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tive toward ./V-hydroxysuccinimide groups and was used in low 
concentration. Fourth, the choice of a lysine solution to destroy 
residual active ester groups at the conclusion of the reaction 
was arbitrary; ammonium sulfate has also been used success
fully. If, however, the residual active ester groups were not 
destroyed, the yield of active, immobilized enzyme activity 
decreased by ~5%. Fifth, a number of a,w-di- (and poly-) 
amines were surveyed for utility as cross-linking agents. TET 
was chosen because it is readily available, and because the 
resulting gel has good physical properties.7 Sixth, monomers 
containing other coupling groups (1-3) have been substituted 
for yV-acryloxysuccinimide in the preparation of the starting, 
reactive polymer. The polymers derived from these monomers 
show different reactivity than PAN, and, although the char
acteristics of these materials may be valuable in particular 
instances, PAN presently provides the most generally useful 
combination of ease of preparation and reactivity. 

Yields and specific enzyme activities of the gels obtained on 
immobilization of a number of enzymes using PAN and TET 
are summarized in Table I: Each entry represents the average 
of at least two experiments, and reproducibility was good 
(±5%). Unless otherwise noted, the procedure used for each 
of these immobilizations was that described for hexokinase, 
modified only by the substitution of substrates and cofactors 
appropriate for protection of the active site of the particular 
enzyme considered. The quantities of protein used in these 
immobilizations varied between 0.15 mg and 20 mg/g of PAN; 
enzymes with high specific activity were ordinarily immobilzed 
using <5 mg of protein/g of PAN. Operations involving oxy
gen-sensitive enzymes (especially adenylate, acetate, and 
creatine kinase) were carried out under argon; exclusion of 
dioxygen was not important in procedures with other en
zymes. 

The procedure summarized in Scheme I has a number of 
features which recommend it for immobilizations of enzymes 
(especially those to be used in organic synthetic procedures) 
and other biochemicals. (1) It is simple and general. PAN is 
easily prepared and stable to storage. The manipulation in
volved in gel formation are straightforward. The enzymes are 
not exposed to deactivating reagents or reaction conditions. 
The procedure is especially useful for small quantities and low 
concentrations of enzymes, and should be directly applicable 
to the immobilization of whole cells and organelles. (2) The 
amide-forming reactions that provide the basis for gel pro
duction and enzyme coupling are chemically well-defined and 
susceptible to rational modification and control. These amide 
linkages are hydrolytically stable under conditions in which 
the gels would be used. (3) The organic polymer gel is a useful 
matrix, and amenable to a range of types of modification. It 
is not biodegradable. Its hydrophilicity and charge can be 
controlled by inclusion of appropriate monomers in the initial 
copolymerization, or by reaction of PAN with nucleophilic 
modifying groups. Covalent incorporation of the enzyme into 
the gel provides some protection against proteases. Formation 
of gel on supporting structures (porous glass, filter paper, the 
inner wall of glass tubing) is accomplished readily, and the 
resulting composite materials have useful physical charac
teristics for applications in large-volume enzymatic reactors. 
The gel can be rendered susceptible to magnetic filtration by 
including a ferrofluid in the gel formation step.4 
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Large-Scale Enzyme-Catalyzed Synthesis 
of ATP from Adenosine and Acetyl Phosphate. 
Regeneration of ATP from AMP1 

Sir: 

In previous reports, we have described large-scale en
zyme-catalyzed organic syntheses requiring the enzymatic 
regeneration of ATP from ADP and acetyl phosphate.2'3 Many 
important biosynthetic reactions transform ATP to AMP 
rather than ADP; a few generate adenosine.4 Here we sum
marize the operation of a three-enzyme sequence which con
verts adenosine to ATP (Scheme I): In this scheme, AMP and 
ADP are involved both as intermediates in the phosphorylation 
of adenosine to ATP, and as parts of the catalytic cofactor 
utilization cycle which consumes and regenerates ATP. This 

Scheme I. Conversion of Adenosine to ATP 

3 enzymes 
Net: Adenosine + 3 AcP S=- ATP + 3Ac 
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Figure 1. Quantities (millimoles) of nucleosides present during conversion 
of adenosine to ATP. 

sequence establishes the potential of organic syntheses based 
on ATP regeneration from AMP and adenosine, and illustrates 
a route for the preparation of nucleotides from nucleosides. 

A typical reaction was run at room temperature in a 5-L 
flask equipped with a pH electrode and magnetic stirring bar. 
To 1 L of deoxygenated, doubly distilled water was added ATP, 
ADP, and AMP (50 mg each as the sodium salts, ~0.1 mmol), 
adenosine (40 g, 150 mmol, not completely soluble), magne
sium acetate (4 g, 19 mmol), and dithiothreitol (DTT, 300 mg, 
1.9 mmol). Adenosine kinase (E.C. 2.7.1.20, 40 U), adenylate 
kinase (E.C. 2.7.4.3, 550 U), and acetate kinase (E.C. 2.7.2.1, 
180 U), immobilized in cross-linked polyacrylamide gel par
ticles, were added as a suspension in 550 mL of water.5~9 An 
argon atmosphere was maintained in the flask, and the pH was 
kept between 6.7 and 6.9 by the pH stat controlled addition of 
2 M sodium carbonate. Diammonium acetyl phosphate10 (0.5 
M) was pumped in continuously at a rate of 0.1 mol per day. 
After the first few hours of operation, concentrations of sub
strates exceeded the Michaelis constants of the enzymes." 
Additional DTT12 and magnesium acetate13 were added 
during the course of the reaction. An additional 500 U of im
mobilized acetate kinase was added after 120 h of operation, 
because the rate of formation of ATP was, at this point, limited 
by the activity of this enzyme. The quantities of AMP, ADP, 
and ATP in solution during the course of the reaction are 
summarized in Figure 1; After 239 h, 125 mmol of ATP, 20 
mmol of ADP, and 3 mmol of AMP were present;14 the final 
concentration of ATP was 30 mM. The yield of phosphorylated 
adenosine derivatives was 98% based on adenosine and 38% 
based on acetyl phosphate added. The equilibrium constants 
for the reactions in Scheme I are such that conversion of 
adenosine to ATP should have been complete, and conversions 
in smaller scale reactions were as high as 94%.9 The adenosine 
kinase used in the procedure described was, however, con
taminated with ATPase activity, and the observed final con
centrations represent a competition between the rates of ATP 
formation and ATP hydrolysis. 

The enzyme-containing gel and a white precipitate (pri
marily magnesium phosphate) were separated from the solu
tion by centrifugation. ATP was extracted into an organic 
phase consisting of 5% w:w octadecylamine in 1 -pentanol'5 by 
mixing the phases thoroughly and adjusting the pH of the 

aqueous phase to 7.4 with glacial acetic acid. The phases were 
separated, and ATP was reextracted into an aqueous solution 
whose pH was adjusted to 11.5 with NaOH. This aqueous 
solution was neutralized with acetic acid, and the dibarium salt 
of ATP was precipitated by addition of slightly >2 equiv (77 
g, 300 mmol) of barium acetate. Isolation16 of the precipitate 
yielded 60.9 g of white powder whose ATP content by enzy
matic assay17 corresponded to 77% Ba2ATP-4H20 (54 mmol). 
This value represents an isolated yield for ATP of 36% based 
on adenosine and 15% based on AcP. The activities of recov
ered enzyme correspond to 93% of the adenosine kinase and 
75% of the immobilized acetate kinase added. Adenylate kinase 
recovery was also good but was not determined accurately. 

This synthesis establishes three points pertinent to the use 
of enzymatic catalysis in organic synthesis. First, the enzymatic 
regeneration of ATP from AMP proceeds smoothly using 
acetyl phosphate as the ultimate phosphate donor; enzyme-
catalyzed reactions which convert cofactor ATP to AMP can 
thus be used for practical-scale syntheses. Second, manipula
tion of a coupled system of three enzymes as part of a synthetic 
procedure presents no special problems. Third, enzymatic 
procedures should now be considered as an alternative to 
conventional chemical or fermentation methods for the 
large-scale synthesis of ATP and other nucleotides from nu
cleosides.18 
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Conversion of a Protein to a Homogeneous 
Asymmetric Hydrogenation Catalyst by Site-Specific 
Modification with a Diphosphinerhodium(I) Moiety1 

Sir: 

We wish to describe an approach to the construction of 
asymmetric hydrogenation catalysts based on embedding an 
(effectively) achiral diphosphinerhodium(I) moiety at a spe
cific site in a protein: the protein tertiary structure provides the 
chirality required for enantioselective hydrogenation. Although 
it is presently difficult to predict the enantioselectivity of any 
hydrogenation from knowledge of the structures of catalyst 
and substrate, phosphine-rhodium(I) complexes having rigid, 
conformationally homogeneous structures seem generally to 
be more effective catalysts than those which are conforma
tionally mobile.2 A globular protein modified by introduction 
of a catalytically active metal at an appropriate site could, in 
principle, provide an exceptionally well-defined steric envi
ronment around that metal, and should do so for considerably 
smaller effort than would be required to construct a synthetic 
substance of comparable stereochemical complexity. 

Our initial efforts have focused on avidin. This well-char
acterized protein is composed of four identical subunits, each 
of which binds biotin and many of its derivatives sufficiently 
tightly that association is effectively irreversible (A^ = 
1 0 - 1 2 - 1 0 - 1 5 M).3 '4 Biotin was converted to a chelating di-
phosphine and complexed with rhodium(I) by the sequence 
outlined in eq 1 (NBD = norbornadiene, Tf = triflate).5-6 The 
intermediate Ar,Ar-bis(2-diphenylphosphinoethyl)biotinamide 
(1) was fully characterized;5 the rhodium complex 1-

S 
HN^NH 
rttX—imH 

(CH2CH2PPh2)2 HCI 

Table I. Catalytic Reduction of a-Acetamidoacrylic Acid (2) to 
yV-Acetylalanine (3) using 1-RhNBD+Tf- (Alone and Mixed with 
Proteins) as Catalyst" 

Protein 
added (mg) 

None 
Lysozyme (15) 
Bovine serum 

albumin (15) 
Carbonic anhydrase 

(15) 
Avidin (10; 1 equiv^) 
Avidin (20; 2 equiv) 
Avidin (lO)-biotin' 
Avidin (lO)-biotin-' 
Avidin (10) + bovine 

serum albumin (15)* 

Turnover 

2 - * 3 c 

475 
450 
150 

50 

>500* 
>500* 

200 
160 
480 

no.* 
4 ^ 
5rf 

10.3 

3.3 

12.6 

3.5 

Enantiomeric excess 
(3)* 

Polarimetric 
(±5%)/ 

<2 
<1 
<5 

<10 

41 
35 

34 

NMR 
(±10%) 

<2 
<2 

44 
33 
<4 
<5 
34 

" All hydrogenations were run with 0.50 Mmol of 1-RhNBD+Tf-

in 6.0 mL of water (0.1 M Na2HPO4 buffer, pH 7.0) at 0 0C for 48 
h under 1.5-atm pressure of H2. * Molecules of 2 or 4 hydrogenated 
per rhodium atom. c All experiments were run with 0.25 mmol of 2 
and 0.25 mmol OfNa2HPO4.

 d AU experiments were run with 0.25 
mmol of allyl alcohol.e The S enantiomer was in excess. / Calculated 
on the basis of the reported values for optically pure iV-acetyl-(/?)-
alanine: [a]25

D +66.5° (c 2, H2O)(S. M. Birnbaum, L. Levitow, R. 
B. Kingsley, and J. P. Greenstein, /. Biol. Chem., 194, 455 (1952)). 
No rotations were observed for values denoted (<): low turnover 
numbers for CA and BSA led to the large experimental uncertainty. 
* The quantity of avidin added was 125 U, and was sufficient to bind 
0.50 Mmol of biotin.8 * This value represents complete hydrogenation: 
these turnover numbers are thus lower limits. ' The avidin was incu
bated with a 10% excess of biotin (0.55 Mmol, 0.13 mg) before exposure 
to the solution containing 1-RhNBD+. The excess of biotin precluded 
polarimetric assay. J The avidin was incubated with a 10-fold excess 
of biotin (1.2 mg). * The avidin and bovine serum albumin were mixed 
before adding to the solution of 1-RhNBD+. 

RhNBD+Tf - was prepared in situ and used without charac
terization.6 The enantioselectivity of catalysis by complexes 
of avidin with 1-RhNBD+Tf- was tested by the reduction of 
a-acetamidoacrylic acid (2) to N-acetylalanine (3) (eq 2). This 
reduction has been used frequently in estimating the enan
tioselectivity of other asymmetric hydrogenation catalysts.7 

CO2H 
H2 

NHCOCH3 avidin'VRhNBD Tf 

2 

/ 
CH3CH 

\ 

CO2H 

'3\n (2) 

HCOCH3 

3 

A representative hydrogenation was conducted as follows. 
a-Acetamidoacrylic acid (32 mg, 0.25 mmol) and Na 2 HPO 4 

(36 mg, 0.25 mmol) were degassed in a 20-mL pressure reac
tion bottle (Lab Glass) with argon, and 5 mL of aqueous 0.1 
M Na 2 HPO 4 buffer (pH 7.0) was added. The solution was 
cooled to 0 0 C and 1.0 mL of a similarly buffered solution of 
avidin (~10 mg, 125 U, binds 0.50 nmol of biotin8) was added. 
The bottle was swept with dihydrogen (welding grade) and the 
pressure adjusted to 1.5 atm with dihydrogen. A solution of 
1-RhNBD+Tf- in THF (25 ^L of a 20 mM solution, 0.50 
/^mol) was injected: the resulting solutions were pale yellow 
and homogeneous. The reaction was stirred for 48 h (0 0 C, 1.5 
atm of H2). The reaction was worked up by adjusting the pH 
to 2.0 with 2.0 N aqueous HCl solution and filtered through 
Celite to remove any precipitated 1 and through an Amicon 
Diaflo PM 10 ultrafiltration membrane (10 000 mol wt cutoff) 
to separate avidin and avidin-1 complexes from 2 and 3. The 
optical rotation of the resulting clear colorless filtrate was 
combined with an NMR measurement of the extent of con-
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