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a late transition state.” There is a lo3 difference in koH for 
benzaldehyde ethyl hemiacetal and formaldehyde ethyl hemiacetal. 

There is a marked resemblance between a hemiacetal and a 
tetrahedral intermediate formed in hydrolysis of esters (-H is 
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allow the easy and accurate determination of rate constants for 
hemiacetal breakdown, which should permit an approach to this 
and other important problems. 
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OH OH (34) However, in certain intramolecular nucleophilic reactions of benzoate 
esters with poor leaving groups, decomposition of the tetrahedral intermediate 
is the rate-determining step, and general-base catalysis has been found.3s37 
These reactions have Brsnsted (3 coefficients of 1.0, indicating that a pro- 
ton-transfer step is rate determining. In contrast, p values of 0.2-0.6 have 
been reported in general-base-catalyzed decomposition of formaldehyde 
hemiacetals?’ indicating that proton transfer is concerted with bond breaking 
in those reactions. 

(35) Fife, T. H.; DeMark, B. R. J .  Am. Chem. SOC. 1976, 98, 6978. 
(36) Fife, T. H.; Bambery, R. J.; DeMark, B. R. J .  Am. Chem. Soc. 1978, 

(37) Fife, T. H.; DeMark, B. R. J. Am. Chem. SOC. 1979, 101, 7379. 

replaced by -OH or in the general of a nucleophilic reaction 
by x)* The mechanisms found for decomposition Of 
should therefore be applicable to breakdown of tetrahedral in- 
termediates. The breakdown step is normally rapid in OH-- 
catalyzed ester hydrolysis, attack of OH- being rate determin- 
ing.33v34 However, the techniques employed in the present study 

(33) .Bruice, T. C.; Benkovic, S. J. “Bioorganic Mechanisms”; W. A. 100, 5500. 
Benjamin: New York, 1966. 

Enzyme-Catalyzed Organic Synthesis: NAD(P)H Cofactor 
Regeneration by Using Glucose 6-Phosphate and the 
Glucose-6-phosphate Dehydrogenase from Leuconostoc 
mesent eroides 
Chi-Huey Wong and George M. Whitesides* 
Contribution from the Department of Chemistry, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 021 39. Received December 1 1 ,  1980 

Abstract: Glucose-6-phosphate dehydrogenase (from Leuconostoc mesenteroides) and glucose 6-phosphate comprise a useful 
system for regeneration of reduced nicotinamide cofactors for use in enzyme-catalyzed organic synthesis. This enzyme is 
approximately equally active in reduction of NAD and NADP. It is commercially available, inexpensive, stable, and easily 
immobilized. Glucose 6-phosphate can be prepared in quantity by hexokinase-catalyzed phosphorylation of glucose by ATP 
(coupled with ATP regeneration) or by other methods. The operation of this regeneration system is illustrated by syntheses 
of enantiomerically enriched D-lactic acid (0.4 mol, enantiomeric excess 95%) and (S)-benzyl-a-dl alcohol (0.4 mol, enantiomeric 
excess 95%) and by a synthesis of threo-D,(+)-isocitric acid (0.17 mol). Factors influencing the stability of NAD(P)(H) in 
solution have been explored. 

Enzyme-catalyzed reactions that require reduced nicotinamide 
cofactors (NADH, NADPH) are not widely used in preparative 
chemistry.2v3 Although many of these reactions are potentially 
valuable in synthesis, the cofactors required are expensive and 
significantly unstable in solution and can be used economically 
in stoichiometric reactions only on a small scale. A number of 
procedures for regenerating the reduced cofactors have been 
proposed and t e ~ t e d . ~  Of these, the use of formate and formate 
dehydrogenase (EC 1.2.1.2) to reduce NAD to NADH is, in 
principle, one of the most p r a c t i ~ a l , ~ . ~  although the enzyme used 
in this procedure (from Candida boidinii) is still expensive when 
purchased commercially. This formate dehydrogenase does not 
reduce NADP,’ although formate dehydrogenase from Clostri- 

(1) Supported by the National Institutes of Health, Grant GM 24025. 
(2) Suckling, C. J. Chem. Sou. Reu. 1974,384-407; Suckling, C. J.; Wood, 
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terscience: New York, 1976; pp 107-401; Jones, J. B. In “Nezymic and 
Nonenzymic Catalysis”, Dunnill, P.; Wiseman, A.; Blakebrough, N., Eds.; 
Ellis Harwood Ltd., 1980; pp 58-83. 
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dium thermoacticum does do so. 
This paper describes a regeneration system based on dehy- 

drogenation of glucose 6-phosphate (G-6-P) catalyzed by glu- 
cose-6-phosphate dehydrogenase (G-6-PDH, G-6-P, NAD(P) 
oxidoreductase, EC 1.1.1.49, from Leuconostoc mesenteroides). 
The G-6-P required can be prepared by several procedures. The 
most convenient for syntheses carried out on a - 1 mol scale is 
the hexokinase-catalyzed phosphorylation of glucose with ATP, 
with coupled acetate kinase catalyzed regeneration of ATP by 
using acetyl phosphate. The preparations of acetyl phosphate* 
and glucose 6-phosphate’ have been described previously. For 
larger scale work, routes based on conversion of starch and 
phosphate to glucose 6-phosphate (using phosphorylase a and 
phosphoglucose mutase) may also prove useful. The advantages 
of the G-6-PHD from Leuconostoc mesenteroides as a catalyst 
for use in organic synthetic procedures are that it is almost equally 
effective in reducing NAD and NADP’o,l’ and that it is stable, 

~~~~ 

(7) Andreesen, J. R.; Ljunghdahl, L. G. J.  Bacferiol. 1974, 120,6-14. In 
principle, the NAD and NADP cofactor systems can be coupled by using 
nicotinamide nucleotide trans-hydrogenase (EC 1.6.1.1 .); Colowick, S. P.; 
Kaplan, N. 0.; Neufeld, E. F.; Ciotti, hi. M. J .  Bioi. Chem. 1952, 195, 
95-105. 
(8) Lewis, J. M.; Haynie, S. L.; Whitesides, G. M. J .  Org. Chem. 1979, 

44, 864-5. 
(9) Pollak, A,; Baughn, R. L.; Whitesides, G. M. J .  Am. Chem. Soc. 1977, 

99, 2366-7. 

0 1981 American Chemical Society 



NAD(P)H Cofac for Regeneration 

commercially available, and inexpensive. Thus, a single, practical, 
experimental protocol can be used interchangeably to regenerate 
both of the reduced nicotinamide cofactors. The latter feature 
has been noted by others, and this system has been used previously 
in small-scale experiments.I2 Until recently, however, the cost 
of G-6-P ( - $1800 mol-') has been sufficiently high to discourage 
its use as a stoichiometric reagent in synthesis on the scale of moles. 
Here we establish that the G-6-P required can be prepared con- 
veniently and inexpensively in large quantities by several methods. 
We illustrate the operation of this regeneration system by the 
preparation of three chiral materialS-D-laCtiC acid, fhreo-D,- 
(+)-isocitric acid, and (S)-benzyl-cY-dl alc~hol'~-in 0.1-0.5 mol 
scale. 
Results 

Stability of Nicotinamide Cofactors in Solutions. NAD(P)H. 
In order to develop practical protocols for using and regenerating 
the nicotinamide cofactors, it is useful to know the factors which 
influence the lifetimes of these intrinsically unstable species in 
solution. Qualitatively, the stability of NAD(P)H is greater in 
basic than in acidic solutions, and the stability of NAD(P) is 
greater in acidic than in basic  solution^.'^ Several of the reactions 
that transform NADH and NAD into enzymatically inactive 
substances have been studied: in particular, NADH undergoes 
acid-catalyzed hydration and, ultimately, transformation to a cyclic 
ether;I4 NAD reacts with hydroxide ion and with other nucleo- 
p h i l e ~ . ' ~  NAD is also subject to enzyme-catalyzed addition of 
nucleophiles.I6 Analogous reactions undoubtedly occur with 
NADP(H) but have been studied in less detail. Of these reactions, 
the most important in determining the stability of NAD(P)H 
under the conditions encountered during enzyme-catalyzed organic 
synthesis is the Lewis acid catalyzed hydrolysis reaction. This 
process has been studied in some detail by Johnson and Tuazon, 
who have suggested protonation of C5 of the nicotinamide ring 
as rate limitix~g.'~ Our studies of this reaction paralleled those 
of these workers but have had a different and more practical 
emphasis. Where the two studies can be compared, agreement 
is satisfactory. 

The pH of a solution used in an enzyme-catalyzed synthetic 
reaction is usually fixed (*0.5 pH units) by the stabilities and 
pH-rate profiles of the enzymes involved, and it is not practical 
to adjust the stability of the cofactors by changing the solution 
pH. Our interest in the subject of the solution stability of these 
substances was therefore centered on the influence of buffers and 
other solution components and especially on the influence of 
potential Lewis acid catalysts. 

We have determined rates of disappearance of NAD(P)H 
spectrophotometrically. These rates follow eq 1 and 2. Figure 
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(11) Other systems that accept both NAD and NADP: glucose de- 
hydrogenase, Strecker, H. J.; Korkes, s. J .  B i d .  Chem. 1952, 196, 769-84; 
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Figure 1. Catalysis of disappearance of NADH (0)  and NADPH (0) 
by acids as a function of [HX]. Values of pH used are listed on the plots. 
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Figure 2. A plot of k[HXl.oo" (obtained by extrapolating the lines of 
Figure 1 to [Pi] = 0) vs. [H+] yields slope = 9.4 X lo3 M-' h-' = kH+ 
and intercept = 0.7 X lo4 h-l (4 k,, = 1.26 X 10" M-' h-' 1. 

1 summarizes representative data showing the dependence of Pbd 
on typical buffers (HOAc/OAc-, H2P04-/HP042-, and 
HC03-/C032-) used to determine kHA. Rate constants were 
determined as a function of the concentration of the acidic com- 
ponent of the buffer. In the case of phosphate buffer, the slope 
of a plot of kNADHobSd vs. [H2P04-] yielded kH2P0,-; the intercept 
at [H2P04-] = 0 yielded the quantity (kH[H'] + kH20) (eq 1, 
Figure 1). Repeating this procedure at several values of pH and 
plotting the resulting values of ~ N A D H O ~ ( [ H ~ P O ~ - ]  = 0) vs. [H'] 
gave a straight line with slope kH and intercept kH20 at [H'] = 
0 (eq 1, Figure 2). 

This procedure was repeated for a number of different buffers 
and Lewis acids, although not necessarily using as many points 
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Table 1. Rate Constants for General Acid-Catalyzed DecomDosition of NAD(P)H lea 1-3P 

Wong and Whitesides 

 HA^ 

PPI (H,P,O,z-) 
ImH+ 
MeImH+ 
NaPi 
guanidinium Pi 
Hepes 
TRA 
Tris 
HC0,- 
H,O 
Pi/HOCH, CH, OH 
Pi/glycerol 
Pi/sorbitol 
Pi/PEG 
Pi/Me,SO 
PJDMF 
PdPA 
Pi/(E tOH) 

PK, 
H,O+ -1.74 
CH,COCO, H 2.5 
HCO,H 3.8 

CH,CO,H 4.8 
citric acid 5.4 
G-6-P (ROPO,H-) 6.1 
6-PG (ROP0,H2-) 6.2 
maleic acid 6.2 

6.5 
7.0 
7.1 
7.2 

7.5 
7.8 
8.1 

10.3 
15.5 

CH,CHOHCO,H 3.9 

 HA, M-' h-' NADH NADPH 

[9.4 x 10' kH+] (7.3 x i03)d  690 32 ( [HA] = 0) 
260 460 31 

340 31 
(1 .9)d 320 31 
2.5 (4.4Id 270 30 
1.2 (2.lId 180 28 
0.97 59 (601e 21 (2l)e 
0.96 59 22 
0.22 (0.251d 172 28 
0.33 (0.54)d 78 24 
0.087 130 (180)e 27 (29)e 
0.068 140 (2201e 27 (28)e 
0.41 (0.69)d 27 (29)e 13 (13)e 

0.048 150 (170)e 28 (29)e 
0.018 280 (330)e 30 (32)e 
0.012 330 (340)e 31 (34)e 
0.0081 520 (80)esf 32 (28)e 
[1.26 x = k H , O ]  (11.7 x 690 32 

(We (15Ie 

(30Ie (12Ie 
(30Ie (14Ie 

(29Ie (1 2)e 
(We (14Ie 
U81e 

(We (13P  

(29Ie ( 1 4 ~  

(31Y ( 1 4 1 ~  

T =  25 "C for all measurements. Rate constants (eq 1) refer to the disappearance of the NAD(P)H chromophore (0.1 mM) at 340 nm. 
Organic cosolvents were present at concentrations of 20% v/v (except for sorbitol and polyethylene glycol, which were 20% w/w). 
viations: Hepes, N-2-hydroxyethylpiperazine-N'-2-e thanesulfonate; TRA, triethanolamine; Tris, tris(hydroxymethy1)aminome thane; EG, 
ethylene glycol; G-6-P, glucose 6-phosphate; 6-PG, 6-phosphogluconate; Im, imidazole; MeIm, methylimidazole; PEG, poly(ethy1ene glycol) 
(hfr 7500); PA, 1-propanol. The estimated half-life for disappearance of NAD(P)H in a solution containing 0.1 M [HA] + [A-1, pH 7.0, 
T =  25 "C. 
tween observed and calculated values of T in this instance is probably due to  contributions from catalysis by H,CO,. 

Abbre- 

Values of rate constants in parentheses are from Johnson and Tuazon (ref 14). e Measured values of T ~ , , .  The difference be- 

as for H2P04-. For each acid, measurements were carried out 
over a range in pH of approximately 2 units, bracketing its pKa. 
Table I gives values for km obtained for these buffers and acids 
and for solutions containing other components. The measured 
rate constants kHA were used to calculate the half-life ( ~ ~ 1 ~ )  for 
disappearance of NAD(P)H in a solution containing the acid H A  
(pH 7, [HA] + [A-] = 0.1 M, 25 "C); for convenience, these 
values are also listed in Table I. In the instances in which the 
measurements of km reproduce those reported by Johnson and 
Tauzon (shown in brackets in Table I), agreement is adequate. 
Figure 3 shows the Bransted plot derived from these data (CY = 
0.54; lit.14 CY = 0.47) and the relation between the lifetime of 
NAD(P)H in solution and the pK, of the buffer acid. These plots 
provide a check on the consistency of the data and offer a way 
of estimating the efficiency of other solution or buffer components 
in catalyzing the decomposition of NAD(P)H. In particular, the 
most effective catalyts for this decomposition will be those for 
which the pKa of the acid is approximately numerically equal to 
the pH of the solution (for H2P0,, pH 7). This condition reflects 
a compromise between acid strength (stronger acids are intrin- 
sically more effective catalysts) and degree of ionization (stronger 
acids have a greater tendency to exist as the catalytically inactive 
conjugate anions at  a particular pH). 

The practical consequence of this analysis is the conclusion that 
acids having pKa values of -7 should provide the most rapid 
catalysis of the decomposition of NADH. The most important 
of these acid catalysts for the regeneration system discussed here 
are the phosphate derivatives (HOP03H-, ROP03H-). The 
catalytic efficiency of these species is a disadvantage for the system, 
because G-6-P, 6-PG, and Pi (present as an impurity in the G-6-P) 
are all necessarily present. All accelerate the decomposition of 
NAD(P)H. 

We briefly examined the ability of organic cosolvents to stabilize 
NAD(P)H against phosphate-catalyzed decomposition and found 
only small effects (Table I). This observation is interesting in 
light of the discovery that attachment of organic polymer chains 

'"""i H30+ 

I O  L , , , , ;"I. 4, , , , ;I 
-2 0 2 4 6 8 IO 12 14 16 

P K o  

Figure 3. (A) Br~nsted plot for acid-catalyzed decomposition of NAD- 
(P)H. Least-squares analysis of the points generated the solid line, 
described by the equation log kHA = -5.44pKa + 4.09. (B) Plots of 
calculated half-life vs. pK, for decomposition of NADH (0) and NAD- 
P H  (A) in 0.1 M buffer, pH 7.0, 25 "C. The observed values are in- 
dicated by (0) for NADH and (A) for NADPH. Abbreviations: Pyr, 
pyruvic acid; Lac, lactic acid; M, maleic acid; MeIm, 1-methylimidazole; 
Im, imidazole; TRA, triethanolamine; Tris, tris(hydroxymethy1)amino- 
methane; Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonate. 

to the adenine moiety of NADH provides significantly increased 
stability. This stabilization apparently is not due to a general 
solvent effect, since addition of high concentrations of organic 
cosolvents does not have the same effect. 
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Figure 4. Difference between the observed rate constants for decompo- 
sition of NADH (0.1 mM) and NADPH (0.1 mM) as a function of pH 
(25 OC, 50 mM buffer; pH 3.8-5.8, sodium acetate; pH 6.5-8.8, TRA; 
pH >9, sodium bicarbonate). The solid line was calculated, by using eq 
3 with pKaNADPH = 6.2, k, = 0.15 h-I. 

0 4 e 
IO2 [ImH'], M 

Figure 5. Plots of the rates of decomposition of NADH (0) and NAD- 
PH (0) against the concentration of imidazolium ion (ImH') at pH 7.0, 
25 OC. The dotted lines were those anticipated if the magnitude of ko" 
was a linear function of [ImH']. 

The decomposition of NADPH follows a different pattern from 
that for NADH. Qualitatively, the factors leading to decompo- 
sition of NADH also contribute to the decomposition of NADPH, 
but there is in addition a large contribution to the rate that appears 
to reflect intramolecular acid catalysis by the 2'-phosphate group 
of NADPH. The decomposition of NADPH is first order in 
NADPH (eq 2). The difference between the rate constants for 
decomposition of NADPH and NADH is given by eq 3, where 
K, = 6.2 is the dissociation constant of the 2'-phosphate, and kI 
= 0.15 h-' is a constant representing intramolecular catalysis. 
Figure 4 shows the data from which kI was derived. At high pH, 
where the 2'-phosphate is entirely ionized, NADH and NADPH 
decompose at the same rate; a t  low pH ([buffer] 0.1 M) 
NADPH decomposes approximately 3 times more rapidly than 
NADH. The intramolecular interaction of the 2'-phosphate with 
the dihydronicotinamide ring proposed here is consistant with 
previous N M R  studies." 

Some buffers showed deviations from the Brernsted plot of 
Figure 3 that were sufficiently large to be of practical interest 
in efforts to maximize the lifetime of NADPH in solution: in 
particular, inorganic phosphate is more effective as a catalyst for 
the decomposition of NAD(P)H than expected from its pK, value, 
and imidazole, Hepes, TRA, and Tris buffers were less effective. 
Moreover, as observed previo~sly, '~  the rates of decomposition 
of NADH in these organic buffers were not linear in the buffer 
acid concentration but instead fell off markedly at high concen- 
trations of buffer (Figure 5 ) .  This observation may be of some 
practical value in prolonging the lifetime of NADPH. The origin 
of this effect is not certain: it may reflect interactions of the 
organic buffer with the stacked conformation of NAD(P)H14 or 
aggregation of the buffer with a resulting decrease in the rate of 
proton transfer to NAD(P)H, or some other effect. In any event, 
the km values in Table I were estimated from the linear portions 

(17) Oppenheimer, N. J.; Arnold, L. J .  Kaplan, N. 0. Biochemistry 1978, 
17, 2613-19. 

Figure 6. Rate constants for decomposition of NAD (W), NADP ( O ) ,  
NADH (O), and NADPH (0) (0.1 mM each) at 25 OC in 50 mM 
buffer; pH 3.8-5.8, acetate; pH 6.5-8.8, TRA; pH >9, bicarbonate. 

1 I 
0 100 200 0 00 200 

T i m e ,  ( h 1 

Figure 7. Stabilities of immobilized (0) and soluble (0) enzymes. G- 
6-PDH: pH 7.6, 5 mM Mg2+, 0.1 M TRA; immobilized, 4 U mL-' gel, 
soluble, 45 U mL-I solution. HLADH: pH 7.0, 0.1 M phosphate; 
immobilized, 2 U mL-' gel, soluble, 9 U mL-l solution. PLDH: pH 7.6, 
0.1 M TRA, 5 mM Mg2+; immobilized, 4 U mL-' gel, soluble, 34 U 
mL-' solution. ICDH: pH 7.6,O.l M TRA, 5 mM Mg2+; immobilized, 
0.5 mL-' gel, soluble, 2.2 U mL-' solution. Enzyme solutions were kept 
in 5-mL vials at room temperature under air. The observed losses in 
activity represent both thermal denaturation and oxidative inactivation. 
In synthetic experiments, the oxidative inactivation was avoided by 
keeping the reactions under argon. 

of plots such as those shown in Figure 5 .  
Stability of Nicotinamide Cofactors: NAD(P). The oxidized 

nicotinamide cofactors are more stable than the reduced ones in 
the absence of strong nucleophiles (SO?-, CN-)15 and/or reducing 
agents for pH <8-9 (Figure 6). Decompositions (measured by 
enzymatic determination of NAD(P)) follow first-order kinetics 
(eq 4),  with rate constants that are insensitive to buffer compo- 

-d In [NAD(P)] /dt = kNAD(p)Obsd (4) 

sition. The rates of decomposition are effectively independent of 
pH over the range 4-9. Similar results have been obtained by 
others.'* 

Enzyme Immobilization and Enzyme Stability. Enzymes were 
immobilized by using procedures described elsewherelg by co- 
polymerization into gels formed from poly(acry1amide-co-N- 
(acry1oxy)succinimide) (PAN- 1000 or PAN-500) and tri- 
ethylenetetraamine (TET). Immobilization yields were satis- 
factory (see Table 111). The stabilities of the immobilized enzymes 
were higher than those of the same enzymes in solution (Figure 
7). With the exception of G-6-PHD from L. mesenteroides,20 
all of the enzymes used in this work (HLADH, LDH, ICDH, 

(18) Lowry, 0. H.; Passonneau, J. V.; Rock, M. K. J. J .  Bid .  Chem. 1961, 

(19) Pollak, A.; Blumenfeld, H.; Wax, M.; Baughn, R. L.; Whitesides, G. 

(20) Isaque, A,; Milhausen, M.; Levy, H. R. Biochim. Biophys. Res. 

236, 2356-9. 

M. J .  Am. Chem. SOC. 1980, 102, 6324-36. 

Commun. 1974, 59, 894-901. 
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convenient than that used in isolating G-6-P prepared by hexo- 
kinase-catalyzed phosphorylation of glucose. 

The third route to G-6-P examined begins with the conversion 
of fructose 1,6-diphosphate (F- 1,6-P2) to fructose 6-phosphate 
(F-6-P)22 with mild acid catalysis. F-6-P is converted to G-6-P 
by using phosphoglucomutase (PGM): The equilibrium mixture 
contains 70% G-6-P.22 Isolation of G-6-P from the mixture is not 
necessary for the purpose of NAD(P)H regeneration. The F-6-P 
solution is used directly in the presence of PGI, G-6-PDH, and 
the synthetic enzyme (see Experimental’Section). This route is 
not a practical route for large-scale preparations, since F-1 ,6-P2 
is moderately expensive (--%80/kg). It may, however, be useful 
in laboratory work, since F-l,6-Pz is commercially available and 
no ATP regeneration system is required. 

Two other routes leading to G-6-P were also explored briefly. 
In one, direct reaction of glucose with an anhydrous plyphosphoric 
acidz4 gave a mixture of glucose phosphates (including - 14% 
phosphorylation at  the 6 position). Since G-6-P is resistant to 
acid hydrolysis (reflux in 8.7 N HBr for 16 h results in only 1096 
hydrolysis), other esters can be destroyed with little loss of G-6-P. 
In practice, separation of G-6-P from phosphate and from other 
impurities in these mixtures proved too inconvenient for this route 
to be practical. In the second, hydrolysis of starch to glucose-1-P 
has been reported to occur in high yields by using an acidic 
ion-exchange resin (KUZ.EDE10P).z5 We were not able to obtain 
the specific resin used in this work, and our efforts with an 
available resin (Dowex 50) led to low conversions ( N 10%). 

Of the several procedures explored for the preparation of G-6-P, 
that based on HK-catalyzed phosphorylation of glucose by acetyl 
phosphate seems the most convenient, primarily because isolation 
of the product is simple. For most procedures, isolation is un- 
necessary, although it may be useful to reduce the volume of the 
solution by rotary evaporation ( T  E 35 “C). In certain circum- 
stances, however, isolation may be required. The desirability of 
isolation depends on the enzyme, on the method of preparation 
of the G-6-P, and on the lifetime required for NAD(P)H (Le., 
on the quantity of phosphate which can be tolerated). Acetate 
ion is present in G-6-P prepared by hexokinase-catalyzed phos- 
phorylation. Acetate is an inhibitor of horse liver alcohol de- 
hydrogenase (HLADH, Ki = 9.5 mM)26 and must be removed 
in reactions involving this enzyme. This separation can be effected 
either by isolation of Ba(G-6-P) (see below) or by adjusting the 
G-6-P solution to pH -2 with H2SO4 and concentrating at  re- 
duced pressure to volatilize acetic acid. HCl cannot be used in 
this operation or other operations that would leave significant 
concentrations of chloride ion present in solutions to be used with 
HLADH, since C1- is also an inhibitor of this enzyme (Ki = 100 
mM for NAD and 30 mM for ketone s~bstrates) .~’  

Isolation of G-6-P as a solid is best accomplished by preparing 
the barium salt. The convenience of this procedure depends upon 
the amount of phosphate present in the solution but is generally 
straightforward. Although isolations are described in the Ex- 
perimental Section, several explanatory comments are valuable. 
Isolations are typically accomplished by addition of barium 
chloride to precipitate excess phosphate as barium phosphate, 
separation, and addition of more barium chloride to precipitate 
the barium salt of G-6-P. An alternative procedure for removing 
inorganic phosphate involves its precipitation as magnesium am- 
monium phosphate. This procedure is also followed by isolation 

(22) Preparation of F-6-P by hydrolysis of F-1,6-P2 with 1 N HC1,35 “C 
for 5 days: Neuberg, C.; Lustig, H.; Rathenberg, M. A. Arch. Biochem. 1943, 
3, 33-44. 

(23) Lardy, H. A.; Fischer, H. 0. L. J .  Biol. Chem. 1946, 164, 513-9. 
(24) Seegmiller, J. E.; Horecker, B. L. J.  Biol. Chem. 1951, 192, 175-80; 

Viscontini, M.; Oliver, C. Helti. Chim. Acta 1953, 36, 466-70. Zuleski, F. 
R.; McGuinness, E. T. J .  Labelled Compd. 1969, 5, 371-6. For a method 
using POCl,/(MeO),P=O, see: Schutzner, K.; Cesk. Farm. 1974,23,34-5; 
Chem. Abstr. 1974, 81, 13715j. 

(25) Silonova, G. V.; Lisouskaya, N. P. Merody. Sotirem. Biokhim. 1975, 
67-9; Chem. Abstr. 1976,84, 31321U. 

(26) Sund, H.; Theorell, H. In “The Enzymes”, 2nd ed.; Boyer, P. D.; 
Lardy, H.; Myrbach, K., Eds.; Academic Press: New York, 1963; Vol. 7, pp 

(27) Coleman, P. L.; Wiener, H. Biochemistry 1971, 12, 1702-5. 
25-83. 
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Figure 8. Syntheses of glucose 6-phosphate (G-6-Pe. Abbreviations: 
HK, hexokinase; AcK, acetate kinase; PGI, glucose phosphate isomerase; 
Pase, phosphorylase a; PGM, phosphoglucomutase. 

Table 11. Conversion to (3-6-P with Phosphorylase and 
Phosphoglucomutase in the Presence of 0.2 M Pi, pH 7.2, 25 “C 

re1 re- G-6-P pro- 
starcha activityb duced: mM 

oyster glycogen 1.00 
dextrin 0.25 36 
potato starch, soluble 0.18 26 
potato starch 0.12 
corn starch 0.12 

a Substrate 2% (w/w) in 0.2 M Pi (pH 7.2). Results were o b  
tained by using the soluble component of the mixture. 
concentration of G-6-P was determined enzymatically after reac- 
tion of the 2% solution/suspension of substrate in 0.2 M phosphate 
(1  L) for 5 days with immobilized Pase (124 U) and PGM (330 U). 
No additional G-6-P production was observed after 5 days. The 
recovered enzyme activities were Pase, 71%; PGM, 82%. 

G-6-PDH, Pase, PGM, PGI, AcK) contain thiol groups close to 
or in the active site and are sensitive to autoxidation: reactions 
were therefore conducted under argon. 

Glucose 6-Phosphate. Three routes to G-6-P were explored 
(Figure 8). The selective phosphorylation of glucose with hex- 
okinase (HK, EC 2.7.1.1) and ATP, with coupled regeneration 
of ATP from ADP by using acetate kinase (AcK, EC 2.7.2.1) and 
acetyl phosphate, provides one practical routee9 The enzymes are 
commercially available and inexpensive, and acetyl phosphate is 
easily prepared.* The glucose 6-phosphate can be isolated and 
stored (as the barium salt), or used without isolation. 

The enzymatic conversion of an appropriate starch to glucose 
1-phosphate (G-1-P) by phosphorylase (Pase, EC 2.4.1.1 .)-cata- 
lyzed reaction with phosphate and subsequent conversion of G-1-P 
to G-6-P with phosphoglucomutase (PGM, EC 2.7.5.1) provide 
a second procedure. We have briefly screened possible poly- 
saccharide starting materials for this reaction (Table 11). The 
forms of starch that seem to offer the best combination of cost, 
commercial availability, and reactivity are preheated (100 “C, 
1 min) soluble starch and dextrin. (Glycogen is the best substrate 
but is too expensive to be useful in most synthetic applications.) 
The equilibrium constant for formation of G-6-P from G-I-P is 
K = 17 (pH 6.5-7.2, 30 0C);21 thus, -95% of the equilibrium 
mixture of G-6-P and G-1-P can be utilized by the G-6-PDH. 
Because the phosphorolysis of starch requires a high concentration 
of phosphate in solution ([Pi] 2 0.2-0.4 M), it is necessary to 
isolate the G-6-P produced in order to avoid unacceptably rapid 
phosphate-catalyzed hydration of NAD(P)H. The presence of 
inorganic phosphate and unreacted starch make the isolation less 

The 

(21) Colowick, B. P.; Sutherland, E. W. J .  Biol. Chem. 1942, 44, 423-37. 
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D-lactic acid isocitric acid (S)-benzyle-d, alcohol 

reactor characteristics 
solution volume ( ~ ) b  5 2 3 

reaction time (days) 4 4 4 
PH, temp (“C) 7.8, 25 7.5, 25 7.5, 25 

G-6-PDH 
immobilization yieldC (%) 30 30 30 
immobilized unitsd 400 100 400 

recoveryf (%) 92 82 90 
gel volume (mL)e 2.0 1.5 2.0 

TNg 2.6 x 107 1.3 x 107 2.5 x 107 
synthetic enzyme DLDH ICDH HLADH 

immobilization yieldC (%) 40 56 60 
immobilized unitsd 300 100 400 
gel volume (mL)e 2.0 25 13 
recoveryf (%I 94 86 86 
TNa 4.3 x 107 8.0 x 105 1.0 x 106 

G-6-P (mol) 0.60 0.12 0.50 
NAD(P) (mol) 5 x 10-4 2 x 4.8 x 10-4 

TNa 1200 1020 1000 
remainingf (%) 85 50 76 

g, purityh (%I 53,95 78,88 44, 80 
mol 0.42 0.17 0.38 
yield (%) (based on) 70 (pyruvate) 58 (G-6-P) 80 (PhCDO) 
ee (%) 95 95 

6-pho~phogluconate~ Ba, (6-PG), Mn, (6-PG), Ba, (6-PG), 

isolated products Zn (lactate), Ba, (isocitrate), PhCHDOH 

g, purity (%) 250,92 96,84 215,90 
mol 0.48 0.23 0.41 
yield from G-6-P (%) 80 75 82 

Reactions were run with positive pH control under argon. Details are given in the experimental section. These volumes are those of 
the starting solutions. Volumes at the conclusion of the reaction were -2% larger due to addition of reagents and acid or base to maintain 
pH. 
volume of swollen enzyme-containing gel used in the reactor. fY“R;covery” represents the percentage of the enzymatic activity that survives 
the reaction. “Remaining” is the percentage of the NAD(P)(H) present in biochemically active form at the conclusion of the reaction. TN 
(turnover number) = moles of product generated per mole of enzyme (cofactor) originally present. The turnover numbers are not corrected 
for residual enzyme (cofactor) activity remaining at  the conclusion of the reaction. The quantity of product isolated is given by “g”. The 
percentage of this material that could be assigned the indicated composition is given by “purity”. Thus, the lactic acid preparation yielded 
53 g of solid. Enzymatic assays indicated that 50.4 g (95%) of this could be assigned the structure Zn(D-lactate),, and 0.8 g (1.5%) Zn(L- 
lactate),. The quantity of solid isolated in grams is given by “g”; the fraction of this material that assays as the indicated product is given by 
“purity”; the calculated number of moles of this product produced (based on the assumption of 100% purity) is given by “mol”. 

Immobilization yield = 100 (observed activity in the enz me containing gel)/starting activity. Unit = pmol min-I. e Approximate 

of G-6-P as the barium salt. Barium salts can inactivate enzymes 
and precipitate with some anions and are toxic. They must be 
removed before use of the G-6-P. Removal of barium is accom- 
plished by dissolving the Ba(G-6-P) in 0 .14.2 M HzS04 solution, 
separating the insoluble precipitate of barium sulfate, and neu- 
tralizing the resulting solution with sodium hydroxide. 

The stability of G-6-P, both under conditions experienced during 
operation of an enzymatic reactor and during storage, is pertinent 
to the use of this regeneration system. Figure 9 summarizes 
semiquantitative kinetic data describing to the decomposition of 
G-6-P at 25 OC: these decompositions seemed to follow first-order 
kinetics. Figure 9 gives both half-lives for decompositions and 
first-order rate constants. On the scale of times required for 
completion of the synthetic reactions (-5 days), the decomposition 
of G-6-P presents no problem. For long-term storage in solution, 
decomposition is a modest problem. By addition of ethylene glycol 
or other organic components to these solutions (20% v/v), de- 
composition can be slowed significantly: these components are 
often (but not always) innocuous toward the enzymes used.28 
Sorbitol, for reasons that are unclear, appears to destabilize G-6-P. 
Storage at  0 “C also greatly increases stability (at 0 O C ,  the 
half-life for decomposition of 1 mM G-6-P in 0.1 M phosphate 
buffer (pH 7)  is 400 days). 

Synthetic Applications of the NAD(P)H Regeneration System. 
We have tested the practicality of the NAD(P)H regeneration 
system based on the G-6-PDH from Leuconostic mesenteroides 
for synthetic applications by applying it in enzyme-catalyzed 
preparations of three materials: D-laCtiC acid, threeDs(+)-isocritic 
acid, and (S)-benzyl-a-dl alcohol (Figure 10). D-LaCtiC acid is 

(28) Asakaura, T.; Adachi, K.; Schwarts, E. J .  Biol. Chem. 1978, 253 ,  
6423-5. Schmid, R. D. Aud. Biochem. Eng. 1979, 12, 41-118. 

2 4 6 E 1 0  
PH 

Figure 9. Estimated half-lives and observed first-order rate constants 
(P”) for decomposition of glucose 6-phosphate. Buffers: (0)  0.1 M 
phosphate, (m) 0.1 M acetate, (V) 0.1 M glycine. Organic cosolvents 
(20% v/v) are as follows: EG, ethylene glycol; Gc, glycerol; E, ethanol; 
DMF, N,N-dimethylformamide; DMSO, dimethyl sulfoxide; S, sorbitol. 
Points with arrows represent lower limits for half-lives (or upper limits 
for koW): no decomposition was detected in these solutions over the 
course of 1 month. 

a useful synthon for the preparation of chiral substances and 
complements. L-Lactic acid is already readily available by fer- 
mentation. Isocitric acid contains an array of chiral functionality 
and may also be useful as a starting material in synthesis. Chiral 
benzyl-dl alcohol is used in research biochemistry. Table I11 
summarized representative reactions; details are given in the 
Experimental Section. A few general comments on these reactions 
follow. 

The enzymes in these preparations were immobilized separately 
and the enzyme-containing gels mixed only in the reactor. This 
procedure gives slightly lower overall reaction rates than one in 
which the enzymes are coimmobilized in the same gel.29 It is, 



4896 J .  Am. Chem. SOC., Vol. 103, No. 16, 1981 Wong and Whitesides 

HoHO &co; 

Figure 10. Syntheses based on NAD(P)H regeneration. Abbreviations: 
G-CPDH, glucose-6-phosphate dehydrogenase; D-LDH, D-hCtiC de- 
hydrogenase; HLADH, horse liver alcohol dehydrogenase; ICDH, iso- 
citrate dehydrogenase. 

however, more convenient and permits independent control of the 
amount of each enzyme present in the reaction. We have not 
explicitly determined the rate-limiting step in these reactions. The 
assayed activities of immobilized G-6-PHD and the coupled 
synthetic enzyme were approximately the same. We can only 
estimate the expressed activity-that is, the activity under the 
conditions of the synthetic reaction, rather than under the V,, 
conditions used in the assays-but we note that the quantities of 
products isolated over the indicated intervals in which the reactors 
were operating suggested average enzymatic activities -30% those 
measured under assay conditions. 

The solutions used in these reactions are relatively dilute, and 
the volumes required to generate a given quantity of product are 
accordingly somewhat larger than those usually used in conven- 
tional organic synthesis. The use of dilute solutions is dictated 
by product inhibition: thus, Ki = 0.13 M for lactate in the L- 
LDH-catalyzed reduction of pyruvate30 (KM = 0.019 M for 
D-lactate in the D-LDH catalyzed reduction of p y r ~ v a t e ) ~ ’  and 
Ki = 0.060 M for isocitrate in the ICDH-catalyzed conversion 
of a a-ketoglutarate to i s o ~ i t r a t e . ~ ~  

The workup of the reactions consists of stopping the stirring, 
allowing the gel particles to settle (typically 1-2 h), and decanting 
the product-containing solution. The gel can usually be used again 
immediately. The acidic products in this work were usually 
isolated by conversion to metal salts and precipitation with organic 
solvent. The product purities were typically 70-90%; higher 
purities required crystallization (zinc lactate, Ba3(6-PG)2) or 
distillation (benzyl alcohol). The initial concentration of NAD 
or NADP in these reactors was -0.1 mM. This value is fixed 
for NAD by the requirement that it be above KM for G-6-PDH 
(see Table IV). A lower concentration of NADP could, in 
principle, have been used. No effort was made to recover the 
nicotinamide cofactors at the conclusion of the reactions, although 
their residual activity was determined by enzymatic assays. 

Discussion 
This method for regeneration of reduced nicotinamide cofactors 

has both advantages and disadvantages relative to other methods. 
Its advantages are six: First, it can reduce both NAD and NADP. 
It is thus almost uniquely suitable for the few problems that might 
involve both types of cofactor simultaneously.” More importantly, 
it provides a single convenient procedure for either cofactor 
separately. Second, both G-6-P and 6-GP are innocuous to most 
enzymes, unlike the reactive aldehydes or ketones produced by 
methods based on alcohol dehydrogenases. Third, the equilibrium 

(29) Mosbach, K.; Mattiasson, B. Acta Chim. Scad. 1970,24,2093-100; 
Costa, J. M., Ph.D. Thesis, Department of Chemical Enginerring, Massa- 
chusetts Institute of Technology, Cambridge, MA, 1980. 

(30) Stambaugh, R.; Post, D. J .  Bioi. Chem. 1966, 241, 1462-7. 
(31) Dennis, D.; Kaplan, N. 0. J .  Biof. Chem. 1960, 235, 810-8. 
(32) Cleland, W. W.; Thompson, V. W.; Barden, R. E. In “Methods in 

Enzymology”, Colowick, S. P.; Kaplan, N. O., Eds.; Academic Press: New 
York, 1969; Vol. 13, pp 30-33. 

Table IV. Values of KM (mM) for NAD(P)(H) for 
Selected Enzymes 

enzyme 

‘2-6-PDH (L. 
mesenteroides) 

(C. boidin i i)  

(yeast) 

formate dehydrogenase 

alcohol dehydrogenase 

HLADH 

L-LDH 
ICDH 
glutamate dehydrogenase 0.7 
lipoamide dehydrogenase 0.14 

D-LDH 

NAD 

0.11 

0.09 

0.074 

0.017 
1.20 
0.25 3 

NADH 

0.01 1 

0.027 
0.07 1 
0.01 1 

0.024 
5.0 

NADP NADPH ref 

0.0057 10 

33 

34 

34 
35 
35 

0.0001 0.001 32 
0.047 0.025 36 

37 
Determined in this laboratory by D. Abril. 

constants for reduced nicotinamide formation are high, because 
the reaction is rendered essentially irreversible by hydrolysis of 
the initially formed 6-phosphogluconolactone to 6-phospho- 
gluconate. Fourth, glucose-6-phosphate dehydrogenase is com- 
mercially available, inexpensive, and easy to manipulate and 
immobilize. Fifth, because G-6-PDH from L. mesenteroides has 
no essential thiol groups, this enzyme is relatively stable under 
aerobic conditions and can be used for regeneration of reduced 
nicotinamide cofactors in oxygen-containing environments. Sixth, 
the values of KM for the oxidized nicotinamide cofactors for 
G-6-PDH is not usually high, and the regeneration system based 
on G-6-PDH thus requires only the concentration of these cofactors 
that would be required for efficient operation of the synthetic 
enzymes (Table IV). 

This regeneration procedure also has several disadvantages. 
First, although glucose 6-phosphate is easily prepared in quantity 
from inexpensive starting materials, it is intrinsically a more 
complex substance than the formate or simple alcohols used with 
other regeneration methods. We note that this disadvantage is 
not severe in our laboratory, since the 6-PG produced is itself a 
valuable intermediate for the production of pentose derivatives 
(ribose Sphosphate, ribulose Sphosphate, ribulose 1,5-di- 
phosphate, NAD).38*39 The ability of a particular laboratory to 
use these substances depends, however, on the research being 
conducted. Second, both G-6-P and 6-PG are general acid cat- 
alysts for the hydration of the reduced nicotinamide cofactors. 
At the concentrations of G-6-P used in this work, the lifetime of 
NADH is shortened by alkyl hydrogen phosphate catalyzed de- 
composition to - 15% of that in a phosphate-free solution, while 
that of NADPH is shortened to approximately 70% that in 
phosphate-free solution. In the synthesis reported here, this de- 
crease has not been particularly important. The cofactor turnover 
numbers (1000-1200) reported in Table I11 were calculated 
conservatively: that is, they are based only on the quantity of 
NAD(P) originally added to the solution and contain no correction 
for the quantity of cofactor remaining at  the end of the reaction. 
In a reaction designed to optimize cofactor utilization, either the 
cofactors would be recovered or the reaction would be run in a 
way that resulted in essentially complete consumption of cofactor. 
Under these circumstances, one can estimate from the data in 
Table I11 that these turnover numbers would range from 8000 
(for D-laCtiC acid) to 2000 (for isocitric acid). Such turnover 
numbers are high enough for most syntheses of complex molecules. 
For slower reactions (in which decomposition of the NAD(P)H 

(33) Schiitte, H.; Flossdorf,; Sahm, H.; Kula, M. R. Eur. J .  Biochem. 

(34) Wratten, C. C.; Cleland, W. W. Biochemistry 1963, 2, 935-41. 
(35) Zewe, V.; Fromn, H. J. J .  Bioi. Chem. 1962, 237, 1668-75; Gasser, 

F.; Doudoroff, M.; Contopoulos, R. J .  Gen. Microbiol. 1970, 62, 241-50. 
(36) Fahien, L. A,; Wiggert, B. 0.; Cohen, P. P. J.  Biof. Chem. 1965,240, 

1083-90. 
(37) Massey, V. Biochim. Biophys. Acra 1960, 37, 314-22. 
(38) Wong, C. H.; McCurry, S.  D.; Whitesides, G. M. J .  Am. Chem. Soc. 

(39) Walt, D. R.; Rios-Mercadillo, V. M.; Auge, J.; Whitesides, G. M. J .  

1976, 62, 15160. 

1980,102,793a-9. 

Am. Chem. SOC. 1980, 102, 7805-6. 
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is more rapid relative to production of product) or for reactions 
in which maximum turnover numbers for the NAD(P) is im- 
portant for economic or other reasons, the G-6-P- and 6-PG- 
catalyzed hydrations may become influential in determining the 
choice of a regeneration system. Third, the 6-PG produced as 
the product of oxidation of G-6-P must be separated from the 
product of the reduction. Although the separations reported here 
are straightforward, they are more complex than those required 
with formate/formate dehydrogenase or ethanol/alcohol de- 
hydrogenase. 

These problems notwithstanding, our practical experience with 
this and other NAD(P)H regeneration systems suggests that it 
is one of the most convenient (perhaps the most convenient) 
systems available for use in laboratory-scale synthesis (that is, 
syntheses on scales up to several moles). The low cost and ease 
of manipulation of G-6-PDH compensate for the inconvenience 
of preparing G-6-P. Formate/formate dehydrogenase is a very 
attractive and useful alternative for NADH regeneration, but the 
commercial enzyme is presently 35 times more expensive than 
G-6-PDH (for equivalent activities), more sensitive to autoxidation 
than G-6-PDH, and limited to the reduction of NAD to NADH. 
Ethanol/alcohol dehydrogenase is not a particularly attractive 
system: both acetaldehyde and ethanol deactivate enzymes rapidly, 
and the equilibrium constants for reduction of carbonyl groups 
by regeneration procedures based on this system are not high. 

for NAD(P)H regeneration lack the 
specificity required to achieve high turnover numbers. If reduction 
of NAD(P) to NAD(P)H is 95% selective for hydride donation 
to the 4 position of the nicotinamide ring, the residual activity 
of the cofactor after 64 turnovers would be (0.95)64 = 4%. We 
require lo3 turnovers in most, synthetic applications. Thus, 
presently available procedures involving direct chemical or elec- 
trochemical reduction of NAD(P) to NAD(P)H are insufficiently 
selective to be practical. 

Experimental Section 
General. UV spectra were taken with a Perkin-Elmer 552 spectro- 

photomer, equipped with a constant-temperature cell. NMR spectra 
were measured at 250 MHz for determinations of enantiomeric excesses 
(Bruker 270). Water was doubly distilled in glass. The pH of reaction 
mixtures was controlled with a Weston Model 7561 pH controller cou- 
pled to a Monostat cassette peristaltic pump. 

Materials. Enzymes were obtained from Sigma. NAD, NADP, di- 
thiothretol (DTT), 1,3-dithiopropanol, dextrin and starches, and routine 
biochemicals were from Sigma. PAN was prepared as described.I9 
Argon was used as an inert atmosphere; welding-grade material was used 
without purification. 

Assays. Assays for the following group of enzymes and biochemicals 
were taken directly from Bergmeyer? lactate dehydrogenase (LDH) 
and lactate (pp 480, 1464), G-6-PDH and G-6-P (pp 458, 1238), iso- 
citrate dehydrogenase (ICDH) and isocitrate (pp 624, 1570), glutamate 
dehydrogenase (GluDH) and 2-ketoglutarate (pp 650, 1577), horse liver 
alcohol dehydrogenase (HLADH) (p 429), acetate kinase (AcK) and 
acetyl phosphate (pp 425, 1538), phosphorylase a (Pase) (p 505), 
phosphoglucomutase (PGM) (pp 798), phosphoglucoisomerase (PGI) (pp 
501, 113), hexokinase (HK) (p 473), fructose 6-phosphate (F-6-P, p 
1238), fructose 1,6-diphosphate (F-l,6-P2, p 1314), 6-phosphogluconate 
(6-PG, p 1248). NAD(P)H was determined by using GluDH (p 2054); 
NAD(P) was determined by using Gd-PDH from L. mesenteroides with 
the same procedure used for NADP (p 2050). 

Assays for the activities of immobilized enzymes were essentially the 
same as described." Aliquots (20-100 pL) of immobilized enzyme 
suspended in buffer were taken and added to a 3-mL plastic cuvette 
containing 3 mL of buffer and the required substrates. The cuvette was 
stoppered with Parafilm and shaken for 3-4 s to mix the suspension. The 
absorption was read at 340 nm for 5 s. This process was repeated about 
15 times. A linear response was obtained for the change of absorbance 
with time. 

Acetyl phosphate was prepared as the diammonium salt via reaction 
of anhydrous H3P04  with acetic anhydride.* Anhydrous H3P04 was 
made by the slow addition of P205 (191.5 g) to stirred 85% H,P04 (500 
g) at  -10 OC. The mixture was kept from moisture at room temperature 
with stirring for at  least 1 h before use. Saturated NH3/MeOH was 

Chemical 

prepared at -30 'C by passing anhydrous NH3 over cooled MeOH for 
30 min. Addition of acetyl phosphate to NH3/MeOH was performed 
at -60 OC. The temperature during and after addition in the NH3/ 
MeOH to the reaction mixture should be -10 "C or below to prevent 
aminolysis of acetyl phosphate. 

Rates of Phosphorolysis of Starches and Dextrin. The polysaccharide 
substances (2%, w/w) were added to water containing 0.2 M phosphate 
(pH 7.2). Of those examined, only glycogen and dextrin were completely 
soluble. For those substrates which were only partially soluble, the 
supernatant solution over the suspension was used. "Heat-treated" starch 
was prepared by bringing the starch suspension in water to 100 OC with 
stirring, letting stand for 1-2 min, and then cooling and adding an equal 
volume of 0.4 M phosphate buffer, pH 7.2. To those solutions (2.5 mL) 
were added EDTA (0.3 pmol), MgC12 (30 p o l ) ,  PGM (3 U), G-6-PDH 
(10 U), Pase (rabbit muscle, 1 U), and NADP (0.6 pmol). The rate of 
phosphorolysis was measured by following the absorbance change at  340 
nm. 

Kinetics of hydrolysis of glucose 6-phosphate were carried out with 1 
mM solutions of glucose 6-phosphate. Aliquots (0.1 mL) were withdrawn 
periodically from solutions maintained under specified conditions, diluted 
to 3 mL with 0.1 M TRA buffer, pH 7.8, and assayed enzymatically for 

Kinetics of Decomposition of NAD(P)(H). Solutions of NAD(P)(H) 
(0.1 mM) were prepared in 10 mL of 50 mM buffer and kept at  25 OC. 
Aliquots (3 mL) were withdrawn periodically, and the concentration of 
NAD(P)H was determined spectrophotometrically at 340 nm. Occa- 
sional points were checked enzymatically with GIuDH. Decomposition 
in organic solvent/water (20% v/v) mixtures was carried out with the 
buffer concentration maintained at 0.1 M. The pH values were adjusted 
after addition of the organic solvent to the aqueous buffer at the chosen 
pH. For NAD(P) determinations, 1-mL portions were withdrawn and 
added to 2 mL of 0.1 M TRA, pH 7.8, containing G-6-P (2 mM). 
G-6-PDH (2 U) was added and the absorbance change at  340 nm was 
measured. 

Immobilization of D-LaCtate Dehydrogenase (D-LDH). The com- 
mercially available D-LDH in 1 mL of 3.2 M (NH4)#04 (5 mg, 1725 
U) was dissolved in 20 mL of 0.1 M phosphate buffer, pH 7.0, which had 
been cooled to 0 OC and deoxygenated with a stream of argon. The 
solution was concentrated by ultrafiltration under reduced pressure a t  0 
"C by using an Immersible-CX Molecular Separator Kit (Millipore 
Corp.). When the volume was reduced to about 1 mL, another 20" 
portion of cold phosphate solution was added and the mixture was again 
concentrated. Three repetitions of this process over 8 h resulted in an 
enzyme solution in 1 mL of phosphate buffer having 1380 U of activity 
(80%) which was ready for immobilization. To 0.6 g of PAN-1000 was 
added 2.4 mL of 0.2 M Hepes buffer containing 8.5 mM pyruvate and 
1.0 mM NADH with vigorous stirring. After 1 min, 50 pL of 0.5 M 
DTT solution was added, followed by 300 pL of 0.5 M TET solution and 
the enzyme-containing solution. The mixture gelled within 3 min. It was 
kept at  room temperature for 1 h. The gel was ground into small par- 
ticles in a mortar and washed with 50 mL of 50 mM Hepes buffer, pH 
7.5, containing 50 mM ammonium sulfate. The gel was separated by 
centrifugation and washed again with the same buffer without ammo- 
nium sulfate. A 20-pL aliquot of the gel suspension in 30 mL of TRA 
buffer (0.1 M, pH 7.5) was diluted in 3 mL of 0.2 M hepes buffer, pH 
7.5, and the enzyme activity was measured (552 U, 40% yield). 

The (NH4)2S04 present in the original enzyme preparation could also 
be removed by centrifuging the enzyme suspension (5 mg in 1 mL of 3.2 
M (NH4@04, 4 OC, 15000g, for 5 min). The precipitate was dissolved 
in 1 mL of 0.3 M Hepes buffer, pH 7.5, and immobilized as described 
above. 

Immobilization of Isocitrate Dehydrogenase (ICDH). The commercial 
enzyme from pig liver suspended in 50% glycerol (100 mg/lO mL, 200 
U) was dialyzed at  0 OC against 4 L of 0.05 M Tris/O.l M Na2S04 
solution (pH 7.3) for 4 h, using a membrane tube with molecular cutoff 
of 600&8000 (spectrum Medical Industries, Inc., Los Angeles), and then 
concentrated at 0 OC to 5 mL by using a molecular separator kit as 
described above. The resulting solution contained 180 U (90% yield) of 
enzyme. The procedure for immobilization was the same as that used 
for D-LDH. Buffer [20 mL, 0.2 M Hepes containing iswitrate (50 mM) 
and NADP+ (1 mM)] was added to 5 g of PAN-1000, followed by DTT 
(0.5 mL), enzyme solution, and TET (3 mL). The gel was washed with 
50 mM Tris/O.l M Na2S04/50 mM (NH4),S04 (400 mL) and then 
with Tris/SO?- buffer (400 mL). The total activity obtained was 102 
U (56% yield). 

Immobilization of Glucose-Cphosphate Dehydrogenase (C-6-PDH), 
Glutamate Dehydrogenase (GIuDH), and Horse Liver Alcohol De- 

G-6-P. 

hydrogenase (HLADH). G-6-PHD from L. mesenreroides was immo- 
bilized according to the same general procedure: 10 mg of enzyme per 
g of PAN 1000 was used. G-6-P [(6 mM) and NADP (0.6 mM) were 

(40) Bergmeyer, H. U. "Methods of Enzymatic Analysis"; Academic 
Press: New York, 1974. 



4898 J .  Am. Chem. Soc., Vol. 103, No. 16, 1981 

present during the immobilization to protect the enzyme active site. Ater 
the gel had formed, it was washed with 50 mM (NH4)2S04 solution and 
50 mM Hepes buffer (0.2 M, pH 7.5). The immobilization yield was 
30%. GluDH was immobilized similarly (10 mg/g of PAN-1000) in the 
presence of ketoglutarate (15 mM), ADP (2 mM), NADH (5 mM), and 
NH&I (20 mM): NH4C1 was added together with the enzyme solution 
to minimize the reaction of NH4+ with PAN. The immobilization yield 
was 40%. For HLADH, 10 mL of 0.3 M Hepes buffer, pH 7.5, con- 
taining NAD' (2.5 mM) and ethanol (500 mM), was added to 2.5 g of 
PAN-1000 with stirring, followed by addition of enzyme solution (50 mg 
of enzyme in 2 mL of Hepes buffer) and TET (2.1 mL). DTT was not 
necessary in this case. Other procedures were the same as above. The 
immobilization yield was 60%. 

Coinmobilization of Phosphorylase a (Pase) and Phosphoglucomutase 
(PGM). Pase (EC 2.4.1.1., 390 U/30 mg) and PGM (EC 2.7.5.1, 830 
U/2 mg) were immobilized according to the general procedure by using 
PAN-1000 (4.12 g) in the presence of glycogen (1 mM), P, (70 mM), 
G-1-P (2 mM), G-6-P (5 mM), glucose 1,6-diphosphate (1 mM), TET 
(2.7 mL), and DTT (0.3 mL). Other details were the same as those of 
the general procedure. The immobilized yields were as follows: Pase, 
31% PGM, 40%. 

Coimmobilization of D-LDH, G-6-PDH, and Phosphoglucoisomerase 
(PGM). D-LDH (1000 U/3 mg), G-6-PDH (1380 U/2 mg), and PGI 
(EC 5.3.1.9, 1000 U/2  mg) were coimmobilized similarly by using 4 g 
of PAN-1000 in the presence of Hepes buffer (0.3 M, pH 7.5, 16 mL), 
DTT (0.2 mL), TET (3 mL), G-6-P (6 mM), F-6-P (1.5 mM), pyruvate 
(8.5 mM), NADP (0.6 mM), and NADH (1 mM). The immobilized 
yields were as follows: D-LDH, 40%; G-6-PDH, 38%; PGI, 41%. 

Measurements of Enzyme Stability. Enzymes, either soluble or im- 
mobilized, in specified buffer solutions were incubated aerobically at 25 
"C without stirring. Aliquots (20 pL) were withdrawn periodically, and 
the enzymatic activity was determined according to the method described 
in the assay section. 

Glucose 6-Phosphate. Hexokinase-Catalyzed Phosphorylation of 
Glucose. G-6-P was prepared by HK-catalyzed phosphorylation and the 
ATP regeneration system.g A 3-L solution containing glucose (1.4 mol), 
ATP (10 mmol), MgCl, (98 mmol), EDTA (4.8 mmol), and 1,3-di- 
mercapto-2-propanol(l8 mmol) was deoxygenated and maintained under 
argon. Immobilized HK (1290 U) and AcK (1200 U) were added to this 
solution. Diammonium acetyl phosphate (1.4 mol, 90% purity) was 
added to the stirred reaction solution in 10 portions over 60 h, and the 
solution was maintained at pH 7.4 by addition of 4 M KOH solution by 
using a pH controller. The reaction was performed at 25 "C. After 3 
days, 1.2 mol of G-6-P was formed (0.364 M in 3.3 L, yield 85%). The 
solution was separated from the polyacrylamide gels by decantation. 
Barium chloride (0.2 mol) was added to precipitate inorganic phosphate; 
this material was removed by filtration. The resulting solution (con- 
taining 0.364 M G-6-P) was used directly in the following synthesis of 
isocitrate, after dilution with water. The turnover number for ATP 
during the synthesis was 140, and the recovered enzyme activities were 
as follows: HK, 92%; AcK, 80%. 

For the preparation of Ba(G-6-P).7H20, a slight excess of BaC1, (0.37 
mol) was added to 1 L of the above G-6-P solution (0.364 M) followed 
by slow addition of 400 mL of 95% ethanol. The precipitated solid (187 
g) contained 96% Ba(G-6-P)-7H20 (0.33 mol). This salt could be stored 
in the refrigerator (4 "C) without decomposition in the absence of 
moisture. 

For removal of barium, the barium salt (187 g) was suspended in 1.7 
L of 0.2 M H2S04 and stirred vigorously at room temperature for 30 min. 
The precipitated barium sulfate was removed by filtration or centrifu- 
gation. The free G-6-P acid solution was then neutralized with sodium 
hydroxide. A solution prepared by this procedure was used in the 
HLADH-catalyzed synthesis of (S)-benzyl-a-d, alcohol (see below). 

For the preparation of a concentrated G-6-P solution, 1 L of the G-6-P 
solution (0.364 M) was acidified to pH 2.0 by using concentrated H2S04 
or HCI and concentrated under reduced pressure (aspirator, 20 mmHg) 
at 35 OC to 200 mL. The concentration of G-6-P in the resulting solution 
was 1.82 M. No decomposition of G-6-P was observed during the pro- 
cess, and most of the acetate produced from acetyl phosphate evaporated 
during concentration. The concentrated solution was stable in the re- 
frigerator: No decomposition was observed over 1 month. This material 
was used in the D-laCtat.2 preparation described below. 

Glucose 6-Phosphate. Phosphorolysis of Dextrin. To a 1-L solution 
containing 0.4 M phosphate buffer, pH 7.0, and 40 g of dextrin were 
added phosphorylase a (Pase, 240 U) and phosphoglucomutase (PGM, 
600 U) coimmobilized in polyacrylamide gels and 3 mmol of DTT. The 
reaction mixture was kept under argon with stirring at 25 OC. Enzymatic 
assay indicated the presence in solution of 78 mmol of G-6-P after 5 days. 
MgCI, (0.4 mol) was added to the solution. Aqueous ammonia (40 mL 
of 14% solution) was added slowly to the cooled, stirred solution. The 
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resulting precipitate of MgNH4P04 was removed by filtration. Ethanol 
(95%, 400 mL) was added to the filtrate, and the precipitate of unreacted 
dextrin was discarded. Barium chloride (0.1 mol) was added to the 
solution and stirred for 30 min at 0.4 "C. The precipitated solid (35 g) 
was isolated. This material contained 82% of Ba(G-6-P)-7H20 (29% 
yield based on the number of glucose unit in the starting dextrin). The 
recovered enzyme activities were as follows: Pase, 80%; PGM, 86%. 

Glucose &Phosphate: Phosphorolysis of Soluble Starch. A suspension 
of 40 g of soluble starch in 1 L of water was stirred and heated to boiling 
(it took about 30 min to bring the solution to a boil). The opaque solution 
was allowed to remain at 100 OC for 1-2 min. The mixture was cooled 
to room temperature. To the resulting solution was added 0.4 mol of 
NaH2P04. It was adjusted to pH 7.0 with 5 N NaOH. The solution was 
deoxygenated and maintained under argon. DTT (3 mmol) and the 
enzymes recovered from the dextrin phosphorolysis described above 
(Pase, 190 U; PGM, 490 U) were added to the solution. The reaction 
was performed by using the same conditions described for dextrin 
phosphorolysis. After 5 days, no further reaction was observed, and the 
G-6-P (96 mmol) formed was isolated as barium salt in the same way 
as described above: 43 g of solid was obtained which contained 70 mmol 
of Ba(G-6-P).7H20 (86% purity), corresponding to a 32% yield based 
on the number of glucose units in the starch. The recovered enzyme 
activities were as follows: Pase, 76%; PGM, 78%. 

Preparation of Fructose &Phosphate from Fructose l,&Diphosphate. 
F-1,6-P2Ca2 (260 g, 0.47 mol; practical grade from Sigma, 75% purity) 
was dissolved in 1.5 L of 2 N HC1. The solution was kept at 85-90 O C  
(using a steam bath or water bath) with stirring for 1.5 h. The brown 
solution was treated with 60 g of activated charcoal and filtered to re- 
move colored materials. To the colorless solution were added 107 g of 
potassium oxalate (0.94 mol) and 200 g of Ba(OH)2 (0.64 mol). The 
resulting solution was adjusted to pH 6 by the addition of 5 N NaOH 
with stirring, and the precipitated calcium oxalate and barium phosphate 
were removed by filtration. The filtrate (1.5 L) contained 0.33 mol of 
F-6-P (70% yield). This solution was stored in the refrigerator (4 "C) 
for use in subsequent reactions. 

Determination of Optical Purity. Benzyl-a-d, alcohol and D-lactate 
were converted to their MTPA esters4' by using freshly prepared (+)- 
(2R)-a-methoxy-(2-(trifluoromethyl)phenyl)acetyl chloride. Zinc D- 
lactate (0.5 g) was first converted to its methyl ester by using anhydrous 
methanol (18 mL) and dried Dowex 50W (Ht form, 1 g) as catalyst. 
Type 3A molecular sieves were added, and the mixture was refluxed for 
4 h. After filtration, methanol was removed by evaporation and the 
methyl lactate was converted to the MTPA ester. The enantiomeric 
purity was determined by 'H NMR examination of the protons of the 
methoxyl group at 250 MHz. The MTPA ester of the racemic alcohols 
were used as references for determining the shift values of each pair of 
diastereotopic methoxyl group. 

The optical purity of D-lactate was also determined enzymatically. 
The zinc D-lactate (90 mg) was dissolved in 10 mL of glycine-hydrazine 
buffer (0.4 M, pH 9.0). A 3-mL aliquot was taken, and L-lactate de- 
hydrogenase (10 U) and NADt (2 mM) were added to the solution. The 
increase of absorbance at 340 nm (read against a reference consisting of 
the same solution, omitting only the enzyme) was recorded until no 
change of absorbance (-5 h) was observed. The concentration of L- 
lactate in the sample was determined by using 6.22 mM-' cm-I as ab- 
sorbance coefficient of NADH. 

Isocitrate was determined directly by enzymatic methods with ICDH 
and NADP. The increase of absorbance at 340 nm was measured and 
the content of isocitrate was determined. 

Synthesis of D-hCtate. A 5-L solution containing sodium pyruvate 
(0.12 M), G-6-P (0.12 M), MgCI2 (5 mM), EDTA (1 mM), and 1,3- 
dimercapto-2-propanol (2.5 mM) was deoxygenated with argon. The 
immobilized Gd-PDH (400 U), D-LDH (300 U), and NAD' (0.5 mmol) 
were added. The reaction was conducted under argon at 25 "C with 
stirring and the pH maintained at 7.8 by addition of 2 N KOH solution 
by using an automatic pH controller. After 4 days, the reaction was 
complete. Enzymatic assays indicated that the summed concentration 
of NAD and NADH was 85% of the original value of NAD. The 
polyacrylamide gels were allowed to settle, and the solution was decanted. 
BaCl, (0.95 mol) was added to the decanted solution with stirring, fol- 
lowed by 1 L of ethanol. The precipitated solid was collected by filtration 
and washed with 50% ethanol. The precipitated solid was collected by 
filtration and washed with 50% ethanol. After being dried, the product 
(250 g) contained 92% of barium 6-phosphogluconate, corresponding to 
a 80% yield based on G-6-P added (see below). The filtrate and washings 
were collected and concentrated under reduced pressure at 45 "C to a 
volume of 2 L and then acidified to pH 2.5 with concentrated HCl. Some 

(41) Dale, J. A.; Dull, D. L.; Mosher, H. S. J .  Org. Chem. 1969, 34, 
2 5 43-9. 



NAD(P)H Cofactor Regeneration 

inorganic salt was removed by addition of 2 L of ethanol and filtration 
of the resulting precipitate. The filtrate was concentrated again under 
reduced pressure to a volume of 500 mL and neutralized to pH 6.0 by 
addition of solid ZnCO,. Ethanol was added to the hot (70 "C) solution 
until turbidity appeared. After the solution was cooled, the precipitates 
were removed by filtration and discarded. The filtrate was concentrated 
to a volume of 300 mL and some zinc lactate precipitated. Ethanol (100 
mL) was added to the suspension. After the suspension was cooled to 
4 OC, the precipitated zinc lactate was collected by filtration and dried. 
This material (53 g) contained 95% of zinc o-lactate and 1.5% of zinc 
L-lactate by enzymatic assays. These values correspond to a 97% enan- 
tiomeric excess and 70% yield based on pyruvate. 'H NMR spectra 
(250-MHz) of the MPTA ester of D-laCtate methyl ester showed a 95% 
ee based on the signals of the methoxyl groups (3.660 ppm for the D- 
lactate ester and 3.560 ppm for the t-lactate ester). The turnover number 
for NAD in this experiment was 1200. The G-6-PDH and LDH activ- 
ities in the residual gels were 92% and 94%, respectively, of the original 
values. 

Conversion of Barium 6-Phosphogluconate (6-PG) to 6-Phospho- 
gluconic Acid and Assay Procedure. Concentrated HCI (1 8 mL) was 
added to a stirred suspension of 0.2 mol of barium 6-phosphogluconate 
(Ba3(6-PG)2, 106 g, 90% purity) in H 2 0  (1 L). After the solution was 
stirred for 10 min, Na2S04 (31.2 g, 0.22 mol) was added to the clear 
solution and the precipitated BaS04 was removed by centrifugation or 
filtration. An aliquot of the solution (5 pL) was withdrawn and added 
to 3 mL of TRA buffer (0.1 M, pH 7.6) containing MgC12 ( 5  mM), 
NADP (0.4 mM), and 6-PGDH (5 U). The concentration of 6-PG was 
determined from the absorbance change at 340 nm. This assay showed 
0.19 mol of 6-PG in 1.1 L of solution (0.173 M; yield, 95%). 

For the preparation of NaC1-free 6-PG, the same quantity of Ba3(6- 
PG)2 was mixed with 1.1 L of 0.2 M H2SO4 and the mixture was stirred 
for 30 min. The precipitated BaS0, was removed and the solution (1.2 
L) assayed: it contained 0.188 mol of 6-PG (0.157 M; yield, 95%). 

Benzaldehyde-a-d was prepared from benzaldehyde- 1,3-dithiane by 
exchange with D 2 0  and hydro lys i~ .~~  Dry hydrogen chloride was bub- 
bled into a solution of 1,3-propanedithiol (101 mL, 1 mol) and benz- 
aldehyde (102 mL, 1 mol) in chloroform (750 mL) at 0 OC until the 
mixture saturated (-5 min). After standing at 25 OC for 0.5 h, the 
mixture was washed with two 200-mL portions of water, three 200" 
portions of 10% KOH solution, and two 200-mL portions of water, dried 
over anhydrous Na2S04 (50 g), and evaporated under reduced pressure. 
The solid obtained was treated with 10 g of activated charcoal and 
crystallized from methanol (500 mL) to give 180 g (94%) of 2-phenyl- 
1,3-dithiane, mp 69-70 OC. This material was dissolved in 1.6 L of 
anhydrous tetrahydrofuran (distilled over CaH2) and cooled to -60-70 
OC. The system was deoxygenated with argon. A solution of n-butyl- 
lithium in hexane (625 mL, 1 mol) was then introduced over a period of 
1 h into the dithiane solution by using a stainless-steel cannula under a 
slight positive argon pressure. The temperature of the reaction mixture 
was maintained between -60 and -70 OC. After the solution stood at the 
same temperature for 6 h, D 2 0  (>99.9% d,  130 mL) was added slowly 
with stirring and the solution was warmed to room temperature. The 
solution was neutralized a t  0 "C with 1 N HC1 ( -1 L) and tetra- 
hydrofuran was removed on a rotary evaporator. The solution was ex- 
tracted with two 800-mL portions of CH2CI2/pentane ( I : ] ,  v/v). The 
organic phase was washed with 1 N NaHCO, (400 mL), water (400 
mL), and saturated NaCl solution (400 mL). The residue after evapo- 
ration of the solvent was recrystallized from methanol to give 145 g (0.85 
mol) of 2-phenyl-1,3-dithiane-2-d, mp 69-70 OC. The deuterium in- 
corporation was near loo%, based on the virtual absence of the C-2 
proton (6 (CDC1,) 5.1). 

A solution of HgCI, (326 g, 1.2 mol) in methanol/H20 (9:1, v/v) (600 
mL) was added to a stirred warm mixture (-40 "C) of deuteriodithiane 
prepared above (119 g, 0.6 mol) and HgO (1 18 g, 0.54 mol) in the same 
solvent mixture (3 L) in a 5-L flask. The mixture was refluxed with 
stirring for 4 h under argon and then cooled to room temperature. The 
white precipitate was removed by filtration, and the filtrate was distilled 
through a 40-cm Vigreux column until about 1 L remained. CH2C12/ 
pentane (1 : 1, v/v) (1 L) was added to the residue, and the solution was 
washed twice with 500" portions of 4 M NH40Ac solution and twice 
with 500" portions of saturated NaCl solution and dried over an- 
hydrous Na2S04 (80 9). Solvent was removed by distillation as before 
to furnish 300 mL of liquid, which was transferred to a 500-mL flask and 
distilled again through a 20-cm Vigreux column under reduced pressure 
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(27 mmHg). The fractions of benzaldehyde-a-d with boiling point 77-79 
OC were collected (51 g, 80%). NMR analysis (in CDCIJ showed no 
aldehyde proton absorption at 9.95 ppm. 

Synthesis of (S)-Benzyl-a-d, Alcohol. To a 3-L solution contained 
0.5 mol of G-6-P (generated from the barium salt by treatment of 
equivalent amount of 0.2 M H2SO4 as described in the G-6-P prepara- 
tion), 10 mmol of MgSO,, 0.48 mmol of NAD, and 400 U each of 
G-6-PDH and HLADH (these activities were based on benzaldehyde as 
substrate), benzaldehyde-a-d (0.48 mol, 51.4 g) was added dropwise over 
2 days. The solution was kept under argon and the pH was controlled 
at 7.5 by adding 4 N KOH using a pH controller. After 4 days, the 
solution was decanted from the gel and extracted continuously with four 
250" portion of ether. 6-PG was recovered from the aqueous phase 
as its barium salt in 82% yield as described previously. The ether solution 
was washed once with saturated aqueous NaCl solution, dried over 
MgS04, and concentrated under reduced pressure. The resulting liquid 
was distilled through a IO-cm Vigreux column to obtain 44 g of ben- 
zyl-a-d, alcohol (80%), bp 110 OC (30 mmHg). The compound was pure 
and the deuterium incorporation was almost 100% by 'H NMR (60 
MHz, CC14): 6 2.1 (s, 1 H), 4.6 (t, 1 H, JHCD = 1.8 Hz), 7.33 (s, 5 H). 
The optical purity of the (S)-benzyl-a-d, alcohol was determined by 
250-MHz IH NMR spectroscopy with the MTPA ester: the methoxy 
group was monitored (3.501 ppm for (S)-benzyl-a-dl alcohol in CDC13, 
3.535 ppm for (R)-benzyl-a-dl alcohol); ee = 95%. The turnover number 
of NAD' was 1000, and its residual activity was 80%. The reisolated 
G-6-PDH and HLADH retained 90% and 86% of their original activities, 
respectively. 

Synthesis of tlueo-D(+)-Isocitrates. A 2-L solution containing G-6-P 
(0.15 M), ketoglutarate (0.15 M), NH4HC03 (0.4 M), MgCI2 (5 mM), 
MnC12 (1 mM), and 1,3-dimercapto-2-propanol(3 mM) was kept under 
C 0 2  and the pH was automatically controlled at  7.5. The immobilized 
Gd-PDH (100 U), ICDH (100 U), and NADP (0.1 mM) were then 
added, and the mixture was kept at the same pH under C 0 2  with stirring. 
After 4 days, the concentration of iswitrate was 0.102 M (68% reacted) 
and no further reaction occurred. The total concentration of NADP and 
NADPH at the conclusion of the reaction was 50% of the original value. 
The gels were separated by centrifugation. GluDH (100 U), G-6-PDH 
(100 U), and EDTA (4 mM) were added to the supernatent solution, and 
the solution was stirred under argon to consume the remaining G-6-P and 
ketoglutarate (-3 days at pH 8.0). The solution, after separation of gels, 
was adjusted to pH 4.0 with concentrated HC1 to remove bicarbonate 
(liberated as COZ), which would precipitate with Mn2' and influence the 
following isolation step. Manganese(I1) dichloride (63 g, 500 mmol) was 
added to the solution and the pH adjusted to 7.5 by adding 5 N NaOH. 
Ethanol (300 mL) was added to precipitate 6-PG as its manganese(I1) 
salt (96 g). This solid contained 84% 6-PG (corresponding to an overall 
yield of 75%). Barium chloride (78.2 g, 320 mmol) was then added to 
the mother liquid to precipitate isocitrate as the barium salt (78 9): this 
material contained 88% of iswitrate by enzymatic assay, corresponding 
to an overall yield of 58%. The turnover number for the synthesis of 
isocitrate was 1020 and 1500 for the total reaction. The residual activ- 
ities of the recovered immobilized enzymes were as follows: Gd-PDH, 
82%; ICDH, 86%; G-6-PDH (second addition), 92%; GluDH, 91%. 
These three enzymes could be used repeatedly or stored in the refrigerator 
at 4 OC under argon. 

Synthesis of D-hCtate from Fructose &Phosphate. Sodium pyruvate 
(36 g, 0.33 mol), MgCI2.6H2O (1.2 g, 6 mmol), and NAD (152 mg, 0.2 
mmol) were dissolved in the F-6-P solution (0.33 mol in 1.5 L) prepared 
above. The solution was adjusted to pH 7.8 with 5 N NaOH and de- 
oxygenated with argon. DTT (0.92 g, 6 mmol) and enzymes coimmo- 
bilized in 4 g of PAN-1000 (D-LDH, 400 U; PGI, 410 U; G-6-PDH, 520 
U) were added to the solution. The total volume was 1.6 L. The reaction 
was carried out in the same way as described for the G-6-P/G-6-PDH 
system for D-laCtate synthesis. After 2 days, the reaction was complete 
and zinc lactate was isolated (30 g) in 67% yield with 92% of purity 
(determined enzymatically). Barium 6-phosphogluconate was isolated 
(131 g) in 75% yield with 90% purity. The turnover number of NAD 
was 1650 and the recovered enzyme activities were as follows: PGI, 92%; 
G-6-PDH, 90%; D-LDH, 90%. 
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