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The template effect has attracted great attention in-fgqusést 50
chemistry!? In particular, “template catalysis” is a challenging o

subject, which provides a strategy toward shape-selective trans-
formation of substratesFrom this point of view, the conception
of catalytic antibody is a promising approach to realize template
catalysis! Herein we report a novel example of template catalysis
by using the apoprotein of a cofactor-dependent protein. Cofactor-
dependent proteins, after removal of the cofactors, are expected ok COM  HOG  GOM
to provide certain cavities whose “shapes” are complementary to 1 2
the cofactors. Therefore, if the cavity has a catalytic activity, one Figure 1. Metalation of porphyrind—4 (1.0 «M) with Cu(OAc), (200
may realize a shape-selective transformation of the cofactor and/ym) in the presence of apocytochrorbg; in phosphate buffer (pH 6.1,
or its structural analogues. 10 mM) containing 4% DMSO and 0.05% Triton X-100 at 2G:

We found that the apoprotein of cytochrorbg;® (apocyto- Association constants of the Michaelis complex§s ) and acceleration
chromebsgy) is capable of promoting metalation of porphyrins factors KeafKunca-
(1—4),% where protoporphyrin IX1), the free-base form of the
cofactor (iron protoporphyrin IX), was most preferentially meta- 0.05% Triton X-100 at 20C in the presence of apocytochrome
lated. Cytochromebse, is one of the robust proteins against e, (40 uM),8 1 was efficiently metalated to give quantitatively
conformational denaturation because of its four-helix bundled a copper complex1-Cu) within 15 min. In contrast, in the
architecture (Scheme 1), and its apoprotein is also thermally stableabsence of the apoprotein, the reaction took place sluggishly to
at room temperature to retain most of the conformational give 1—Cu in only 1% yield. The pseudo-first-order rate constant

HOLC

€oH

characteristics of the parent holoprotéin. in the presence of apocytochrorbg, (1.9 x 10°! min~%) was
. 220 times larger than that in the absence of the apoprotein (8.7
Scheme 1. Schematic Structures of Cytochrorbg, (Left) x 1074 min~%). When the concentration of the apoprotein was

and Apocytochromdse, (Right); Structural Coordinates from ; f 10t M (1110 = 1.0 uM A =2
Refs 5b and 7b, Respectively increased from 10 to 40M ([1], .0uM, [Cu(OACc)]o 00

uM), the metalation showed a saturation kinetics, indicating that
the apoprotein and form a Michaelis complex as a reactive
intermediate. LineweaveiBurk plots gave a Michaelis constant
(Km) of 1.8 x 1075 M with a rate constant of the metalatiok.4)
being 2.5x 10! min~. From these values, the association
constant of the Michaelis compleK 1) and the maximum rate
enhancementk{a/kinca) by the apoprotein were evaluated to be
5.6 x 10* M~ and 290, respectively (Figure 1).
Apocytochromebsg, also promoted the metalation of other free-
base porphyrins such as mesoporphyrin 2 feuteroporphyrin
IX (3), and mesoporphyrin 114), where the MichaelisMenten
kinetics was again operatiVeOf interest to note here is that the
K and keafkuncat Values were both dependent on the structure
of the substrate (Figure 1): Wh@nwas the substrate in place of
Cytochrome bsgo Apocytochrome bsg, 1 (CH=CH, — CH,CH;), theKi,~* andkcafkuncarvalues were both
decreased significantly from 5.6 10* to 1.8 x 10* M~! and
When 1 (1.0 uM) was mixed with Cu(OAG) (200 uM) in from 290 to 130 Kcar = 2.8 x 10" min™*), respectively. Larger

phosphate buffer (pH 6.3, 10 mM) containing 4% DMSO and drops inKm ™" andKealkunca: resulted when the vinyl groups df
were replaced by hydrogen aton® (K, = 1.4 x 10 M,

(1) (&) Anderson, S.; Anderson, H. L.; Sanders, J. KAdc. Chem. Res — ;
1993 26, 469. (b) Busch, D. H.; Stephenson, N.@oord. Chem. Re 1990 Keafkuncat = 94). Thus, only a subtle change of the peripheral
100, 119. substituents on the substrate significantly affected the metalation
(2) (a) Ashton, P. R.; Foodnow, T. T.; Kaifer, A. E.; Reddington, M. V.;
Slawin, A. M. Z.; Spencer, N.; Stoddart, J. F.; Vincent, C.; Williams, D. J. (6) (a) Dailey, H. A.; Fleming, J. EJ. Biol. Chem.1983 258 453. (b)
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112, 1249. pNS 207) [Nikkila, H.; Gennis, R. B.; Sligar, S. Gur. J. Biochem1991,
(4) (a) Schultz, P. G.; Lerner, R. Sciencel995 269, 1835. (b) MacBeath, 202 309.] and treated with HCI and butanone to give apocytochrbsge

G.; Hilvert, D. Chem. Biol 1996 3(6), 433. which was subjected to extensive dialysis against water [Teale, F. W. J.
(5) (a) ltagaki, E.; Hager, L. B. Biol. Chem1966 241, 3687. (b) Hamada, Biochim. Biophys. Actd959 35, 543].
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process. On the other hand, the topology of the substituents also

had a great influence on the metalation: The metalatiod of

having two propionate residues at diagonal positions showed

definitely smalleiK,,"* (0.47 x 10* M~1) andkaf/kuncat(54) values
than those fol2, a topological isomer o#.1°

Upon titration with apocytochrombsg, at 20 °C in bis-Tris
buffer (pH 6.1, 10 mM) containing 4% DMSQ,showed a 29.5

nm red shift at its Soret absorption band, where the spectral change

profile indicated the formation of a 1:1 complex betwexand
the apoproteif! Unlike apocytochromedse,, cytochromebsey,

whose heme pocket is occupied by the native guest, did not

promote the metalation a®. Accordingly, titration of2 with

cytochromebsg, resulted in no spectral change associated with

the complexation. Thus, the metalation with apocytochrbgse

is most likely to occur at the heme pocket of the protein. In
contrast with apocytochromiess;, apomyoglobin, a conforma-
tionally labile apoproteid? did not accelerate the metalation under
similar conditions. Binding of Cli to the apoproteiti is also
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Figure 2. Metalation of R)-5 (®) and ©-5 (W) (1.7 uM) with Zn-

essential for the metalation, since saturation kinetics with respect(OAc), (200 uM) in the presence of apocytochronies; (34 uM) in

to [Cu(OAc)] was observed?* Titration of apocytochroméss,
with CW?* resulted in quenching of the fluorescence from the
tyrosine residue%!® which are located within the heme pocket
near His 102 and His 63 (Scheme’13uggesting that Ct is
bound to either or both of their imidazole groups.

The metalation with apocytochromigs, was found to be

phosphate buffer (pH 6.8, 10 mM) containing 4% DMSO at’@0

Protein catalysis has a potential for enantioselective transforma-
tion.1® We have reported a highly selective chiral recognition of
apocytochromdse, in reconstitution with chiral metalloporphy-
rins1® We found that an attempted metalation of chifdd

significantly suppressed at pH values lower than 6.0, where the methyletiporphyrin ¥ (S, 1.7 uM) with Zn(OAc), (200uM) in
protonation of imidazole can occur. Considering also the geometry Phosphate bufféf at 20°C proceeded e?lantloselectlvel)é in the
of the heme pocket (Scheme 1), the transition state of the Presence of apocytochronies, (34 «M),** where R)-5 (Kopsa

metalation possibly involves a cooperation of two imidazole
groups, where one imidazole accommodates &tdan in

= 1.8 x 102 min~1) was metalated three times faster th&zg
(KSpsa= 0.61 x 1072 min~?) (Figure 2), indicating a possibility

proximity to the porphyrin core, while the other assists deproto- Of kinetic resolution ob. Thus, racemié (3.4 M) was incubated

nation of the core NH. When the substrate is protoporphyrin IX

with Zn(OAc), (100uM) at 5°C in the presence of the apoprotein

(1), such a transition state is considered to be best fit to the heme(6-8 «M), where the RJ/[J ratio of unreactecb was decreased
pocket, since the pocket has originally been constructed for a With time to furnish 33:67 in 66% conversion (19 ).

protoporphyrin IX complex, coordinated with His 102. Thus, a
parallel correlation betweeK,, * and KeafKunca: (Figure 1) may
indicate that the metalation is a “template™-assisted reaéfion.
With a catalytic amount of apocytochrorbgs, (0.5x4M) under
similar conditions;” the metalation o (10—30 uM) with Cu-
(OAc), (200 uM) also proceeded to 100% conversion. The
reaction obeyed a Michaetidgvlenten kinetics, from whichKp,
andKa/Kuncatwere evaluated to be 14 1074 M and 680 Keot =
3.8 x 10"t min™1), respectively. This observation indicates that
the apoprotein turned over at a rate 22:8 without significant
product inhibition. Accordingly, the association constant of the
apoprotein witl2—Cu, as determined by a spectroscopic titration
(Ka= 6.5 x 10° M™Y), was almost comparable to that with free-
base porphyrir2 (9.2 x 10° M),

(20) Ishida, Y.; Konishi, K.; Aida, T.; Nagamune, Them—Eur. J.1998
4, 1146.

(11) A similar spectral profile has been reported for the reconstitution of
apomyoglobin with free-base protoporphyrin IX: Sebban, P.; Coppey, M.;
Alpert, B.; Lindgvist, L.; Jameson, D. MPhotochem. Photobioll98Q 32,
727.

(12) (a) Griko, Y. V.; Privalov, P. L.; Venyaminov, S. Y.; Kutyshenko, V.
P.J. Mol. Biol. 1988 202, 127. (b) Barrick, D.; Baldwin, R. LBiochemistry
1993 32, 3790.

(13) Apocytochromedsg,—Cu?t adducts were detected by MALDI-TOF-
MS spectroscopy.

(14) [Cu(OAc}]o = 5.0-50 uM at [apocytochromédssz]o = 5.0 uM in
phosphate buffer (pH 6.3, 10 mM) containing 4% DMSO at’20

(15) Titration of apocytochroméss; (23 «M) with CuCl, in phosphate
buffer (pH 6.3, 10 mM) at 3C showed quenching of the fluorescence from
the tyrosine residuesldy = 276 nm,lem = 304 nm), which, however, was
saturated at [CuG]y/[apocytochromebsgj]o around 1.9 (see Supporting
Information). For Ceé-induced fluorescence quenching of proteins, see: Luk,
C. K. Biopolymers1971, 10, 1229.

(16) A preliminary experiment under similar conditions (phosphate buffer
[pH 6.3, 10 mM] containing 4% DMSO at 2IC) showed that apocytochrome
b5622+can also promote metalation Bfwith other metal ions such as €oand
znet,

(17) At 20°C in phosphate buffer (pH 6.3, 10 mM) containing 4% DMSO
and 0.25% Triton X-100.

In the present communication, we demonstrated a new catalysis
of the apoprotein of cytochronigs; in metalation of porphyrins
at the heme pocket, where protoporphyrin 1%, (the free-base
form of the native guest, is most preferentially metalated (template
effect). The observed rate constant of the metalation, for example,
of 2 (kear = 3.8 x 107! min™?!), is comparable to those with a
catalytic antibody (1.4x 10! min~!) and a ribozyme (9.2
10 min~1).8 Utilization of apocytochromése, for the transfor-
mation of other organic substrates is a subject worthy of further
investigation, considering its chiral recognition ability and “am-
phiphilic” binding activity to hydrophobic guests and metal ions.
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