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apo-Myoglobin (apo-Mb) was reconstituted with three copper
complexes: Cu'(Sal-Phe) (1; Sal-Phe = N-salicylidene-L-phenyl-
alanato), Cu"(Sal-Leu) (2; Sal-Leu = N-salicylidene-L-leucinato),
and Cu'(Sal-Ala) (3; Sal-Ala = N-salicylidene-L-alanato). The crystal
structures of 1-apo-Mb (1.65 A resolution) and 2-apo-Mb (1.8 A
resolution) show that the coordination geometry around the Cu"
atom in apo-Mb is distorted square-planar with tridentate Sal-X
and a N¢ atom of His64 in the apo-Mb cavity and the plane of
these copper complexes is perpendicular to that of heme. These
results suggest that the apo-Mb cavity can hold metal complexes
with various coordination geometries.

Molecular design of artificial metalloproteins and metal-
loenzymes is one of the goals of bioinorganic chemistry.

improving catalytic activities and to understanding physical
properties and for further application to biotechnol&gi?.

Myoglobin (Mb) is a small heme protein that functions
as an Q storage unit, and it has been used as a model for
many heme enzymes. Functions and structures of wild-type
and its various mutants have been investigated very*#éfi;
thus, Mb is a good candidate for a protein scaffold hosting
synthetic metal active centers. For example, introduction of
a copper binding site near the heme and chemical modifica-
tion of the heme prosthetic group were reported while their
crystal structures are not available?°

On the other hand, we have reported a novel method for
the reconstitution olpo-Mb with synthetic metal centers
and a series of crystal structures of'§8,3-Me,-salophen)

(7) Calderone, V.; Casini, A.; Mangani, S.; Messori, L.; Orioli, P. L.
Angew. Chem., Int. EQ006 45, 1267-1269.

There have been many reports that described protein (8) Ueno, T.; Ohashi, M.; Kono, M.; Kondo, K.; Suzuki, A.; Yamane,

composites containing metal catalysts, inhibitors linked to
metal complexes, and modified metal cofactofsHowever,

detailed structural analyses as well as mechanistic aspects

are still not clear for most of the composites. X-ray crystal

structure studies of artificial metalloproteins are essential to
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Scheme 1. Various Binding Geometries of Incorporated Metal
Complexes in the@poMb Cavity

(salophen= N,N'-bis(salicylidene)-1,2-phenylenediamine, M

= Cr, Mn, Fe) complexes bound to tlao-Mb cavity by

noncovalent interactior’s® The crystal structures of these

composites show that the salophen complexes tightly ligate

to the heme cavity by its ligation to the proximal His93. Figure 1. Active site structures of-apo-Mb (a) and2-apo-Mb (b). The
Hydrophobic interactions such as—z and CH-z with selected electron density maps (blue) of copper complexes and His64. The

. . . . Cu' atom is colored cyan. ThgR| — |F| electron densities are contoured
ad]acem amino acid residues are also obsetved. at lo. Specific interactions ofl-apoMb (c) and 2-apoMb (d). The

While the molecular structures of M(salophen) complexes interactions are shown as broken lines.
are very different from that of heme, their coordination

georggtries ia_\re q(ljJite sigﬁlﬁr to that c;f T]eme, i.g., pllag_arigc_)ur— Mb, 2-apoMb, and3-apoMb (g = 2.25, 2.25, and 2.25,
coordinate ligands and the use of the proximal histidine , _ —
(His93) as agr]1 axial ligand. Thus, we hgve extended ourAII N 168' 171, gnd 169 G, angh i 2'(-)6' 2.06, an_d 2.06,

) ' . , respectively) indicate that the coordination geometrieks—<8
studies to other metal complexes preferring four-coordinate are conserved with a square-planar or square-pyramidal
structures. We have prepared thre_e COF’F’?“”) Com.ple.xesstructurél’z“in apo-Mb, while several uncertain species were
hz_;tvmg tridentate Ilganlds and e_xamllned their reconsn_tutlon observed in the EPR spectrum bin the absence odipo-
with _aqub. The C_u‘ atom in Ci(Sal-X) (Sal-X = Mb (Figure S2 in the Supporting Information). In order to
N—sahcyl|deneam|noaC|dqto) prefgrsasquare—plgqar or square-Compare the thermal stabilities of tGal-X)}apoMb’s,
pyramidal structure with a nitrogen-containing donor melting temperaturesTg) were determined by circular

ligand?¥24 In this Communication, we report the preparation di ; :
ichroism spectra measurements at various temperatures.
of Cu'(Sal-Phe) {)-apoMb, Cu'(Sal-Leu) @)-apo-Mb, and Tw's are 68.3, 69.1, and 69%€ for 1-apo-Mb, 2-apo-Mb,

Cu'(Sal-Ala) @)-apoMb ar]d the crystal Stl"UCtl'JI’ES iiapo and 3-apo-Mb, respectively. These results suggest that the
Mb and2-apo-Mb to eluqldate the coprdlnatlon struptures X residue in Cti(Sal-X) complexes does not have a large
induced by noncovalent interactions in thpoMb cavity. influence on the thermal stabilities of the composites.
We ha\{e four_1d that_ these copper(ll) complexes are bound Finally, crystal structures ol-apoMb and 2-apo-Mb
to_the d'.Stal His64 with square-planar geometry and different were determined with the diffraction data of 1.65 and 1.8 A
orientation from that of hem.e (Scheme 1). resolution, respectively. The X-ray data and refinement
Cu'(Sal-XyapoMb composites were prepared by a method giafistics of these crystals are summarized in Table S1 in
reported by us with some modificatioh$he 1:1 composites e Supporting Information. As shown in parts a and b of
of copper complexes witrapoMb were confirmed by Figure 1, these copper complexes are bound to thatdin
electrospray ionization time-of-flight mass spectrometry (see ¢ distal His64 while heme and W(salophen) bind to that
the Supporting Information). The UWisible spectra of of His9389
these composites show a broaddiband centered at.600 The Cu-N distances ii-apo-Mb and2-apo-Mb are 1.93
nm and a charge-transfer band near 370 nm, which areang 2 06 A, respectively, which are comparable to those of
commonly observed_ for copper(ll) complexdg* The Cu'(Sal-Phe)(piperidine) (2.02 A), Ct(Sal-Val)(3-Me-Im)
electron paramagnetic resonance (EPR) spectr&ago (1.96 A), and Cli(Sal-Ala)(pyrazole) (1.96 A) (Table S2 in
the Supporting Informatiorl?~2* On the other hand, the
(20) Hu, Y. Z.; Tsukiji, S.; Shinkai, S.; Oishi, S.; HamachiJI|Am. Chem. angle of 0Cu—02 in 1-apoMb (163.9F) is narrower

S0c.200Q 122, 241-253.
(21) Garcia-Raso, A.; Fiol, J. J.; Badenas, F.; Lago, E.; Molins, E. than those oR-apo-Mb (172.8F) and the copper complexes

Polyhedron2001, 20, 2877-2884. — i i
(22) Butcher, R. J.; Mockler, G. M.; McKern, @cta Crystallogr., Sect. (174-177) becagse of the hydrggen bond interaction
E 2003 59, M61—M63. between O2 ofl with O” of Ser92 (Figure 1c and Table S2
(23) Warda, S. A.; Friebel, C.; Sivy, J.; Plesch, G.; Blahova, Adta in the Supporting Information).
Crystallogr., Sect. C1997, 53, 50—54. | - .
(24) Plesch, G.; Friebel, C.; Warda, S. A.; Sivy, J.; Svajlenov&ra@nsition _The plane (Cubl,) of Cu'(Sal-X) in apO.-l\/lb.IS perpen-
Met. Chem1997, 22, 433-440. dicular to the heme plane (FgiNas shown in Figure 2. The
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Figure 2. Superposition of the active site aietMb (pink), 1-apo-Mb Figure 3. _ Superposition of the crystal structures:l_oapoMb (blue)'and

(a) and2-apo-Mb (b). The coordination ometMb is taken from PDB metMb (pink) (a) and2-apoMb (blue) andnetMb (pink) (b). The residues

AMBN 94—97 of 2-apo-Mb were not decided because of their disordered electron
' density.

heme exhibits an octahedral structure around the Fe atom ine|ix (Figure 3a). In addition, the helical structure was

the apo-Mb cavity with the ligation to proximal His93 and  completely disrupted because of the steric hindrancé of
a water molecule. On the other hand, the coordination yith His93 (Figures 2a and 3a). The unusual behavior of
geometry around the Cu atom in G8al-X)-apoMb is 1-apo-Mb suggests that not only the active site but also the
distorted square-planar with a tridentate Sal-X ligand and anole Mb structure are tolerant of conformational changes
N atom of His64. His93 inl-apo-Mb is exposed to the  \yhen a metal complex is incorporated into the cavity. In
surface due to steric hindrance with Phe Ipf while a contrast, the same region2apo-Mb maintains ax-helical
hydrogen bond between the Btom of His93 and O3 o2 structure such ametMb with a small rmsd value (Figure

is observed irR-apo-Mb. The distances of the Cu atoms in 3b). These different structures betwetmpoMb and 2-
l-apoMb and2-apo-Mb from the heme Fe are 1.59 and apoMb suggest that the protein folding can be influenced
2.12 A, respectively. Thus, the copper complexes ligate to by the ligand structure.

apo-Mb with quite different coordination structures from In summary, we have succeeded in the incorporation of
heme. copper complexes intapo-Mb with different coordination

CH—m and 7—x interactions of a benzene ring in the geometries from heme. The X-ray crystal structured of
salicylidene moiety of Sal-X with Phe43, 1le99, Leu104, and apoMb and2-apo-Mb demonstrate that and?2 are fixed
lle107 for1 and Leu32, Phe43, and 1le99 farseem to be Dy ligation to the distal His64 with square-planar geometry,
very important factors to fix CifSal-X) inapo-Mb, as shown  and side chains in the cavity are considerably flexible to
in parts ¢ and d of Figure 1. Several amino acids also interactstabilize the copper complexes. The results imply #pa:
with the X residue of Ci(Sal-X) such as Phe138 fdrand Mb is capable of accommodating various metal complexes,
Leu89, Leul04, and Phel38 far(Figure 1c,d). The side  such as organometallic complexéglthough we attempted
chains of Phe43 and 1le99 &fapo-Mb and2-apo-Mb shift  to reduce the copper(Il) complexes with ascorbic acid, the
toward the benzene ring to fix the copper complexes (Figure formation of copper(l) species was not observed. We are
2). These two residues seem to adjust the bindingy@fd  exploiting catalytic activities of the composites.

2 in the heme cavity. Apparently, the geometries and
positions ofl and?2 in the apo-Mb cavity are restricted by
the specific interactions with surrounding amino acid resi-
dues.

The superimposed structuresledpo-Mb and2-apo-Mb
with metMb are shown in Figure 3. The root-mean-square
deviations (rmsd’s) of the €atoms ofl-apo-Mb and 2-
apo-Mb from metMb are 2.34 and 0.86 A, respectively. The
value of 1-apo-Mb is quite larger than those reported for Supporting Information Available: Experimental details and
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Fe'(3,3-Me,-salophemapo-A71GMb (0.62 A), M (3,3- X-ray crystallographic data. This material is available free of charge
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dently, the significant differences are observed in tite C
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1993 268, 8935-8942.
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