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varied. Acetonitrile solutions containing the sensitizer and the 
quencher (either dimethylthymine9 or its cis.syn dimer10) were 
prepared in sealed cuvettes and purged with dry nitrogen. The 
fluorescence intensity was measured and compared with the 
fluorescence of an identical solution which contained no quencher. 
The resulting Stern-Volmer plots11 showed good linearity and gave 
correlation coefficients of 0.98 or greater. The kq values were 
calculated using literature values for the sensitizer singlet lifetimes 
(r). 

The effect of E0x* on kq is shown in Figure 1 and Table I. As 
E0x* becomes increasingly negative, fcq increases, reaching the 
diffusion limit near -2.7 V. Without assuming any particular 
quantitative model, two qualitative generalizations can be made. 
First, the clear correlation of fcq with E0x* is consistent with the 
proposed anion radical mechanism and establishes its generality.12 

A plot of &q vs the sensitizer singlet energy, E00, for example, 
showed no clear correlation. The latter indicates that charge 
transfer is the only significant quenching mechanism. Second, 
as the sensitizer potentials become more positive than -2.5 V (vs 
SCE), the rate drops off significantly. Therefore, sensitizers with 
potentials more positive than ca. -2.4 V would probably not be 
effective at initiating cleavage via the SET mechanism. 

For systems which behave as eq 1, kq can be quantitatively 
related to AG01 by the Rehm-Weller relationship:13 

q 1 + 0.25{exp(AGct7/?r> + exp(AGct//?r)! 

where 

r / ^ c t V /x\2 l1 / 2 AG0, 

The data in the present work were fit to this relationship using 
X (the solvent reorganization energy) and ETei (= E0x* - AG0,/ 
23.06) as adjustable parameters. The values thus derived are En^ 
= -2.60 V (vs SCE), X= 15.7 kcal/mol for dimethylthymine 
dimer and ETed = -2.21 V, X = 13.7 kcal/mol for the monomer. 
To test the validity of this method, it was applied to a quencher 
with a known reduction potential, methyl benzoate. The value 
obtained by our method, -2.26 V, is in reasonable agreement with 
the value reported from electrochemical measurements (-2.3 V).14 

One approximation in this analysis is the structural difference 
between the model compound and the biological substrate (thy­
midine) which is unsubstituted at N-3. (Thymine, 1-alkylated 
thymine, and their dimers are not sufficiently soluble for this 
study.) Methyl groups are weakly electron donating. Therefore, 
it is possible that Ercd for the biological substrate is slightly more 
positive. However, a difference of more than 0.10 V would be 
very surprising.15 

Electron transfer to the dimer alters the thermodynamics of 
the cleavage step. Analysis of a simple thermodynamic cycle gives 
eq 5. The extra potential required to reduce the dimer adds to 
the driving force of the cleavage step. The free energy change 
of the anion radical cleavage step (AGanion) depends on the re­
duction potentials of the dimer and the monomer along with the 
AGneutrai (cleavage of the neutral dimer to neutral monomer): 

AGanim - AGneutral = 23.06(£red
dim" - £red™"<""«) (5) 

(9) Yamauchi, K.; Kinoshita, M. J. Chem. Soc, Perkin Trans. 1 1973, 
391. 

(10) Kloepfer, R.; Morrison, H. J. Am. Chem. Soc. 1972, 94, 255. 
(11) Stern-Volmer analysis of fluorescence quenching is discussed in most 

basic photochemistry texts. For example: Gilbert, A.; Baggot, J. Essentials 
of Molecular Photochemistry; Blackwell: London, 1991; p 111. 

(12) A referee suggested that preassociation via ir-stacking might account 
for some of the differences in quenching rates. No evidence for this was found. 
We examined the UV spectra of the sensitizers alone, in the presence of 25 
mM dimer, and in the presence of 25 mM monomer. In no cases were the 
sensitizer spectra perturbed by the presence of substrate. 

(13) Rehm, D.; Weller, A. Isr. J. Chem. 1970, 8, 259. 
(14) Marianovskii, V. G.; Valashek, I. E.; Samokhalov, G. I. Sov. Elec-

trochem. 1967, 5, 538. 
(15) For example trimethyl-l,4-benzoquinone and 2,5-dimethyl-l,4-

benzoquinone reduction potentials differ by 0.07 V: Peover, M. J. J. Chem. 
Soc. 1962, 4540. 

Our results show that cleavage of the anion is 9 kcal/mol more 
exergonic than cleavage of the neutral.16 

The data here are consistent with the proposed reductive SET 
mechanism for photolyase.17 The relevant enzymic chromophore 
is a 1,5-dihydroflavin. In free solution, these species have E0x* 
of -2.6 V.18 Therefore the SET step in the enzymatic reaction 
is approximately thermoneutral. This is in agreement with the 
picosecond measurements of Okamura et al." These workers 
showed that the excited-state flavin interacts with the damaged 
DNA very rapidly, with a rate constant of 5.5 X 109 s"1. This 
requires that AG0, in the enzyme be <1 kcal/mol.20 
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(16) Begley et al. have measured a AH value for the cleavage of a linked 
neutral dimer of -20 kcal/mol. This would imply that the anion radical 
cleavage step is exothermic by ca. 29 kcal/mol. It should be pointed out that 
the model compound used in that study differs from our model compound, 
so that this should only be taken as a semiquantitative estimate. Diogo, H. 
P.; Dias, A. R.; Dhalla, A.; Minas de Piedade, M. E.; Begley, T. P. J. Org. 
Chem. 1991, 56, 7340. 

(17) An oxidation potential of +1.45 V has been reported for dimethyl­
thymine dimers (ref 6d). A similar evaluation of the oxidative mechanism 
would require measurement of the reduction potential for the dihydroflavin. 
While the work here shows that the reductive pathway is kinetically feasible, 
it does not completely rule out the oxidative pathway. 

(18) This is based on a ground-state oxidation potential of-0.124 V ((a) 
Anderson, R. F. Biochim. Biophys. Acta 1983, 722, 158) and a singlet-state 
energy of 56 kcal/mol based on a reported fluorescence spectrum: (b) Ghisla, 
S.; Massey, V.; Lhoste, J.-M.; Mayhew, S. G. Biochemistry 1974, 13, 589. 

(19) (a) Okamura, T.; Sancar, A.; Heelis, P. F.; Begley, T. P.; Hirata, Y.; 
Mataga, N. J. Am. Chem. Soc. 1991, 3143. (b) Kim, S.-T.; Heelis, P. F.; 
Okamura, T.; Hirata, Y.; Mataga, N.; Sancar, A. Biochemistry 1991, 30, 
11262. 

(20) The upper limit is calculated from eq 3 assuming X = O kcal/mol. As 
X becomes larger, the electron transfer would have to become increasingly 
exergonic to maintain the measured rate. 

Cross-linked Enzyme Crystals as Robust Biocatalysts 

Nancy L. St. Clair and Manuel A. Navia* 

Vertex Pharmaceuticals Inc., 40 Allston Street 
Cambridge, Massachusetts 02139-4211 

Received April 29, 1992 

Chemical cross-linking of enzyme crystals stabilizes the crys­
talline lattice and its constituent enzyme molecules, forming highly 
concentrated immobilized enzyme particles which can be lyo-
philized and stored indefinitely at room temperature. Cross-linked 
enzyme crystals (CLCs) retain catalytic activity in harsh con­
ditions, including temperature and pH extremes, exogenous 
proteases, and exposure to organic or aqueous solvents and 
aqueous-organic mixtures. Lyophilized CLCs can be reconstituted 
easily in these solvents as active, monodisperse suspensions. We 
present data comparing free enzyme vs CLCs of thermolysin, 
which is used in the manufacture of the artificial sweetener as­
partame.1,2 Results with other enzymes suggest that the CLC 
process may be broadly applicable. 

* Author to whom correspondence should be addressed. 
(1) Oyama, K.; Nishimura, S.; Nonaka, Y.; Kihara, K.; Hashimoto, T. J. 

Org. Chem. 1981, 46, 5242-5244. 
(2) Nakanishi, K.; Kamikubo, T.; Matsuno, R. Biotechnology 1985, 3, 

459-464. 
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Table I" 

acetonitrile 
dioxane 
acetone 
THF 

% maximum 

free 
thermolysin 

42 
66 
75 
36 

activity 

CLCs of 
thermolysin 

102 
97 
99 
96 

"An equal volume of organic solvent was added and vortexed into 
either a free thermolysin solution or a CLC slurry (both at 10 mg/mL 
concentration) in 10 mM Tris-HCl buffer, pH 7. After 1 h of incu­
bation at 40 0C, activity was assayed as described in Figure I.12 Free 
thermolysin concentration is limited to a maximum of 10 mg/mL by 
precipitation in these solvents; CLC concentration is limited only by 
the volume of the crystals in suspension. 

Enzyme-catalyzed processes enjoy significant advantages over 
conventional chemical methods.34 Widespread enzyme use has 
been limited, however, by storage and handling problems, espe­
cially enzyme denaturation in aqueous-organic solvent mixtures.5 

These problems have made it difficult to exploit solubility dif­
ferences between substrates and products to improve synthetic 
yields.6 In addition, many substrates and products are unstable 
or insoluble in aqueous media where enzyme use is favored. 
Crystallization has long been used as a means of protein purifi­
cation.78 Search strategies for the growth of large crystals9 for 
X-ray diffraction will also produce microcrystals routinely8— 
though these are seldom reported. Microcrystals ( ~ 10"1 mm in 
size) are preferred for CLCs because their small cross section 
minimizes substrate-product diffusion problems.10 In 1964, 
Quiocho and Richards proposed glutaraldehyde cross-linking to 
improve crystal stability in diffraction experiments." Subse­
quently, cross-linked carboxypeptidase-A crystals were shown to 
retain catalytic activity in aqueous solution.10 We now demonstrate 
near-maximum catalytic activity for cross-linked microcrystals 
of thermolysin in a broad range of conditions otherwise incom­
patible with enzyme function. 

Stability of Thermolysin CLCs. Following crystallization, 
cross-linking, and lyophilization, rehydrated thermolysin CLCs 
retain 80% of the activity of free thermolysin (Figure I).12 

Remarkably, thermolysin CLCs are stable in aqueous-organic 
solvent mixtures where enzymes usually denature; after 1 h of 
incubation in 50% aqueous tetrahydrofuran at 40 0C, free ther­
molysin retains only 36% of its activity, while thermolysin CLCs 
retain >95% activity in all of the aqueous-organic solvents tested 
(Table I).12 Because of crystal uniformity, lyophilized CLCs can 
be reconstituted by simple addition of solvent and remain mon-
odisperse (even in near-anhydrous organics), unlike lyophilized 
free enzyme. CLCs also retain full activity at pH extremes and 
at elevated temperatures, even after 4 days of continuous incu­
bation at 65 0C (Figure la).12 Thermolysin CLCs are resistant 
to degradation in high concentrations of exogenous proteases such 

(3) (a) Jones, J. B. Tetrahedron 1986, 42, 3351-3403. (b) Wong, C-H. 
Science 1989, 244, 1145-1152. (c) Dordick, J. S. Enzyme Microb. Technol. 
1989, //, 194-211. 

(4) Klibanov, A. M. Ace. Chem. Res. 1990, 23, 114-120. 
(5) Akiyama, A.; Bednarski, M.; Kim, M.-J.; Simon, E. S.; Waldman, H.; 

Whitesides, G. M., et al. CHEMTECH 1988, 627-634. 
(6) Martinek, K.; Semenov, A. N.; Berezin, I. V. Biochim. Biophys. Acta 

1981, 658, 76-89. 
(7) (a) Sumner, J. B. J. Biol. Chem. 1926, 69, 435-441. (b) Scopes, R. 

K. Protein Purification Principles and Practice, 2nd ed.; Springer-Verlag Inc.: 
New York, 1982; pp 296-301. 

(8) Jakoby, W. B. Methods Enzymol. 1971, //, 248-252. 
(9) (a) Carter, C. W., Jr.; Carter, C. W. /. Biol. Chem. 1979, 254, 

12219-12223. (b) McPherson, A. Preparation and Analysis of Protein 
Crystals; Robert E. Krieger Publishing Co.: Malabar, FL, 1989; pp 82-159. 
(c) Eisenberg, D.; Hill, C. P. Trends Biochem. Sci. 1989, 14, 260-264. (d) 
Abergel, C; Maxime, M.; Herve, M.; Loret, E.; Cambillau, C; Fontecilla-
Camps, J. C. J. Biol. Chem. 1991, 266, 20131-20138. 

(10) (a) Quiocho, F. A.; Richards, F. M. Biochemistry 1967, 5, 
4062-4076. (b) Quiocho, F. A.; Bishop, W. H.; Richards, F. M. Proc. Natl. 
Acad. Sci. U.S.A. 1967, 57, 525-537. 

(11) Quiocho, F. A.; Richards, F. M. Proc. Natl. Acad. Sci. U.S.A. 1964, 
52, 833-839. 

(12) Experimental details are provided in the supplementary material. 
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Figure 1. Maximum activity (%) of CLC and free thermolysin. Ther­
molysin microcrystals form on adding nine volumes of demineralized 
water to one of concentrated (100 mg/mL) crude thermolysin in 1.0 M 
calcium acetate, 30% dimethyl sulfoxide, 50 mM Tris, pH 7.0.n Crystals 
were cross-linked in 12.5% glutaraldehyde25 and 50 mM Tris, pH 6.5, 
for 1 h. Washed CLCs were lyophilized as a crystalline slurry in 
deionized water, pH 7.0.26 CLC and free thermolysin catalytic activity 
was assayed by hydrolysis of furylacryloylglycyl-L-leucine amide 
(Schweizerhall).1227 Absorbance at 345 nm was fit to a pseudo-first-
order rate equation28 to determine kM/Km, which is 3.7 X 104 M"' s"1 

for free thermolysin and 3.0 X 104 M"1 s~' for CLCs. (a) Thermolysin 
CLCs retain activity after prolonged exposure at 65 0C.12 The activity 
of CLC and soluble thermolysin was assayed at room temperature fol­
lowing incubation in 10 mM calcium acetate and 50 mM Tris, pH 7.0, 
buffer at 65 0C. Total protein concentration was 10 mg/mL. At the 
times indicated, aliquots were removed from each reaction mix, and 
thermolysin activity was assayed spectrophotometncally as described 
above, (b) Thermolysin CLCs are resistant to exogenous proteolysis.12 

Free and CLC thermolysin were incubated in 50 mM Tris, pH 7.5, buffer 
at 40 0C in the presence of the enzyme Pronase (Calbiochem). The 
Pronase to thermolysin ratio was 1:40. At the times indicated, aliquots 
were removed from each reaction mix, and thermolysin activity was 
assayed spectrophotometncally as described above. Inset: Detail of 
soluble thermolysin time course. 

as Pronase (a mixture of Streptomyces griseus proteases13 capable 
of digesting most proteins) after incubation for 4 days; free 
thermolysin is digested in 90 min (Figure lb).12 Protease resistance 
is shared by porcine liver esterase, porcine pancreatic elastase, 
and all CLCs investigated so far.1214 

Discussion. The remarkable temperature, pH, and solvent 
stability observed with thermolysin CLCs may result from re­
stricted access to required kinetic intermediates on the denaturation 
pathway,15 as a consequence of crystal packing reenforced by 
covalent cross-links. Noncrystalline lyophilized enzyme suspen­
sions in near-anhydrous organic solvents also demonstrate sta­
bility,416 even at high temperatures,17 due in part to the inac-

(13) Siegal, S.; Awad, W. M. /. Biol. Chem. 1973, 248, 3233-3240. 
(14) St. Clair, N. L.; Navia, M. A. Manuscript in preparation. 
(15) (a) Kim, P. S.; Baldwin, R. L. Annu. Rev. Biochem. 1982, 51, 

459-489. (b) Dill, K. A.; Shortle, D. Annu. Rev. Biochem. 1991, 60, 795-825. 
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cessibility of water-dependent denaturation intermediates. As such, 
minimal added water in these systems can lead to rapid loss of 
activity, unlike CLCs which are stable at all water concentrations. 
Proteolysis resistance of CLCs is explained by the exclusion of 
exogenous protease, due to the size of the solvent channels defined 
by the crystal lattice. Large substrate/product molecules (e.g., 
proteins, polynucleotides, etc.) will also be restricted, of course, 
though most smaller substrates can be accommodated. 

Conventional immobilized enzymes are principally used to 
facilitate catalyst recovery,18 but they can also provide modest 
stability enhancements.19 Formulated as beads or particles, 
however, these systems consist mostly of inert carrier material. 
CLCs provide their own support, and so achieve enzyme con­
centrations close to the theoretical packing limit—in excess of even 
highly concentrated enzyme solutions. As such, CLCs are par­
ticularly attractive in biosensor applications, where the largest 
possible signal per unit volume is often critical. We have for­
mulated cross-linked enzyme crystals of jack-bean urease for use 
in clinical biosensor applications to measure urea levels in the 
circulation as an early indicator of renal disease.20 

Manufacturing applications can be particularly difficult for 
enzyme catalysts. The artificial sweetener aspartame (L-aspar-
tate-L-phenylalanine methyl ester), for example, can be readily 
obtained by deprotection of a precursor species that is formed by 
the thermolysin-catalyzed regie- and stereoselective condensation 
of (benzyloxycarbonyl)-L-aspartic acid and DL-phenylalanine 
methyl ester in a nonaqueous solvent.12'21 Thermolysin was found, 
by trial and error, to be a suitable, readily available enzyme for 
use in this process.1 Chemical synthesis,22 however, has proven 
more viable for the large-scale manufacture of aspartame, due 
in part to unsatisfactory enzyme stability over the long term. We 
have adapted the enzymatic process21 to take advantage of the 
enhanced solvent and temperature stability described above for 
thermolysin CLCs and have been able to produce the aspartame 
precursor in buffer-saturated ethyl acetate at 55 0C over a period 
of 18 days without significant loss of enzyme stability. Under 
these conditions, free thermolysin was found to be inactive on the 
fourth day.20 

Temperature and protease resistance also make CLCs useful 
in therapeutics. Suitably implanted or orally administered CLCs 
may provide an alternative to gene replacement therapy for the 
correction of some inherited enzyme deficiencies. Finally, dif­
fraction-quality FAB fragment crystals are known for many classes 
of antibodies.23 Catalytic antibody24 CLCs might enable practical 
chemical synthesis using these molecules, accelerating the benefits 
promised by this technology. 
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/3-Hydride elimination of metal alkyl complexes and the reverse 
process of olefin insertion into a metal-hydride bond are funda­
mental transformations in organometallic chemistry.1 In par­
ticular, the transfer of a /3-hydrogen atom from an alkyl ligand 
to the metal through a four-center transition state is the primary 
mechanism for metal alkyl decomposition. Ubiquitous in coor­
dination complexes, aliphatic amine ligands are isoelectronic to 
alkyl ligands and would be expected to undergo the analogous 
reaction under appropriate conditions. Although /3-hydride 
elimination is commonly invoked as the mechanism for the de­
composition of amide complexes to metal hydrides,2 the direct 
transformation of a coordinated amine to an iminium hydride 
species has never been observed. We wish to report such a 
transformation on Os(II), along with the observation of the mi­
croscopic reverse: iminium insertion into a metal-hydride bond. 

Using a modified procedure originally outlined by Magnuson 
et al. for the synthesis of (dinitrogen)tetraammineosmium(II) 
complexes,3 the compound m-[Os(NH3)4(NH2Pr)(N2)](OTf)2 
(1, Pr = propyl, OTf = CF3SO3") was obtained from [Os-
(NH3)4(N2)2] (OTf)2 by refluxing the latter in a 1,2-dimethoxy-
ethane (DME) solution of propylamine.4'5 The dinitrogen ligand 
of 1 was then removed by metal oxidation in a triflic acid/bromine 
solution to produce [Os(NHj)4(NH2Pr)(OTf)](OTf)2 (2).5 

* Camille and Henry Dreyfus Teacher-Scholar, 1992. 
(1) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Principles 

and Applications of Organotransition Metal Chemistry, 2nd ed.; University 
Science Books: Mill Valley, CA, 1987; pp 380-7. 

(2) Montgomery, C. D.; Fryzuk, M. D. Coord. Chem. Rev. 1989, 95, 1. 
Tarn, W.; Bryndza, H. E. Chem. Rev. 1988, 88, 1163. Mares, F.; Diamond, 
S. E. J. Organomet. Chem. 1977, 142. 

(3) Magnuson, R. H.; Taube, H. / . Am. Chem. Soc. 1975, 97, 5129. 
(4) All operations are carried out under N2 atmosphere unless otherwise 

noted. 
(5) Synthesis and characterization of 1: /V-propylamine (1.1 g, 18.5 mmol) 

was added to a DME/DMA (8 mL/0.3 g; DMA = /vyV-dimethylacetamide) 
solution containing [Os(NH3)4(N2)2](OTf)2 (0.378 g, 0.617 mmol). After 
2.5 h at reflux, the reaction mixture (20 0C) was treated with CH2Cl2 (20 
mL) and then with OEt2 (20 mL), and the yellow precipitate was collected, 
washed, and dried. Yield of 1: 0.302 g, 76%. Data for 1: 1H NMR 
(acetone-d6) S 4.61 (br, 2 H), 4.00 (br, 12 H), 2.80 (m, 2 H), 1.60 (m, 2 H), 
0.90 (t, 3 H); IR (KBr) 2037 cm"1 (s, KN2)); CV (CH3CN/TBAH), 100 
mV/s) £, / 2 = + 0.83 V (NHE). Anal. (OsC5H21N7O6S2F6) C, H, N. 
Synthesis of 2: Compound 1 (0.570 g, 0.7 mmol) was dissolved in neat triflic 
acid (6 mL), treated with Br2 (60 mg, 0.4 mmol), and heated in open air (65 
0C, 1 h) with periodic swirling. The reaction solution was cooled (-10 0C), 
and cold (0 0C) OEt2 was slowly added. (EXOTHERMIC!) The resulting 
off-white solid was collected, washed (OEt2), and dried. Yield of 2: 0.625 
g, 92%. Data for 2: CV (CH3CN (TBAH), 100 mV/s) £ p , = -0.51 V 
(NHE). Anal. (OsC6H21N5O9S3F9) C, H, N. 
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