it is interesting to compare the properties of
the substrates themselves. As described above, for 2,3QD,
dioxygen binds with both its oxygens to quercetin at one
stage of the mechanism. This pathway has been found to be
too high in energy for the catechol dioxygenases. The origin
of this difference is found in the binding energy between O
and the (nonradical) substrates. For quercetin, the binding
of O, to form a singlet bridging dioxygen species as in Figure
11 is endothermic by only 2.1 kcal/mol. For catechol, the /
corresponding binding is endothermic by as much as 20.1 QP/?
kcal/mol. The reason is clearly the higher cost in breaking j
up the aromaticity of the catechol.

IV. Conclusions ° \

The suggested mechanism for 2,3QD, described above, is @ o " '
summarized in Figure 17 and the energetics in Figure 18. In His\zjs,o—é%/é o HC,”\CH
the starting structurd, the quercetin substrate has lost a ¢ Loy P Hiew Hlis O_C,(':©<‘:H H
proton to Glu73 and become ionically bound to copper. In i’ H', e b —i_8
the next step, dioxygen attacks the complex. The present GOH  0=¢ 943

. . Ph -96.7
Iculations giv very clear preference for an attack on
cajcuiations give a very clear prelerence for a a a? O Figure 18. Energetics for the suggested catalytic cycle for 2,3QD. The
copper rather than on the substrate. To make this binding,ympers for the structures are those from Figure 17. The dashed line

possible, a low-lying excited state is involved. This is the corresponds to the results where the phenyl B-ring has been removed.
[Cu(l)—substrate(radical)] state, which means that the product

of the oxygen attack will remain a Cu(ll) complex but with process since no recoupling of the d electrons is needed,
a substrate radical. By involving this low-lying excited state which would be the case for a high-spin iron complex, for
there is furthermore no need for any spurbit-induced spin example. The binding of dioxygen is found to be endothermic
transition since dioxygen can simply delocalize one of its by as much as 9.6 kcal/mol. Entropy effects, not included
spins on copper. Copper is unusually well adapted for this in Figure 18, are expected to make the endergonicity even
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higher. As discussed above, the entropy effects are veryadvantageous for reaching the final product. It is interesting
difficult to calculate but can be estimated to be somewhere to note that this type of pathway, with formation of a second
in the range 65 kcal/mol. It is therefore likely that this C—O bond, is quite unfavorable for catechol dioxygenases
first step of Q binding is rate limiting for the whole cycle.  since the cost of breaking the aromaticity of the catechol is
Since the peroxy radical and the substrate have oppositetoo high.
spins, the dioxygen adduct structiés perfectly set up for The final step of the mechanism is the most complicated
the next step of the suggested mechanism, which is theone involving the simultaneous cleavage of the@bond
formation of the first G-O bond. This step goes over avery and two CG-O bonds. The transition state was also quite
small barrier of 1.1 kcal/mol and is exothermic by 6.2 kcal/ difficult to find involving five important reaction coordinates.
mol. It is interesting to compare these two steps with the Still, the barrier obtained is very low with only 0.2 kcal/mol
ones for a substrate without the phenyl group, which should when solvent and large basis sets effects are added. The
have a less stable radical state. In line with this, the formation reason for the low barrier is that the reaction is very strongly
of the dioxygen adduct is 3.7 kcal/mol less stable than for driven by an extremely large exothermicity of over 100 kcal/
the full substrate. However, the barrier for formation of the mol. In the final step, the proton stored on Glu73 goes back
first C—O bond is smaller and the exothermicity larger to the substrate, which then leaves.
without the phenyl ring. The stronger localization of the spin A5 5 comparison, the biomimetic reaction between dioxy-
and the less repulsion of oxygen to hydrogen than to phenyl gen and the quercetin radical was also studied. Even though

explain these results. o _ this reaction leads to the same product as for the enzyme,
For many enzymes the next step after the bridging peroxide the mechanisms are rather different. In the radical case, the
4 has been formed would be the cleavage of thedbond.  formation of the second, bridging-€D bond is the rate-

However, this pathway is not the preferred one for 2,3QD |imiting step, followed by the step where CO is released.
since Cu(lll) is too high in energy. Instead, a secondCC

bond between the peroxide and substrate is formed. The Supporting Information Available: ~Cartesian coordinates,
barrier for this step is also quite low with 7.1 kcal/mol, and €nergies, an& expectation values for the structures shown in the
the reaction is only slightly endothermic by 1.7 kcal/mol. figures. This material is available free of charge via the Internet at
This endothermicity also involves a change of hydrogen NtP-//pubs.acs.org.

bonding to Glu73, which is energetically favorable and 1C0498541
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