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protein. CPEP mutase was readily purified to h ~ m o g e n e i t y . ~ ~ ~ ~  
Using synthetic substrate and the coupled enzyme assay, car- 
boxyphosphonoenolpyruvate has a K,,, of 0.27 mM and a k,,, of 
0.020 s-l in the mutase reaction.16 The low kat may derive from 
the fact that the carboxyphospho group transfer involved in the 
conversion of 3 to 4 is highly endergonic. In qualitative agreement 
with the observation of Hidaka et al.,3 CPEP mutase is more than 
10 times as active in the presence of Mn(I1) as in the presence 
of Mg(I1). We currently aim to establish whether the presumed 
rearrangement of 3 to 4 proceeds via a carboxyphospho-enzyme 
intermediate similar to that suggested for the interconversion of 
1 and 2," and whether the decarboxylation of 4 to 5 is enzyme 
catalyzed. 

Acknowledgment. We are grateful to Dr. David Pompliano for 
contributions to the early phases of this work, Dr. John Weetman 
for helpful discussions, and the National Institutes of Health for 
support. S.F. is a Lister Institute Fellow. S.J.P. is a Helen Hay 
Whitney Fellow. 

(15) CPEP mutase was purified by an ammonium sulfate precipitation, 
followed by chromatography on hydroxyapatite [eluting with potassium 
phosphate (10-200 mM), pH 6.51, and then Mono Q 1O:lO [eluting with 
NaCl (0-800 mM) in 50 mM TriPHCI buffer, pH 7.51. 

(16) CPEP mutase (50 pg, 1.85 X lo-' unit) was added to a solution 
containing 50 mM MES buffer, pH 6.5 (0.48 mL), 0.1 M MnCI, (IO pL), 
NADH (50 p g ) ,  malate dehydrogenase (14 pg) ,  and carboxy- 
phosphonoenolpyruvate (0.038-3.8 mM) at 30 OC. The consumption of 
NADH was monitored at 340 nm. 

(17) Seidel, H. M.; Freeman, S.; Schwalbe, C. H.; Knowles, J. R. J .  Am. 
Chem. Soc. 1990, 112, 8149. 
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We report here the synthesis of a series of new carbohy- 
drate-based materials and their use for the stabilization of pro- 
teins.' We prepared a series of aminoglucose-based monomers, 
la-3a, by reaction of the appropriate amine with methacryloyl 
chloride in methanol. Treatment of la-3a with ammonium 
persulfate in water at  temperatures from 5 to 70 "C gave the 
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(1) For selected reviews on enzyme immobilization methods and studies 
on immobilized enzymes, see: (a) Mosbach, K. Methods Enzymol. 1987/88, 
135-137. (b) Chibata, I. Immobilized Enzymes; Wiley: New York, 1978. 
(c) Trevan, M. D. Immobilized Enzymes; Wiley: New York, 1980. (d) 
Zaborsky, 0. R. Immobilized Enzymes; CRC Press: Cleveland, 1973. (e) 
Inaki, Y. In Functional Monomers and Polymers; Takemoto, K., Inaki, Y., 
Ottenbrite, R. M., Eds.; Dekker: New York, 1987; p 461. (f) Mosbach, K. 
Methods Enzymol. 1976.44, 999. (9) Larson, P.-0.; Mosbach, K. Methods 
Enzymol. 1976, 44, 183. (h) Chang, T. M. S. Methods Enzymol. 1976,44, 
201. (i) Chibata, I., Fukui, S., Wingard, L. B., Jr., Eds. Enzyme Engineering 
Plenum: New York, 1982; Vol. 6. u) Carr, P. W.; Bowers, L. D. Immobilized 
Enzymes in Anaiytical and Clinical Chemistry; Wiley: New York, 1980. (k) 
Katchalski, E.; Silman, I.; Goldman, R. Adu. Enzymol. 1971, 34,  445. 
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carbohydrate-based macromolecules 1b-3b in yields of >80%. 
These water-soluble materials contain a high density of masked 
aldehyde functionality and have absolute molecular weights of 
>4 X lo6 daltons (Da) with polydispersities <1.4.233 Incubation 
of macromolecules lb-3b with the desired protein and sodium 
cyanoborohydride in borate buffer (pH 8-9) at 37 OC gave 
carbohydrate-protein conjugates (CPC) of proteases (cr-chymo- 
trypsin [CPC(CT)], trypsin [CPC(Try)], and subtilisin BPN' 
[CPC(BPN')]J, an endonuclease [CPC(EcoRI)], and an antibody 
that binds aldrin [CPC(Mab 8H1 l)]  (Scheme I).495 Amino acid 
analysis 3f the CPC(proteases) found that approximately three 
to six lysines of each protein are conjugated to the carbohy- 
drate-based macromolecule.6 We found that the CPC(proteases) 
and the native enzymes have similar kinetic parameters (k,,, and 
Km).7-12 

(2)  All compounds were fully characterized by 'H  and "C NMR and 
high-resolution mass spectroscopy, and their spectral characterizations are 
contained in the supplementary material. Absolute molecular weight mea- 
surements of lb-3b were made using gel filtration chromatography with a 
Wyatt Technology DAWN-F laser light scattering detector. 

(3) For references to other carbohydrate-based polymeric materials, see: 
Klein, J.; Herzog, D. Makromol. Chem. 1987, 188, 1217. Klein, J .  Makro- 
mol. Chem., Rapid Commun. 1986, 7, 621. Klein, J.; Herzog, D.; Hajibegli, 
A. Makromol. Cheni., Rapid Commun. 1985,6, 675. Kobayashi, K.; Sum- 
itomo, H.; h a ,  Y. Polym. J .  1985, 17, 567. Kochetkov, N.  K. Pure Appl. 
Chem. 1984, 56, 923. Emmerling, W. N.; Pfannemuller, B. Makromol. 
Chem. 1983, 184, 1441. Kobayashi, K.; Sumitomo, H.; Ina, Y. Polym. J.  
1983, 15, 667. Imakura, Y.; Imai, Y.; Yagi, K. J .  Polym. Sci., Polym. Chem. 
Ed. 1968.6, 1625. Black, W. A. P.; Dewar, E. T.; Rutherford, D. J .  Chem. 
Soc. 1963,4433. Black, W. A. P.; Dewar, E. T.; Rutherford, D. Chem. Ind. 
(London) 1962, 1624. Kimura, S.; Hirai, K.; Imoto, M. J .  Chem. Soc. Jpn., 
Ind. Chem. Sect. 1962, 65, 688. Imoto, M.; Kimura, S. Makromol. Chem. 
1962, 53, 210. Whistler, R. L.; Panzer, H.  P.; Goatley, J. L. J .  Org. Chem. 
1962, 27, 2961. Kimura, S.; Imoto, M. Makromol. Chem. 1961, 50, 155. 
Kimura, S. ;  Hirai, K. Makromol. Chem. 1961, 50, 232. Bird, T. P.; Black, 
W. A. P.; Dewar, E. T.; Rutherford, D. Chem. Ind. (London) 1960, 1331. 
Helferich, B.; Hofmann, H . J .  Chem. Ber. 1952, 85, 175. 

(b) 
Schwartz, B. A.; Gray, G. R. Arch. Biochem. Biophys. 1977,181, 542. (c) 
Gray, G. R.; Schwartz, B. A.; Kamicker, B. J. Prog. Clin. Biol. Res. 1978, 
23, 583. (d) Roy, R.; Katzenellenbogen, E.; Jennings, H. J. Can. J .  Biochem. 
Cell Biol. 1984, 62, 270. 

(5) The l-CPC(protein)-3-CPC(protein) materials were purified by gel 
filtration chromatography using 0.05 M sodium borate solution at pH 8 on 
Sephacryl HR-200 at a flow rate of 1.5 mL/min. Alternatively, isolation by 
dialysis of the reaction solution using Spectra Por CE lOOK MWCO mem- 
brane against 2 X 500 mL of 0.05 M sodium borate at pH 8 for approximately 
48 h gave white powders that could be stored indefinitely at room temperature 
without loss of activity with approximately 40% yields for a-chymotrypsin (EC 
3.4.21.1, Sigma) and trypsin (EC 3.4.21.4, Sigma) conjugates and approxi- 
mately 10% yields (60% recovered activity) for subtilisin BPN' (type XXVII, 
Sigma) conjugates. le-CPC(M,, 8H11) was purified by gel filtration chro- 
matography using 0.02 M sodium phosphate and 0.05 M sodium chloride 
solution at pH 7 on Sephacryl HR-300 at a flow rate of 0.5 mL/min. The 
protein concentration was determined by measurement of the optical density 
at 280 nm. lc-CPC(EcoR1) was purified by gel filtration chromatography 
using 0.02 M sodium borate solution at pH 8 on Sephacryl HR-200 at a flow 
rate of 2.5 mL/min. 

(6) Gray, G. R. Methods Enzymol. 1978, 50, 155. Amino acid analysis 
integration (lower limits) of unreacted lysille residues found that approxi- 
mately three lysines are conjugated in IC-CPC(CT) and approximately six 
lysines are conjugated in 3c-CPC(CT). 

(7) The kinetic parameters (k,,,, K , )  for the native enzymes and the CPC 
analogues are as a-chymotrypsin (40 s - ' ,  33 pM), lc-CPC(CT) 
(46 s-!, 20 pM); trypsin (760 SC', 0.90 pM), lc-CPC(Try) (890 s-', 1.2 pM); 
subtilisin BPN' (240 s-', 83 pM), lc-CPC(BPN') (350 s- ' ,  76 pM). 

(8) DelMar, E. G.; Largman, C.; Brodrick, J. W.; Geokas, M. C. Anal. 
Biochem. 1979, 99, 316. 

(4) (a) Gray, G. R. Arch. Biochem. Biophys. 1974, 163, 426. 
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Table I. Peptide-Bond Formation Using Carbohydrate-Protein Conjugates of a-Chymotrypsin [ lc-CPC(CT)], Subtilisin BPN' [ lc-CPC(BPN')], 
and Thermolysin I lc-CPC(Th)l in Organic Solvents 

acceptor donor yield 

1 IC-CPC(CT) T H F  24 Ac-Phe-OEt Ala-NH, Ac-PheAla-NH, 98 
2 lc-CPC(CT) dioxane 24 Ac-Phe-OEt Ala-NH, Ac-PheAla-NH, 98 

entry enzyme solventu time, h amino acid . amino acidb productc (%) 

3 IC-CPC(CT) CH3CN 12 Ac-Phe-QEt Ala-NH, Ac-PheAla-NH, 100 
4 lc-CPC(BPN') CH3CNd 24 Cbz-LeuLeu-OMe PheLeu-O'Bu Cbz-LeuLeuPheLeu-O'Bu 95 
5 lc-CPC(BPN') CH3CNd 24 Cbz-ValLeu-OMe PheLeu-O'Bu Cbz-ValLeuPheLeu-O'Bu 90 
6 IC-CPC(Th) CH3CN 48 Cbz-Phe-OH Leu-OMe Cbz-PheLeu-OMe 95 
7 IC-CPC(Th) CH3CN 48 Cbz-Phe-OH Leu-O'Bu Cbz-PheLeu-O'Bu 90 
8 IC-CPC(Th) CH3CN 48 Boc-MetLeuPhe-OMe PheLeu-NH, Boc-MetLeuPhePheLeu-NH, 70 

OReactions were carried out a t  37 OC. Each solvent contains 5% (v/v) triethylamine and -3% (v/v) water. 'Two equivalents of donor amino acid, 
relative to the acceptor amino acid, was used in each reaction. 'All compounds were fully characterized by ' H  and I3C N M R  and high-resolution 
mass spectrometry. The solvent was distilled from calcium hydride. 

66 kd- 

1 2 3 4 5  

A 

-3500 bp 

1 2  

B 
Figure 1. (A) SDS-PAGE gel of a digest of bovine serum albumin 
(BSA) by trypsin (lane 2) and lc-CPC(Try) (lane 1). BSA (50 mg/mL) 
in 100 mM TrisoHC1 buffer pH 8.6 was digested by trypsin (0.05 mg/ 
mL, 795 units/mL) or by lc-CPC(Try) (2.7 mg/mL, 795 units/mL) a t  
30 "C for 48 h. SDS-PAGE electrophoresis was performed using a 
Pharmacia PhastSystem with PhastGel homogeneous 20. Lanes 3-5 are 
molecular weight markers (66 000,45 000,36 OQO, 29 000,24 000,20 100 
Da), BSA, and 1c-CPC(Try). (B) Agarose gel of a digest of X DNA by 
EcoRI (lane 1) and lc-CPC(EcoR1) (lane 2). X D N A  (0.25 pg) was 
digested by EcoRI or lc-CPC(EcoR1) for 1 h a t  37 OC followed by 
heating a t  90 OC for 3 min. D N A  loading buffer (0.25% bromophenol 
blue, 0.25% xylene cyano1 FF, 15% Ficoll in water) was added, and the 
solutions were electrophoresed on 0.8% agarose in TAE buffer and 
stained with ethidium bromide. 

Table I contains the results of the use of CPC(proteases) for 
the mtalytic synthesis of peptide bonds in organic solvents. Entries 
1-3 of Table I show that lc-CPC(CT) gives greater than 95% 
yields of dipeptide in tetrahydrofuran (THF), dioxane, and ace- 
tonitrile (CH3CN).13 lc-CPC(Th) and lc-CPC(BPN') also 
operate in acetonitrile and acetonitrile-water mixtures with high 
catalytic efficiency (Table I, entries 4-8). The V,,, for the 
formation of peptide bonds in acetonitrile is approximately 0.1-1 
mmol m i d  [mg of lc-CPC(CT)]-', which is of the same order 
of catalytic efficiency as that for the cleavage of peptide bonds 
in aqueous systems. In contrast to the high catalytic efficiency 
of the CPC(proteases),' we could not detect any peptide coupling 

(9) Schonbaum, G. R.; Zemer, B.; Bender, M. L. J. Biol. Chem. 1961,236, 
2930. 

(10) Erlanger, B. F.; Kokowsky, N.; Cohen, W. Arch. Biochem. Biophys. 
1961, 95, 27 1 .  

(1 1) Bender, M. L.; Begue-Canton, M. L.; Blakeley, R. L.; Brubacher, L. 
J.; Feder, J.; Gunter, C. R.; Kezdy, F. J.; Killheffer, J. V., Jr.; Marshall, T. 
H.; Miller, C. G.; Roeske, R. W.; Stoops, J. K. J. Am. Chem. SOC. 1966,88, 
5890. 

(12) Thomas, P. G.; Russell, A. J.; Fersht, A. R. Nature 1985,318, 375. 
(1 3) We chose these solvents because oligopeptides are soluble in these 

solvents or mixtures of these solvents with water. 

products when the reactions were run with the native enzymes 
under identical c~nditions.'~-l' 

We have also found that the carbohydrate-protein conjugates 
of a-chymotrypsin [CPC(CT)], trypsin [CPC(Try)], and subtilisin 
BPN' [CPC(BPN')] exhibit enhanced stability at elevated tem- 
peratures and in distilled water solutions. a-Chymotrypsin, for 
example, suffers a complete loss of its activity within 30 min at 
50 OC in buffered solution while lc-CPC(CT) retained greater 
than 60% of its activity after 18 h and 50% of its activity after 
48 h under identical conditions.18 We found that the a-chy- 
motrypsin conjugate of 2b had approximately the same degree 

(14) In some cases the use of a large excess of the protein catalyst can 
compensate for its low catalytic activity and high rate of decomposition in 
organic solvents. We felt that this approach is not practical for the synthesis 
of large peptides since the isolation of the polypeptide from the enzyme would 
be difficult. In addition, we observed low turnover numbers for proteases in 
acetonitrile and dioxane, even at high enzyme concentrations, which led to 
unacceptable yields of coupled peptides (0-1 0%). 

(1 5)  (a) Bergmann, M.; Fraenkel-Conrat, J. J. Biol. Chem. 1937,119,707. 
(b) Bergmann, M.; Fraenkel-Conrat, J. Zbid. 1938, 124, 1 .  

(1  6) For selected reviews of the use of enzymes for peptide-bond synthesis, 
see: (a) Kullmann, W. Enzymatic Peptide Synthesis; CRC Press: Boca 
Raton, 1987. (b) Jakubke, H. D. In The Peptides; Underfriend, S., Meien- 
hofer, J., Eds., Academic Press: San Diego, 1987; Vol. 9, Chapter 3. (c) 
Jakubke, H. D.; Kuhl, P.; Konnecke, A. Angew. Chem., Znt. Ed. Engl. 1985, 
24, 85. 

(1 7) For recent examples of peptide-bond synthesis using enzymes, see: (a) 
Cabaret, D.; Maillot, S.; Wakselman, M. Tetrahedron Lett. 1990,31,2131. 
(b) Wong, C.-H.; Chen, S.-T.; Hennen, W. J.; Bibbs, J. A.; Wang, Y.-F.; Lui, 
J. L.-C.; Pantoliano, M. W.; Whitlow, M.; Bryan, P. N. J. Am. Chem. SOC. 
1990,112,945. (c) Kitaguchi, H.; Klibanov, A. M. J. Am. Chem. SOC. 1989, 
111,9272. (d) Gaertner, H.; Puigserver, A. Ertr. J. Biochem. 1989,181,207. 
(e) Ricca, J. M.; Crout, D. H. G. J. Chem. SOC., Perkin Trans. I 1989,2126. 
(f) Cassells, J. M.; Halling, P. J. Biotechnol. Bioeng. 1989, 33, 1489. (g) 
Sakina, K.; Kawazura, K.; Morihara, K.; Yajima, H. Chem. Pharm. Bull. 
1988,36,3915. (h) Sakina, K.; Kawazura, K.; Morihara, K.; Yajima, H. Zbid. 
1988, 36,4345. (i) Scholten, J.; Stolowich, N. J.; Hogg, J. L.; Scott, A. I.; 
Wong, C.-H. J. Am. Chem. SOC. 1988, 110, 3709. u) West, J. B.; Scholten, 
J.; Stolowich, N. J.; Hogg, J. L.; Scott, A. I.; Wong, C.-H. J. Am. Chem. SOC. 
1988, 110, 3709. (k) Barbas, C. F., 111; Matos, J. R.; Wong, C.-H. J. Am. 
Chem. SOC. 1988, 110, 5162. (1) Cassells, J. M.; Halling, P. J. Enzyme 
Microb. Technol. 1988, 10,486. (m) Ferjancic, A.; Puigserver, A.; Gaertner, 
H. Biotechnol. Lett. 1988, 10, 101. (n) Cheng, E.; De Miranda, M. T. M.; 
Tominaga, M. Znt. J. Pept. Protein Res. 1988, 31, 116. (0) Morihara, K. 
Trends Biotechnol. 1987, 5, 164. (p) Kamihira, M.; Taniguchi, M.; Koba- 
yashi, T. Agric. Bioi. Chem. 1987, 51, 3427. (4) Barbas, C. F., 111; Wong, 
C.-H. J. Chem. SOC., Chem. Commun. 1987, 533. (r) West, J. B.; Wong, 
C.-H. Tetrahedron Lett. 1987, 28, 1629. (s) Margolin, A. L.; Tai, D. F.; 
Klibanov, A. M. J. Am. Chem. SOC. 1987, 109, 7885. (t) Margolin, A. L.; 
Klibanov, A. M. J. Am. Chem. SOC. 1987, 109,3802. (u) De Miranda, M. 
T. M.; Cheng, E.; Muradian, J.; Seidel, W. F.; Tominaga, M. Bioorg. Chem. 
1986, 14, 182. (v) Riechman, L.; Kasche, V. Biochim. Biophys. Acta 1986, 
872,269. (w) Nakanishi, K.; Matsuno, R. Eur. J. Biochem. 1986,161, 533. 
(x) West, J. B.; Wong, C.-H. J. Chem. SOC., Chem. Commun. 1986,417. (y) 
Nakanishi, K.; Kamikubo, T.; Matsuno, R. BiolTechnology 1985,3,459. (z) 
Ooshima, H.; Mori, H.; Harano, Y. Biotechnol. Lett. 1985, 7,789. (aa) West, 
J. B.; Luthi, P.; Luisi, P. L. J. Am. Chem. Soc. 1984,106,7285. (bb) Oyama, 
K.; Nishimura, S.; Nonaka, Y.; Kihara, K.; Hashimoto, T. J. Org. Chem. 
1981, 46, 5241. (cc) Oyama, K.; Kihara, K.; Nonaka, Y. J. Chem. SOC., 
Perkin Trans. 2 1981, 356. (dd) Oka, T.; Morihara, K. J. Biochem. 1978, 
84, 1277. (ee) Morihara, K.; Oka, T. Biochem. J. 1977, 163, 531. 

(1 8) Aliquots of the reaction mixture were allowed to cool to room tem- 
perature, and the relative V,,, was measured at 25 "C in 0.05 M sodium 
borate at pH 8 containing 10% methanol using N-succinyl-L-Ala-L-Ala-L- 
Pro-L-Phe p-nitroanilide as the substrate for a-chymotrypsin and subtilisin 
BPN' and N-a-benzoyl-DL-arginine p-nitroanilide as the substrate for trypsin. 
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of stabilization as the conjugate with lb, but the a-chymotrypsin 
conjugate with the greatest distance between the anomeric center 
and the polymer backbone, 3c-CPC(CT), reproducibly had 
10-15% higher thermal stability at 50 "C than the conjugates 
of l b  and 2b. The native proteases also lost their activity in 
distilled water at  45 OC within 1 h while the CPC analogues 
retained greater than 80% of their activity over a 24-h period under 
identical conditions. Circular dichroism studies of lc-CPC(CT) 
confirm that the protein's tertiary structure is retained at tem- 
peratures up to 5 5  OC.I9 

We have immobilized an antibody that binds the pesticide aldrin 
[lc-CPC(M,, 8H1 l ) ]  and examined its stability in methanol, 
acetonitrile, and 2-propanol with an enzyme-linked immunoassay. 
We chose to study Ma, 8H11 because the current method of 
detection of aldrin is limited by the presence of organic solvents 
in the ELISA.20,21 We found that lc-CPC(Mab 8 H l l )  was 
competent for 5 h in acetonitrile, methanol, and 2-propanol with 
96, 60, and 57% of the original binding, respectively, while the 
native antibody retained no binding ability under identical con- 
ditions.22 

We have also examined the use of CPC(proteases) and CPC- 
(endonucleases) in reactions involving cleavage of proteins and 
nucleic acids. Unlike other methodologies for protein stabilization, 
the CPC materials are soluble in aqueous solutions and are active 
on large molecules. lc-CPC(Try) was incubated with BSA, and 
the proteolytic cleavage was compared to that of the native enzyme 
by SDS page electroph~resis.~~ As shown in Figure 1 A, we found 
that lc-CPC(Try) and native trypsin gave identical proteolytic 
cleavage patterns. lc-CPC(EcoR1) was incubated with X DNA 
or plasmid pBR322, and the cleavage patterns were compared 
to that of native EcoRI by gel e lec t roph~res is .~~**~ We found 
identical cleavage patterns for both the native and the stabilized 
enzymes (Figure 1 B). 

These new carbohydrate-based materials provide structural 
stability and a water-like microenvironment for the protein and 
do not significantly alter the active site of the enzymes or the 
binding site of antibodies. We are continuing to explore the 
generality of the use of these carbohydrate-based macromolecules 
for the stabilization of enzymes and other proteins, the preparation 
of new carbohydrate-based macromolecules, and their applications. 

Acknowledgment. We are grateful to Cargill, Incorporated 
(Minneapolis, MN), to the Director, Office of Energy Research, 
Office of Basic Energy Sciences, Divisions of Materials Sciences, 
and also to Energy Biosciences of the U S .  Department of Energy 
under Contract DE-AC03-76SF00098 to the Lawrence Berkeley 
Laboratory for their financial support of this work. We thank 
Dr. Paul Hager (University of California at  San Francisco) for 
the generous donation of EcoRI. We also thank Dr. Alexander 
E. Karu and Mr. Douglas J. Schmidt (University of California 
at Berkeley Hybridoma Laboratory) for use of the aldrin antibody 
and their assistance. 
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In contrast to the extraordinary achievements of cation com- 
plexation in host-guest chemistry,' only very recently has anion 
complexation by compounds containing electron-deficient atoms 
such as boron,2 m e r c ~ r y , ~ . ~  tin,5t6 and silicon7 received attention, 
even though anion-inclusion complexes were reported as early as 
1968.* Among the representative Lewis acid hosts, 1-3 are 
bidentate hosts that bind H-? F , 2 b 9 5  Cl-,2cJ-5 and Br-.334 We have 
recently reported the synthesis and structure of the very stable 
chloride ion complex of 4.9 Host 4 is the first member of a 
potential family of carborane-supported, cyclic and multidentate 
Lewis acids. 

X = Me, CI 

1 2 

e c  n = 6 , 8  
0 BH 

3 
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