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Catalase compound | contains an iron(IV)-oxo porphyrin-
radical; in this species, a8 = | iron-oxo unit and anS = %,
radical, located on the porphyrin ring, couple to give doublet and
quartet states that are mixed by the zero-field splitting of the ferryl
moiety. The result is a Kramer’s doublet ground state with a
distinctive EPR signature.

In bovine liver catalase (BLC). this signal decays with time,
and a new signal corresponding to a tyrosine radical appgears.
The formation of this tyrosine radical may be linked to the
propensity of some catalases to bind NADPBound NADPH
prevents the accumulation of compoungal inactive ferryl form
of the enzymé.Experiments suggest that NADPH does this not
by reducing compound | or compound Il directly but by reacting
with a species termed compound II*. This intermediate, a
precursor to compound I, is formed when the porphyrin radical
of compound | moves to a protein residue, presumably a tyrosine.
Although it is not known which of the 20 possible BLC tyrosine
residues is oxidized during the formation of compoundfiqur
previous work would seem to indicate the proximal ligdnd.

We have suggested that donating axial-ligands (thiolate or
imidazolate) can alter the electronic structure of compound I.
Density functional calculations reveal that in these systems it is
the axial ligand, not the porphyrin, that is preferentially oxidized
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the proximal tyrosinate ligand, forcing oxidation at the porphyrin
ring in compound | and distant tyrosine residues in compound
II*.

To gain insight into the radical species of BLC and to examine
the function of the proximal charge-relay system, we have
performed density functional calculations on active-site models
of perferryl catalase. Our results are striking: the charge-relay
system not only determines the location of the radical species, it
also determines the structure of the compound | intermediate.
Using GAUSSIAN94 unrestricted calculations were initially
performed on two different active-site models of catalase com-
pound I. In the first model, the tyrosinate axial ligand was replaced
with a phenolate, and a porphine was substituted for the
protoporphyrin unit, yielding the Fe@@xH1,)(OCsHs)O 50-atom
species. In the second model, the proximal arginine was included
in the form of a methylguanidinium @@l3Hs"), resulting in a
63-atom complex. The geometry of each spin state was optimized
at the B3LYP/6-311G levéli®and exchange couplingd values)
were obtained from a Heisenberg Hamiltonigd € —JS+S,)
using the broken symmetry method of Noodlerd&n.

Our results are summarized in Table 1. In agreement with our
previous work, we find the donating phenolate ligand is oxidized
during compound | formation. Over 90% of the radical’s spin
density resides on the proximal ligand. Oxidation of the phenolate
ligand results in a rotation of the phenyl ring about the@
bond. This rotation, which is not observed in catafésecreases
the r interaction between the ferryl unit and the ligand radical.
As a result, the phenolate-ligated intermediate displays strong
antiferromagnetic couplingd = —90 cnm?), in contrast to the
ferromagnetic coupling observed for catalase compou@d~
10 cnm)® and the weak dipolar coupling found for the BLC
Tyr species.

The natural magnetic orbitals (NMG$)for the phenolate-
ligated complex are shown in Figure 1. One electron resides in
each of the FeOr* orbitals (center and right). These electson

to generate the radical species. In light of these results, one mightcouple ferromagnetically, giving the well-characteriged 1 iron-

expect that it is the donating tyrosinate ligand of BLC that is oxo unit. The other natural magnetic orbital corresponds to the
oxidized during the formation of the BLC Tyspecies. EPR  radical center. That antiferromagnetic coupling is a consequence
investigations, however, reveal only weak dipolar interactions of this ligand-based radical is apparent from the NMOs. The
between the BLC ferryl moiety and tyrosine radical, indicating phenolate-based radical has a nonzero overlap integral with one
the proximal ligand is not oxidized!. member of the Fe@* set. This bonding interaction favors spin
Why might the tyrosinate ligand of catalase be different from pairing, producing th& = ¥/, ground state.
the other donating ligands we have examined? Perhaps the answer Calculations that include the proximal arginine, in the form of
lies in the proximal charge-relay system, which has recently been 3 methylguanidinium, show a dramatic change in the location of
proposed to tune the metal site and stabilize compourithis the radical, the nature of the electronic coupling, and the structure
charge-relay network contains an arginine that forms two of the intermediate. Oxidation now occurs at the porphyrin (Figure
hydrogen bonds to the proximal ligand. Our work on imidazole- 2). |n agreement with experiment, the porphyrin-based radical
and imidazolate-ligated intermediates suggests hydrogen bondscouples ferromagnetically to th® = | ferryl moiety (J = 50
can modify the active-site electronic structure, changing the ¢m1) and the phenyl ring shows no rotation about theGC

location of the radical species. Given these results, it seems thathond. We also findv20% of the radical’s spin density on the
the catalase charge-relay system could increase the potential of

(9) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,

* E-mail: mgreen@caltech.edu.

(1) Schulz, C. E.; Devaney, P. W.; Winkler. H.; Debrunner, P. G.; Doan,
N.; Chiang, R.; Hager. L. FFEBS Lett.1979 103 102-105.

(2) lvancich, A.; Jouve, H. M.; Sanor, B.; Gaillard,Biochemistry1997,
36, 9356-9364.

(3) Kirkman, H. N.; Gaetani, G. FRroc. Natl. Acad. Sci. U.S.A984,81,
4343-4347.

(4) (a) Kirkman, H. N.; Galiano, S.; Gaetani, G. F.Biol. Chem.1987,
262, 660-666. (b) Hillar. A.; Nicholls, PFEBS1992 314, 179-182. (c)
Hillar. A.; Nicholls, P.; Switala, J.; Loewen, P. ®iochem. J.1994 300,
531-539. (d) Kirkman, H. N.; Rollo, M.; Ferraris. A. M.; Gaetani, G. F.
Biol. Chem.1999 274, 13908-13914.

(5) Olson, L. P.; Bruice, T. CBiochemistryl995 34, 7335-7347.

(6) Putnam, C. D.; Arvai, A. S.; Bourne, Y.; Tainer, J. A.Mol. Biol.
200Q 296, 295-309.

(7) (a) Green, M. TJ. Am. Chem. So&999 121, 1. 7939-7940. (b) Green,
M. T. J. Am. Chem. So200Q 122 9495-9499.

(8) lvancich, A.; Jouve, H. M.; Gaillard, J. Am. Chem. S0d.996 118
12852-12853.

10.1021/ja010105h CCC: $20.00

B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A.;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. G.;
Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; Nanayakkara,
A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.;
Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley,
J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez,
C.; Pople, J. AGaussian 94Revision E.2; Gaussian Inc.: Pittsburgh, PA,
1995.

(10) Becke, A. D.J. Chem. Physl993 98, 5648-5652.

(11) Noodleman, LJ. Chem. Physl1981, 74. 5737-5743.

(12) Gouet, P.; Jouve. H.-M.; Williams, P. A.; Andersson, |.; Andreoletti,
P.; Nussaume, L.; Hajdu, Blat. Struct. Biol.1996 3, 951-956.

(13) Benecky, M. J.; Frew, J. E.; Scowen, N.; Jones. P.; Hoffman, B. M.
Biochemistry1993 32, 11929-11933.

(14) Natural magnetic orbitals are obtained by taking linear combinations
of the coupled natural orbitals. Natural orbitals (NOs) are obtained by
diagonalizing the SCF density matrix. The manipulations are identical to those
performed in ref 7. (See references therein.) In this case, the three “singly”
occupied NOs have occupation numbers of 1.18, 0.82, 1.00.

© 2001 American Chemical Society

Published on Web 08/25/2001



Communications to the Editor

Table 1. Ground State, Coupling Constant, Bond Distances, and NMO (SCF) Spin Densities of Phenolate-Ligated Compound | Intermediates
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distance spin density° average spin density
proximal interaction ground stateJcm™' Fe-L Fe—O Fe-Na, L Por FeO N G Ca Cs
none S=1, -90 217 164 202 -092 -0.02 194 0.001 -0.005 0.000 0.000
(—0.93) (-0.13) (2.06) ¢0.016) (-0.014) (-0.001) ¢-0.001)
CR(NFH), S=73, 22 217 164 2.02 (0.43) (0.49) (2.08) (0.089) (0.187)-0067) (-0.004)
K+ S=73, 34 212 165 2.02 (0.39) (0.53) (2.08) (0.098) (0.199)0073) (0.005)
methylguanidinium S=73, 50 212 1.65 2.02 0.21 0.83 1.96 0.072 0.120 0.003 0.003
(0.22) (0.70) (2.08) (0.124) (0.255)—0.091) (0.005)

aNMO (SCF) spin densitied.K* structure not optimized. TheKwas simply positioned at the coordinates of the central carbon of the methyl-
guanidinium, for both the doublet and quartet states. The 3-21G basis was used*fdatkiral orbital analysis was not performed on K and

CF(NFH), systems.

Figure 1. Natural magnetic orbitals of tHe= 1/2 phenolate compound
| intermediate. Top and side views are shown at a contour value of 0.05.

Figure 2. Natural orbitals of theS = 3/, methylguanidinium-bound
phenolate compound | with occupation numbers of 1.0. Top and side
views are shown at a contour value of 0.05.
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Figure 3. Experimental (red) and computational (blukyalues. The
computationall values were obtained by optimizing each spin state at
the B3LYP/6-311G level.

system that exhibits antiferromagnetic coupling. We have ex-
plained this antiferromagnetic coupling in terms of an axial-ligand
based radical? Our findings for the phenolate-ligated system

support this explanation. As noncovalent interactions shift the
radical from the ligand to the porphyrin, the sign of the coupling
is reversed.

Although the calculated ferromagnetic couplings are too large,
the correct trends are observed. The protein mimics (the imid-
azolate- and H-bonded phenolate-ligated species) have weaker
ferromagnetic couplings than the model for synthetic systems (the
imidazole-ligated specied) The weaker ferromagnetic couplings
obtained for the protein mimics are a result of increased axial
ligand spin density, relative to that of the imidazole-ligated
species.

In conclusion. our calculations suggest that the tyrosinate ligand
is oxidized only in the absence of the proximal charge-relay. As

phenolate ligand, in agreement with resonance Raman experiments result, it seems unlikely that the BLC tyrosine radical is ligand-

that suggest some radical density on the proximal tyroSine.
Calculations were also performed in which the methylguani-
dinium cation was replaced with (1) a"kand (2) a neutral GF

based. The absence of interactions with the charge-relay results
in a rotation of the phenyl ring and strong antiferromagnetic
coupling, neither of which is observed experimentally. The

(NFH),. This was done to separate the effects of cationic charge inclusion of the proximal arginine, in the form of a methylguani-

from those of hydrogen bonding. The results, shown in Table 1,

dinium, shifts the radical from the ligand to the porphyrin,

indicate that H-bonding and the cationic charge have similar resulting in ferromagnetic coupling. In agreement with experiment,
effects. Both of them shift a majority of the radical character to no rotation of the phenyl ring is observed. Thus, it appears the
the porphyrin but leave a significant amount of spin density on charge-relay raises the potential of the axial ligand, forcing

the axial ligand. Neither the Knor the CR(NFH), has the full
effect of the methylguanidinium.

Figure 3 displays experimental and computatiohahlues’
Notice that chloroperoxidase (CPO-I) is the only experimental
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oxidation at the porphyrin ring, and, in doing so, determines the
structure of compound .

Acknowledgment. | thank Harry Gray, the Burroughs-Wellcome
Fund, and the National Institutes of Health for supporting this research.

JA010105H



