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1 and 3 (~1:1 ratio).?® The trans stereochemistry of the deu-
teriated dimer 3 was inferred from 2D NMR and NOE experi-
ments, providing further support for our assignment of the trans
stereochemistry for the polymer.

In conclusion, we report the first example of a highly chemo-
and stereoselective cyclopolymerization. Aluminum-free “cationic”
metallocenes were found to yield higher molecular weight polymers
than those obtained with the typical metallocene/MAO catalysts.
The observed chain transfer via 8-CH, elimination represents a
very facile C-C bond activation process. The remarkable se-
lectivity of this cyclopolymerization is a testament to the excep-
tional control possible with homogeneous Ziegler—Natta catalysts.
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(20) Pure 3 (one isomer) was obtained by treatment of the mixture of 1
and 3 with KMnQ, to remove the olefinic product 1.
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Site-directed mutagenesis of proteins has evolved into a powerful
tool for investigations in mechanistic enzymology and in protein
engineering, but except for hydrophobic residues it is generally
not possible to produce subtle changes in amino acid side chain
properties. This is because site-directed mutagenesis is limited
to only the 19 amino acids naturally incorporated into proteins.
The two principle strategies available for insertion of non-protein
amino acids are chemical modification, alone? or in combination
with site-directed mutagenesis,’ and the in vitro mutagenesis/
translation system developed by Schultz and co-workers which
can use unnatural amino acids.* Unfortunately, this second
strategy produces only very small amounts of protein at present.
Chemical modification of wild type or mutant proteins, however,
can provide modified enzyme in sufficient quantities for spec-
troscopic studies and for single turnover kinetic experiments.

We report here the modification of the Escherichia coli as-
partate aminotransferase (AATase) mutant R292K56 with the

(1) Abbreviations: aKG, 2-ketoglutaric acid; AATase, aspartate amino-
transferase from E. coli; CAPS, 3-(cyclohexylamino)-1-propanesulfonic acid;
HEPES, N-(2-hydroxyethyl)piperazine-V-(2-ethanesulfonic acid); MIU,
O-methylisourea hydrogen sulfate; MOPS, 3-(N-morpholino)propanesulfonic
acid; PLP, pyridoxal phosphate; PMP, pyridoxamine phosphate; R292K,
AATase mutant with Arg 292 changed to lysine; R292K-hR, R292K modified
with MIU; WT, wild type AATase; WT-hR, WT treated with MIU.

(2) Eyzaguirre, J., Ed. Chemical Modification of Enzymes: Active Site
Studies; Ellis Horwood: Chichester, England, 1987.

(3) (a) Planas, A.; Kirsch, J. F. Biochemistry 1991, 30, 8268-8276. (b)
Smith, H. B.; Hartman, F. C. J. Biol. Chem. 1988, 263, 4921-4925. (c)
Engler, D. A.; Campion, S. R.; Hauser, M. R.; Cook, J. S,; Niyogi, S. K. J.
Biol. Chem. 1992, 267, 2274-2281.

(4) Ellman, J.; Mendel, D.; Anthony-Cabhill, S.; Noren, C. J.; Schultz, P.
G. Methods Enzymol. 1991, 202, 301-336.

(5) This mutation has been reported, but only the range of increases in the
free energy of activation of k,./Ky compared to WT for several substrates
was given. (Inoue, Y.; Kuramitsu, S.; Inoue, K.; Kagamiyama, H.; Hiromi,
K.; Tanase, S.; Morino, Y. J. Biol. Chem. 1989, 264, 9673-9681.)
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Figure 1. Conversion of arginine to homoarginine. The Lys 292 mutant
of aspartate aminotransferase was prepared by standard site-directed
mutagenesis.® Chemical modification was carried out for 97 h at 25 °C
with 100 mM O-methylisourea hydrogen sulfate and 5 mg/mL enzyme.
The pH was maintained at 10.0 in 50 mM CAPS buffer.

Table I. Steady-State Kinetic Parameters for Aspartate
Aminotransferase Variants?

Ko (M) Ko/ Ke (M 57
ke (571 Asp aKG Asp aKG

WT 162 1.73 0.47 94 000 340000
) 0.06) (0.02) (5000) (20000)

WT-hR 53 0.67 0.19 79000 280000
1) (0.03) (0.01) (4000) (10000)

R292K 0.26 55 21 5 12
(0.03) (8) (3) (1) (3)

R292K-hR 32 24 21 1300 1500
(2) (3) (2) (200) (200)

¢Steady-state kinetics for the aspartate/a-ketoglutarate (a«KG)
substrate pair was measured at pH 7.5 in 200 mM HEPES/100 mM
KCl using the coupled assay described in ref 9. Substrate concentra-
tions were 0.4-10.5 mM Asp and 0.1-2.5 mM «KG for wild type,
0.2-10.5 mM Asp and 0.05-2.5 mM aKG for modified wild type, 3—-45
mM for both substrates for R292K, and 3-60 mM for both substrates
for R292K-hR. R292K is the mutant of E. coli AATase where the
active site residue Arg 292 has been changed to lysine. R292K-hR was
obtained by treatment of R292K with O-methylisourea (MIU). The
control WT-hR was prepared by reaction of WT with MIU under
identical conditions as used for R292K. Standard errors are shown in
parentheses.

guanidinating reagent O-methylisourea (MIU) to convert the wild
type Arg 292 into homoarginine, an amino acid whose side chain
is one methylene group longer than that of arginine (Figure 1).
AATase is a pyridoxal phosphate (PLP) containing enzyme which
catalyzes the interconversion of the amino acids aspartate and
glutamate and their corresponding a-keto acids.

E-PLP + amino acid = E-PMP + a-keto acid

The major determinant of the enzyme’s specificity for these di-
carboxylate substrates is a hydrogen bond between the carboxylate
side chains and the guanidino group of arginine 292 in the active
site (1).7 All site-directed mutations of this residue result in an
enzyme with substantially reduced activity for dicarboxylate
substrates.*?

R292* 1 R386*

(6) The mutation was produced according to the procedure given in the
following: Danishefsky, A. T.; Onuffer, J. J.; Petsko, G. A.; Ringe, D. Bio-
chemistry 1991, 30, 1980-1985. The protein was purified as described in the
following: Gloss, L. M.; Planas, A.; Kirsch, J. F. Biochemistry 1992, 31,
32-39.

(7) (a) Ford, G. C,; Eichele, G.; Jansonius, J. N. Proc. Natl. Acad. Sci.
U.S.A. 1980, 77, 2559-2563. (b) Jansonius, J. N.; Vincent, M. G. In Bio-
logical Macromolecules and Assemblies; Jurnak, F., McPherson, A., Eds.;
Wiley: New York, 1987; Chapter 4.

(8) (a) Cronin, C. N,; Kirsch, J. F. Biochemistry 1988, 27, 4572-4579.
(b) Hayashi, H.; Kuramitsu, S.; Inoue, Y.; Morino, Y.; Kagamiyama, H.
Biochem. Biophys. Res. Commun. 1989, 159, 337-342.
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Figure 2. Single turnover reactions of R292K and O-methylisourea-
treated R292K (R292K-hR) with aspartate. Enzyme activity was as-
sayed in 100 mM MOPS/50 mM KCl at pH 7.0 using 1.0 mM aspartate
and the coupling system reported in ref 9. The graph shows the decrease
in absorbance at 430 nm due to the conversion of the pyridoxal phosphate
cofactor to pyridoxamine phosphate, which absorbs at 330 nm.

At pH 7.5, the absorbance spectra of wild type AATase (WT)
and the R292K mutant are identical. At this pH the PLP cofactor
of AATase has absorbance peaks at 360 (unprotonated form) and
430 nm (protonated form). Since these peak positions are sensitive
to local conformational changes,’ it is likely that the conformation
of the active site is not significantly perturbed by the mutation.
Catalytic competence is greatly reduced, however, as seen by an
increase in the K, values for both substrates and a large decrease
in k., (Table I}).

MIU has been used previously to convert the lysine side chains
of proteins to homoarginine.!® Engler et al. have reported the
conversion of an arginine in epidermal growth factor to homo-
arginine using the general procedure applied here.* Nearly all
lysines in an MIU-treated protein are modified, but guanidinated
proteins are usually stable and possess nearly the same activity
as unmodified enzymes. This is because lysine residues are typ-
ically found on the surface of proteins, and both amino and
guanidino groups are positively charged at neutral pH. Modi-
fication of R292K with MIU should result in the guanidination
of Lys 292 as well as the 17 surface lysines present per monomer.
Lys 258, the catalytic base of AATase, should be protected because
it is in a base-stable aldimine linkage with the PLP cofactor.

Optimal conditions for the reaction of both WT and R292K
are reported in Figure 1. A significant amount of precipitate
formed over the 4 day reaction time, but 63% of R292K and 41%
of WT were recovered. Amino acid analysis of the R292K-hR
sample showed that 78% of the lysine residues in R292K were
modified. To assay the extent of modification specifically at Lys
292, single turnover experiments were carried out as shown in
Figure 2. The rate constant for transamination of 1 mM aspartate
by R292K is 0.0029 % 0.0003 s~!. Under identical conditions,
75% of the MIU-treated R292K reacts in the mixing time (kgpe4
> 0.14 s71), while the remaining 25% turns over more slowly. This
indicates that at least 75% of Lys 292 is converted to homoarginine
under the conditions employed.

A comparison of the steady-state kinetic parameters for WT
and modified WT shows a slight decrease in WT activity upon
modification, due principally to a 3-fold decrease in the value of
k., (Table I).!! In contrast, R292K-hR shows a 100-fold increase
in the value of k., over unmodified R292K, up to 60% that of
the modified WT. The values for k,/K,, for R292K-hR are
100-300 times greater than those for R292K. R292K-hR, while

(9) Goldberg, J. M.; Swanson, R. V.; Goodman, H. S,; Kirsch, J. F. Bio-
chemistry 1991, 30, 305-312.

(10) (a) Fojo, A. T.; Whitney, P. L.; Awad, W. M., Jr. Arch. Biochem.
Biophys. 1983, 224, 636-642. (b) Cupo, P.; El-Deiry, W.; Whitney, P. L,;
Awad, W. M., Jr. J. Biol. Chem, 1981, 255, 10828-10833.

(11) Although both the modified WT and R292K preparations are het-
erogeneous populations with on average 80% of the lysines modified, they both
display parallel, linear double reciprocal plots characteristic of essentially a
single active enzyme species (data not shown).
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less active than WT, is the most active position 292 AATase
variant produced to date.
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Gilvocarcin M (1) shows the key structural features of a
growing class of aryl C-glycoside antibiotics! which share a
common aromatic nucleus, 6 H-benzo[d]naphtho[1,2-b]pyran-6-
one, to which various rare sugars are connected through a C-C
bond. These compounds are attractive as synthetic targets because
of the challenge presented by their unusual C-glycoside structures
linked to the highly functionalized skeleta and because some of
the members show significant antitumor activity with exceptionally
low toxicity.>® The reported synthetic endeavors, however, have
addressed only the aglycon portion (i.e., defucogilvocarcin),* and
the synthesis of the full structure of the natural product with the
sugar moiety remains a challenging problem.>¢ A total synthesis
is also desirable because, although the relative stereochemistry

(1) For an excellent review on biological and synthetic aspects of aryl
C-glycoside antibiotics, see: Hacksell, U.; Daves, G. D., Jr. Prog. Med. Chem.
1985, 22, 1.

(2) For isolation and structural elucidation of gilvocarcins, see: (a) Hatano,
K.; Higashide, E.; Shibata, M.; Kameda, Y ; Horii, S.; Mizuno, K. Agric. Biol.
Chem. 1980, 44, 1157. (b) Horii, S.; Fukase, H.; Mizuta, E.; Hatano, K.;
Mizuno, K. Chem. Pharm. Bull. 1980, 28, 3601, (c) Nakano, H.; Matsuda,
Y ; Ito, K.; Ohkubo, S.; Morimoto, M.; Tomita, F. J. Antibiot. 1981, 34, 266.
(d) Takahashi, K.; Yoshida, M.; Tomita, F.; Shirahata, K. Ibid. 1981, 34, 271.
(e) Hirayama, N.; Takahashi, K.; Shirahata, K.; Ohashi, Y.; Sasada, Y. Bull.
Chem. Soc. Jpn. 1981, 54, 1338. (f) Balitz, D. M.; O’Herron, F. A.; Bush,
J.; Vyas, D. M,; Nettleton, D. E.; Grulich, R. E.; Bradner, W. T.; Doyle, T.
W.; Arnold, E; Clardy, J. J. Antibiot. 1981, 34, 1544. (g) Jain, T. C;
Simolike, G. C.; Jackman, L. M. Tetrahedron 1983, 39, 599,

(3) For further examples, see the following. (a) Defucogilvocarcin V:
Misra, R.; Tritch, H. R, III; Pandey, R. C. J. Antibiot. 1985, 38, 1280. (b)
Chrysomycin A and B: Strelitz, F.; Flon, H.; Asheshov, I. N. J. Bacteriol.
1955, 69, 280. Weiss, U.; Yoshihira, K.; Highet, R. J.; White, R. J.; Wei,
T. T. J. Antibior. 1982, 35, 1194. (c) Ravidomycin: Findlay, J. A,; Liu, J.-S.;
Radics, L.; Rakhit, S. Can. J. Chem. 1981, 59, 3018. Findlay, J. A,; Liu, J.-S.;
Radics, L. Ibid. 1983, 61, 323. (d) BE-12406A and B: Kojiri, K.; Arakawa,
H.; Satoh, F.; Kawamura, K.; Okura, A.; Suda, H.; Okanishi, M. J. Antibiot.
1991, 44, 1054,

(4) For total synthesis of defucogilvocarcins, see: (a) Findlay, J. A;
Daljeet, A.; Murray, P. J.; Rej, R. N. Can. J. Chem. 1987, 65, 427. (b)
Macdonald, S. J. F.; McKenzie, T. C.; Hassen, W. D. J. Chem. Soc., Chem.
Commun. 1987, 1528. (c) McKenzie, T. C.; Hassen, W.; Macdonald, S. J.
F. Tetrahedron Lett. 1987, 28, 5435. (d) Patten, A. D.; Nguyen, N. H;;
Danishefsky, S. J. J. Org. Chem. 1988, 53, 1003. (e) Jung, M. E.; Jung, Y.
H. Tetrahedron Lett. 1988, 29, 2517. (f) McGee, L. R.; Confalone, P. N.
J. Org. Chem. 1988, 53, 3695. (g) Hart, D. J.; Merriman, G. H. Tetrahedron
Lett. 1989, 30, 5093. (h) Deshpande, P. P.; Martin, O. R. Ibid. 1990, 31,
6313. (i) Parker, K. A.; Coburn, C. A, J. Org. Chem. 1991, 56, 1666.

(5) For synthetic studies on glycosylated analogues, see: Kwok, D.-1.; Farr,
R. N.; Daves, G. D., Jr. J. Org. Chem. 1991, 56, 3711 and references cited
therein.

(6) For studies on the stereoselective construction of aryl C-glycosides
related to the synthesis of gilvocarcins, see: (a) Martin, O. R; Rao, S. P,;
Kurz, K. G.; El-Shenawy, H. A. J. Am. Chem. Soc. 1988, 110, 8698. (b)
Martin, O. R.; Hendricks, C. A. V.; Deshpande, P. P; Cutler, A. B.; Kane,
S. A.; Rao, S. P. Carbohydr. Res. 1990, 196, 41. (c) Cornia, M.; Casiraghi,
G.; Zetta, L. Tetrahedron 1990, 46, 3071. (d) Parker, K. A.; Coburn, C. A.
J. Am. Chem. Soc. 1991, 113, 8516.
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