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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 act ive in reduction of NAD and NADP. [t  is commercial ly avai lable, inexpensive, stable, and easi ly
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 i l lustrated by syntheses
of enantiomerically enriched o-lactic acid (0.4 mol, enantiomeric excess 95%) and (S)-benzyl-a-dl alcohol (0.4 mol, enantiomeric
excess95%)andbyasyn thes i so f  t h reo -o , ( * ) - i soc i t r i cac id (0 . l 7mo l ) .  Fac to rs i n f l uenc ing thes tab i l i t yo fNAD(P) (H ) i n
solution have been explored.

Enzyme-ca talyzed reactions that require reduced nicotinamide
cofactors (NADH, NADPH) are not widely used in preparative
chemistry.2'3 Although many of these rcactions are potential ly
valuable in synthesis, the cofactors required are expensive and
signif icantly unstable in solut ion and can be used economical ly
in stoichiometric reactions only on a small  scale. A number of
procedures for regenerating the reduced cofactors have been
proposed and tested.4 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 practical,s'6 although the enzyme used
in this procedure (from Candida boidinii) is still expensive when
purchased commercial ly. This formate dehydrogenase does not
reduce NADP,7 although formate dehydrogenase from Clostri-
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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 LI.I .49, from Leuconostoc mesenteroides\.
The G-6-P required can be prepared by several procedures. The
most convenient for syntheses carr ied 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 phosphates
and glucose 6-phosphatee 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
effect ive in reducing NAD and NADPTO'rr and that i t  is stable,
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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. l2 Unti l  recently, however, the cost
of G-6-P ( - $ 1800 mol-t) 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-o-lactic acid, threo-o"-
(+)-isocitric acid, and (S)-benzyl-a-d 1 alcoholr 3-in 0. I -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
solut ion. Quali tat ively, the stabi l i ty of NAD(P)H is greater in
basic than in acidic solut ions, and the stabi l i ty of NAD(P) is
greater in acidic than in basic solutions.ra Several of the reactions
that transform NADH and NAD into enzymatical ly inactive
substances have been studied: in particular, NADH undergoes
acid-catalyzed hydration and, ultimately, transformation to a cyclic
ether;ra NAD reacts with hydroxide ion and with other nucleo-
phi les.rs NAD is also subject to enzyme-catalyzed addit ion of
nucleophiles. l6 Analogous reactions undoubtedly occur with
NADP(H) but have been studied in less detail. Of these reactions,
the most important in determining the stabi l i ty 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 r ing
as rate l imit ing. 'a Our studies of this reaction paral leled 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 f ixed (+0.5 pH units) by the stabi l i t ies and
pH-rate profiles of the enzymes involved, and it is not practical
to adjust the stabi l i ty of the cofactors by changing the solut ion
pH. Our interest in the subject of the solution stability of these
substances was therefore centered on the influence of buffers and
other solut ion components and especial ly on the inf luence of
potential Lewis acid catalysts.

We have determined rates of disappearance of NAD(P)H
spectrophotometrically. These rates follow eq I and 2. Figure
-d ln [NADH]/dt = kNA'HoM =

/cH [H" ]  +  kHA[HA]  +  kH ,o  ( l )

-d ln [NADPH] /dt = f t^oor"o*o (2 )
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Figure l .  Catalysis of disappearance of NADH (O) and NADPH (O)
by acids as a function of IHX]. Values of pH used are listed on the plots.

,,

,/

/

4 6 8

ro7 [H+] ,  n,t

Figure 2. A plot of k1Hyl=soM (obtained by extrapolat ing the l ines of
F igure I  to  [P i l  =  Q)  vs .  iH*1 y ie las s lope = 9 .4  x  103 M-r  h  |  =  f tx*
and  i n te r cep t  =  O . ' 7  x  10  a  h '  ( *  kH ro  =  1 .26  x  l 0 - {  M '  h  r ) .

I summarizes representative data showing the dependence of /<oM
on typ ica l  buf fers  (HOAc/OAc ,  H2PO4-/HPO42 ,  and
HCO3 lCOt') used to determine kHA. Rate constants were
dctermined as a function of the concentrat ion of the acidic com-
ponent of the buffer. In the case of phosphate buffer, the slope
of a plot of kpapsobo ur. IH2PO4 I yielded ksrpo,.:  the intercept
at  IH2PO4-]  =  0  y ie lded the quant i ty  (ks IH+]  *  ks ,6)  (eq l ,
Figure l) .  Repeating this procedure at several values of pH and
plotting the resulting values of /<pop11oM([H2PO4-] = 0) vs. [H+]
gave a straight l ine with slope fts and intercept ks,o at IH+] =
0  (eq  l .  F i gu re  2 ) .

This procedure was repeated for a number of different buffers
and Lewis acids, although not necessari ly using as many points
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" ? - 25 "C for al l  measurefients. Rate constants (eq I)refcrto the i l isappearance ofthe NAD(P)H ch.omophorc (0.I mM)at 340nm.
C)rganic cosolvents were prescnt at concentrltions of 20% v/v (c\ccpt lbr sorbitol and polycthylenc glycol, which werc 20% w/w). b Abbrc-
vi l t ions: Hepes, /V'2+ydrorycthylpiperazine_try' ' -2-cthanesulfbnale i  TRA. tr icthanolamine: Tis. tr is(hy droxyme thyl)aminome thane; EG.
cl lrvle'ne glycol;G-6-P, glucose 6-phosphatc; 6-PG, 6-pho$phogtuconatc: lm, imidazole: Mclm, me thyl imidazole; PDG, poly(ethylene glycol)
r y ' ] ! 90 ) ,PA .  l - p rupano l .  cTh f+s t i n r r t . ' dha l f - l i f e f o rd i sappc r r rncc ( ' lNADrP)H inaso lu l i oncon la in i ns0 . lMLHA l  t  lA  l . t , i l i . 0 .
f  25 "C  aVa lueso f ra t c r , \ ns t : r n t i i npa rcnd rcs (s r r c f r omJ , ' hns r rnandTuazon { r c l  l 4 ) .  a  l l l c l su red  v ! l uc r  o f  r ,  , .  f  Thc  d i f f c r cncc  bc -
lween observcd and calculated valucs ofr in this instancc is probably duc to contr ibutions from catalysis by HrCO..

as for H2PO4-. For each acid, measurements were carried out
over a range in pH of approximately 2 units, bracketing its pKr.
Table I gives values for ksa obtained for these buffers and acids
and for solutions containing other components. The measured
rate constants f tHA were used to calculate the half- l i fe (r1 1) for
disappearance of NAD(P)H in a solution containing rhe acid HA
(pH  7 , tHA l  +  [A - ]  =  0 .1  M ,25  oC) ;  f o r  conven ience ,  t hese
valucs are also l isted in Table I.  In the instances in which the
measurements of ksa reproduce those reported by Johnson and
Tauzon (shown in brackets in Table I),  agreement is adequate.
Figure 3 shows the Bronsted plot derived from these data (a =
0.54; l i t . 'a a = 0.47) and the relat ion between the l i fet ime 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. ln particular, the
most effective catalyts for this decomposition will be those for
which the pK" of the acid is approximately numerical ly equal to
the pH of the solution (for H2POa , pH 7). This condition reflects
a compromise between acid strength (stronger acids are intr in-
sically more effective catalysts) and degree of ionization (stronger
acids have a greater tendency to cxist as the catalytically inactive
conjugate anions at a part icular pH).

The practical consequence of this analysis is the conclusion that
acids having pK" values of -7 should provide the most rapid
catalysis of the decomposit ion of NADH. The most important
of these acid catalysts for the regeneration system discussed here
are the phosphate derivatives (HOPO3H , ROPO3H ). The
catalytic efficiency of these species is a disadvantage for the system,
because G-6-P, 6-PG, and P; (prescnt as an impurity in the G-6-P)
are al l  necessari ly present. Al l  accelerate the decomposit ion of
NAD(P)H .

We briefly examined the ability of organic cosolvents to stabilize
N AD ( P) H a gainst phosphate- cataly zed decomposition and found
only small  effects (Table I).  This observation is interesting in
l ight of the discovery that attachment of organic polymer chains

Figure 3. (A) Bronsted plot for acid-catalyzed decomposition of NAD-
(P)H. Least-squares analysis of  the points generated the sol id l ine,
descr ibed by the equat ion log kso = -5.44pKu + 4.09.  (B) Plots of
calculated hali-l i ic vs. pK" for decomposition of NADH (O) and NAD-
PH (A) in 0.1 M buf fer ,  pH 7.0,  25 oC. The observed values are in-
dicated by (O) for  NADH and (a)  for  NADPH. Abbreviat ions:  Pyr,
pyruvic acid; Lac. lactic acidl M, maleic acid; Melm, l-methylimidazole;
Im, imidazole;  TRA. t r iethanolamine;  Tr is ,  t r is(hydroxymethyl)amino-
methane ; Hepes, N- 2-hyd roxyethyl pi pera zine- N'-2-ethanesul fonate.

to the adenine moiety of NADH provides significantly increased
stabi l i ty .  This stabi l izat ion apparent ly  is  not  due to a general
solvent  ef fect ,  s ince addi t ion of  h igh concentrat ions of  organic
cosolvents does not  have the same ef fect .
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Figure 4. Difference between the observed rate constants for decompo-
si t ion of  NADH (0.1 mM) and NADPH (0.1 mM) as a lunct ion 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 l ine was calculated, by using eq
3  w i th  PK. *ooo"  =  6 .2 ,  f t l  =  0 .15  h  l .
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Figure 5. Plots of the rates of decomposition of NADH (O) and NAD-
Pt{ (O) against the concentrat ion of imidazol ium ion ( lmlI+) at pH 7.0,
l-5 oC. The dotted lines were those anticipated if the magnitude of koM
was a l inear function of [mH*].

The decomposition of NADPH follows a different pattern from
that for NADH. Quali tat ively, 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 decomposit ion of NADPH is f irst order in
\IADPH (eq 2). The dif ference between the rate constants for
decomposit ion of NADPH and NADH is given by eq 3, where
Ku = 6.2 is the dissociat ion constant of the 2'-phosphate, and k1
= 0,15 h-t is a constant representing intramolecular catalysis.
Figure 4 shows the data from which k1 was derived. At high pH,
where the 2'-phosphate is entirely ionized, NADH and NADPH
decompose at  the same rate ;  a t  low pH ( [buf fer ]  :0 .1  M)
NADPH decomposes approximately 3 t imes more rapidly than
NADH. The intramolecular interaction of the 2'-phosphate with
the dihydronicotinamide r ing proposed here is consistant with
prev ious NMR stud ies. lT

Some buffers showed deviat ions from the Bronsted plot of
Figure 3 that were suff iciently large to be of practical interest
in  e f for ts  to  maximize the l i fe t ime of  NADPH in  so lu t ion:  in
particular, inorganic phosphate is more effective as a catalyst for
thc decomposition of NAD(P)H than expected from its pK" value,
and imidazole, Hepes, TRA, and Tris buffers were less effective.
l foreover, as observed previously, la the rates of decomposit ion
of NADH in these organic buffers were not l inear in the buffer
acid concentrat ion but instead fel l  off  markedly at high concen-
trat ions of buffer (Figure 5). This observation may be of some
practical value in prolonging the l i fet imc oi NADPH. The origin
of this effect is not certain: i t  may ref lect interactions of the
organic buffer with thc stacked conformation of NAD(P) Hr4 or
i lggregation of the buffer with a result ing decrease in the rate of
proton transfer to NAD(P)H, or some other effect. In anv event,
the /cp6 values in Table I were estimated from the l inear port ions

(17 )  Oppenhe imer .  N .  J . :  A rno ld ,  L . .1 .  Kap lan .  N .  O .B ioc&emis r r t ' 1918
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Figure 7. Stabi l i t ies of immobil ized (o) and soluble (o) enzvmes. G-
6-PDH: pH 7.6 ,  5  mM Mg'* ,0 .1  M TRA;  immobi l ized,  4  U mL I  ge l ,
so lub le ,  45 U mLr  so lu t ion.  HLADH: pH 7.0 .  0 .1  M phosphate;
immobil ized, 2 U mL I gel,  soluble. 9 U mL I solut ion. o-l-DH: pt{ 7.6,
0 . 1  M  T R A . 5  m M  M g 2 + :  i m m o b i l i z e d . 4  U  m L I g e l .  s o l u b l e .  S 4  U
mL- rso lu t i on .  ICDH:  pH  7 .6 ,0 .1  M  TRA, ,5  mM Mg2+ : immob i l i zed ,
0.-5 mL-r gel,  soluble. 2.2 U mL I solut ion. Enzyme solut ions were kept
in 5-mL vials at room temperature under air.  The observed losses in
activi ty represent both thermal denaturation and oxidative inactivation.
ln 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
thc absence of strong nucleophiles (SOrt , CN )'5 and/or reducing
agents for pH <8-9 (Figure 6). Decomposit ions (measured by
enzymatic determination of NAD(P)) fol low f irst-order kinetics
(eq a), with rate constants that are insensit ive to buffer compo-

-d ln  [NAD(P) ]  /d t  =  f tnoo, r )o*o (4)

sit ion. The rates of decomposit ion are effect ively independent of
pH over the range 4-9. Similar results have been obtained by
others . ls

Enzyme Immobilization and Enzyme Stability. Enzymes were
immobil ized by using procedures described elsewherele by co-
polymerization into gels formed from poly(acrylamide-co-N-
(ac ry l oxy )succ in im ide )  (PAN-1000  o r  PAN-500 )  and  t r i -
e thy lenetet raamine (TET) .  Immobi l iza t ion y ie lds were sat is -
lactory (see Table III). The stabilities of the immobilized enzymes
were higher than those of the same enzymes in solut ion (Figure
7). With the exception of G-6-PHD from I-.  mesenteroides,20
al l  o f  the enzymes used in  th is  work  (HLADH, LDH,  ICDH,

( l8)  Lowrr .  O. IL.  Passonneau. J.  V. :  Rt^-k,  M. K.  J.  .1.  Bio l .  Chem. 1961,
) 3 6 . 2 3 5 6  9 .

{19 )  Po l l ak ,  A . :  B lumcn fe ld .  l - { . ;  Wax ,  \ ' l  ;Baughn .  R .  L . ;  Wh i tes ides ,G.
\ 1 .  J . j m .  ( ' h e m . , S r ; t ,  1 9 8 0 .  l 0 : . 6 3 2 4  - \ 6

(20) Isaquc.  A. ;  Vi lhar isen.  \ '1 . :  I  evr ' .  I I .  R Biochim. Biophl 's ,  Res.
( ' ommun.  1974 .  5e .  q94  901
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convenient than that used in isolat ing G-6-P prepared by hexo-
kinase-catalyzed phosphorylat ion 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 7W" 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
solut ion is used direct ly 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). I t  may, however, be useful
in laboratory work, since F-1,6-P2 is commercial ly avai lable 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 polyphosphoric
acid2a gave a mixture of glucose phosphates ( including -14%
phosphorylat ion at the 6 posit ion). Since G-6-P is resistant to
acid hydrolysis (reflux in 8.7 N HBr for l6 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.EDEI0P).25 We were not able to obtain
the specif ic resin used in this work, and our efforts with an
avai lab le  res in  (Dowex 50)  led to  low convers ions ( -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, isolat ion is un-
necessary, although it may be useful to reduce the volume of the
solut ion by rotary evaporation (T - 35 'C). In certain circum-
stances, however, isolat ion may be required. The desirabi l i ty of
isolat ion depends on the enzyme, on the method of preparation
of the G-6-P, and on the l i fet ime required for NAD(P)H (i .e.,
on the quanti ty of phosphate which can be tolerated). Acetate
ion is present in G-6-P prepared by hexokinase-catalyzed phos-
phorylat ion. Acetate is an inhibitor of horse l iver alcohol de-
hydrogenase (HLADH, Kt = 9.5 mM)26 and must be removed
in reactions involving this enzyme. This separation can be effected
either by isolat ion of Ba(G-6-P) (see below) or by adjusting the
G-6-P solut ion to pH ry2 with H2SO4 and concentrat ing at re-
duced pressure to volat i l ize acetic acid. HCI cannot be used in
this operation or other operations that would leave signif icant
concentrations of chloride ion present in solutions to be used with
HLADH, since Cl is also an inhibitor of this enzyme (K, = 100
mM for NAD and 30 mM for ketone substrates).27

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 solut ion but is general ly
straightforward. Although isolat ions are described in the Ex-
perimental Section, several explanatory comments are valuable.
Isolat ions are typical ly accomplished by addit ion of barium
chloride to precipitate excess phosphate as barium phosphate,
separation. and addit ion of more barium chloride to precipitate
the barium salt of G-6-P. An alternative procedure for removing
inorganic phosphate involves i ts precipitat ion as magnesium am-
monium phosphate. This procedure is also fol lowed by isolat ion

(22) Preparat ion of  F-6-P by hydrolysis of  F-1.6-P2 wi th I  N HCl,  35 oC
for 5 days: Neuberg, C'.; Lustig, H.; Rathenberg, M. A. Arch. Biochem.1943,
J.  33-44.

(23 )  t -a rdy ,  H .  A . ;  F i scher ,  H .  O .  L .  J .  B io l .  Chem.1946 ,  164 ,513-9 .
(24) Sccgmi l ler ,  J .  E. ;  Horecker.  B.  L.  " / .  Bio l .  Chem.l95l .  192,175-80;

Viscont in i ,  M.;  Ol iver ,  C.  Helu.  Chim. Acta 1953, J6,  466-70.  Zuleski .  F.
R.;  McGuinness.  E, .  T.  J.  Lahel led Compd.1969. J,311-6.  For a method
using POCI3/(MeO)rP:O. see:  Schutzner,  K. ;  Cesk.  Farm. 1974, 23,34-5;
( ' hem.  Abs t r .  1974 .8 / .  I  371 -5 j .

(2-5)  Si lonova.  G. V. ;  L isouskaya,  N.  P.  Metodv.  Sot , rem. Biokhim.1975,
67 -9:  Chem. Abstr .  1976. 84,  I  I  321 Lr .

(26 )  Sund .  H . :  Theore l l .  t i .  I n  "The  Enzymes" ,2nd  ed . ;  Boyer ,  P .  D . :
Lardy ' ,  FI . ;  M_"-rbach,  K. ,  Eds. ;  Academic Press:  New York.  1963; Vol .7,  pp
2 5  8 3

(27) Coleman. P [ - . :  Wiener.  H.  Biochemistr t ,  1971. 12.  1702-5.
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Figure 8. Syntheses of glucose 6-phosphate (G-6-Pe. Abbreviarions:
HK, hexokinase; AcK, acetate kinase, PGI, glucose phosphate isomerase;
Pase, phosphorylase a; PGM, phosphoglucomutase.
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po t l t o  s ta rch .  so lub le
po ta to  s ta rch
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1 . 0 0
0 .25
0 . l 8
0 . r 2
0 . 1  2

36
26

o Subst ra te  2 ' / ,  (v ' l t t '1 in  0 .2  M Pi  (pH 7.21.  o  Rcsul ts 'uverc  ob-
ta incd by us ing thc so lub lc  co lnponcnt  o1 ' thc  mi r turc .  c  Thc
L ' t lnccnt ra t ion o f  ( l -6-P u 'as dctcr rn incd e nzyrnat ica l ly '  a t ' te r  rcac-
t iLrn crf thc 2() ' ,  solut ion/srrs1'rcr.tsion of substratc in 0.2 NI phosphatc
1 l  l - )  l b r  5  day ' s  w i t h  i n r r r i ob i l i z c t l  Pasc  (124  L l )  and  P ( iM  (330  L I ) .
No uddit ional ( l-6-P producti t .rn was rtbscrvcd al ' tcr 5 dey,s. ' f  he
rccove red cnz)1 lncr  act iv i t ics  wcre Pase .  71 i t  I  PGM ,82, i .

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

Glucose 6-Phosphate. Three routes to G-6-P were explored
(Figure 8). The selective phosphorylat ion of glucose with hex-
ok inase (HK,  EC 2.7 . l . l  )  and ATP,  wi th  coupled regenerar ion
of ATP from ADP by using acetate kinase (AcK, EC 2.7.2.1) and
acetyl phosphate. provides one practical route.e Thc cnzymes are
commercial ly avai lable and inexpensive, and acetyl phosphatc is
easi ly prepared.6 The glucose 6-phosphate can be isolated anci
stored (as the barium salt),  or used without isolat ion.

The enzymatic conversion of an appropriate starch to glucose
1-phosphate (G- l  -P) by phosphorylase (Pase, EC 2.4.1 . l  .)-cata-
lyzed reaction with phosphatc and subsequent conversion of G- I -P
to  G-6-P wi th  phosphoglucomutase (PGM, EC 2.7.5 .1)  prov ide
a second procedure, We have bricf ly screened possible poly-
saccharide start ing materials for this reaction (Table II) .  The
forms of starch that seem to offer the best combination of cost.
commerc ia l  ava i lab i l i ty ,  and react iv i ty  are preheated (100 oC.

I min) soluble starch and dextrin. (Glycogen is the best substrate
but is too expensive to be useful in most synthetic appl icat ions.)
The equil ibr ium constant for formation of G-6-P from G-1-P is
K  =  l 7  ( p I {  6 .5 -7  . 2 ,39  o6 ; ' z t  t hus ,  -  95o /o  o f  t he  equ i l i b r i um
mixture o f  G-6-P and G- l -P can be ut i l i zed by the G-6-PDH.
Because the phosphorolysis of starch requires a high conccntration
of phosphate in solut ion ([P1] >- 0.2-0.4 M), i t  is neccssary to
isolate the G-6-P produced in order to avoid unacceptably rapid
phosphate-catalyzed hydration of NAD(P)H. The prcsence of
inorganic phosphate and unreacted starch make the isolation less

(21) Colowick.  B.  P. ;  Suther land,  E.  W.. / .  Bio l .  Chem.1942.44.423 3 '7
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d React ions wcre run wi th posi t ive pl l  contro l  uDalcr  argon.  Dctr i isarcgivcn in thcc\ t \ ( r i r ) lcntr l  sret ion.  b Tlrcsc v, , lurncsarc thoscot '
thc st i r r t ing solut ions.  Volumcs at  thc c()nclusion of thercact ion wcre -217 lcrgerduc to dddi l ion ol  rcrgcnts and rc id or  brsc to nainta in
pl l -  c  Imnrobi l izat ion y ie ld = [00 (observed act iv i ty  in the enz-yme-contain ing gcl) /s t r r t ing act iv i ty .  d t in i t  pnr( ' l  min I .  o Appro\ imatc
v() lume of  swol lcn enzyDlc-contain ing gcl  uscd in thc rcuctor .  r "Rccovcry"rcprcsr 'ntsthcpcr. (ntagrof th( 'cnTymrt icrct iv i t l thatsurv ives

thc reuct ion.  "Rcmaining" is  thc pcrccntagc of  thc NAD(PXH) prcscnt  in b iochcmici l ly  act ivc l i r rm r t  ths conclusion of the rerc l ion.  eTN

Iturnovcr number)  = n lo les ot  product  lcncrated per molc of  cnzymc (colnctor)  or ig inLl l ly  prcscnt ,  Thc lufnovcr nun]bcrs i l le  not  corrcctcd
ior  rcs idual  cnzymc (cot i lc tor)  acl iv i ty  fcmaining r t  d le conclusioD of  thc rcact i  rn.  h The qulnt i t ! ,  o l  l roduct  isolatcd is  c iven by "g".  The
Pcrccntagc of  d l is  mxter i  that  couldbc assigncd thc indicr tcd compor i t ion isgiven b\ '  "pur i t \ " .  Thus.  thclacl icrc id prcparat ion y ic lded
53 g of  sol id.  t inzym.r t ic  assays indicated that  50.4g (952) of  lh is could bc rssigned thc structurcZn(D- lnctr tc) . . rnd 0.8 !  (1.57)Zn(L-
lxctr tc) , .  !  Thc qurnt i ty  ofsol id isolxted in grams is s ivcn by "g"; thc l i rc t ion of  th is mlrcr i r l  lh l  assiy\  rs thc indiratcd pf)duct  is  g ivcn by
' 'prr r i ty" :  the c i r lculated numbcr of  molcs of  lh is product  pfoduccd (bascd on the assumpt ion of  10017 pLrr i ty)  is  g jven by "n lo l" .

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 0.1-O.2 M H2SO4 solution,
separating the insoluble precipitate of barium sulfate, and neu-
tral izing the result ing solut ion 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
semiquanti tat ive kinetic data dcscribing to the decomposit ion of
G-6-P at 25 oC: these decompositions seemed to follow first-order
kinetics. Figure 9 gives both half- l ives for decomposit ions and
first-order rate constants. On the scale of t imes 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 solut ions (20o/o v f  v). de-
composit ion can be slowed signif icantly: these components are
often (but not always) innocuous toward the enzymes used.28
Sorbitol, for reasons that are unclear, appcars to dcstabilizeG-6-P.
Storage at 0 oC also greatly increases stabi l i ty (at 0 oC, the
hali- l i fe for decomposit ion of 1 mM G-6-P in 0.1 M phosphate
buf fer  (pH 7)  is  400 days) .

Synthetic Applications of the NAD(P)H Regeneration System.
Wc havc tcstcd thc practical i ty ol thc NAD(P)H regcneration
system bascd on thc G-6-PDH from Leuconostic mesenteroides
i 'or svnthetic appl icat ions by applying i t  in enzymc-catalyzed
preparations of three materials: o-lactic acid, t hreo-o.(* )-isocritic
ac id ,  and (S)-benzy l -a-d1 a lcohol  (F igure 10) .  o-Lact ic  ac id  is

(28) Asakaura,  T
6423-5.  Schmid,  R.

;  Adachi .  K. :  Schwarts.  E.  J.  Bio l .  Chent.  1978, 251.
D. Acd.  Biochem. L.nc.  1979. 12.  41 i  18.

2  4  
o H 6  
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Figure 9. Estimated half- l ives and observed f irst-order rate constants
(kou'0, for decompositron of glucose 6-phosphate. Buffers: (o) 0.1 M
phosphatc, (r) 0.1 M acetate, (v) 0l M glycine. Organic cosolvents
(20Vo v lv) are as fol lows: EG. ethylene glycol;  Gc, glycerol;  E, ethanol;
DM F.,V,rV-dimethylformamidel DMSO, dimethyl sulfoxide; S, sorbitol.
Points with arrows represent lower l imits for hal i- l ives (or upper l imits
for kohd): no decomposit ion was detected in these solut ions over the
course of I  month.

a useful synthon for the preparation of chiral substances and
complements. t--Lactic acid is already readi ly avai lable by fer-
mentation. Isocitr ic acid contains an array of chiral functional i ty
and may also be useful as a start ing material in synthesis. Chiral
benzy l -d l  a lcohol  is  used in  research b iochemist ry .  Table  I I I
summar ized representat ive react ions l  deta i ls  are g iven in  the
Experimental Section. A ferv general comments on these reactions
fol low.

The enzymes in these preparations were immobilized separately
and the enzvme-conta in ing ge ls  mixed on ly  in  the reactor .  Th is
procedure g ives s l ight ly .  lower  overa l l  rcact ion ra tes than onr-  in
which the enzvmes are co immobi l ized in  the same gel . le  l t  rs .
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Figure 10. Syntheses based on NAD(P)H regeneration. Abbreviations:
G-6-PDH, glucose-6-phosphate dehydrogenase; D-LDH, o-lactic 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 activi t ies of immobil ized G-6-PHD and the coupled
synthetic enzyme were approximately the same. We can only
estimate the expressed activi ty-that is, the activi ty under the
conditions of the synthetic reaction, rather than under the V^u
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 -30plo those
measured under assay condit ions.

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-
t ional organic synthesis. The use of di lute solut ions is dictated
by product inhibit ion: thus, K; = 0.13 M for lactate in the L-
LDH-catalyzed reduction of pyruvate30 (Kr,,r = 0.019 M for
D-lactate in the D-LDH catalyzed reduction of pyruvate)3r and
Ki = 0.060 M for isocitrate in the lCDH-catalyzed conversion
of a a-ketoglutarate to isocitrate.32

The workup of the reactions consists of stopping the st irr ing,
allowing the gel particles to settle (typically l-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 70-90olo; higher
purit ies required crystal l izat ion (zinc lactate, Ba3(6-PG)2) or
dist i l lat ion (benzyl alcohol).  The init ial  conccntrat ion of NAD
or NADP in these reactors was -0.1 mM. This value is f ixed
for NAD by the requirement that i t  be above Ky for G-6-PDH
(see Table IV). A lower concentrat ion of NADP could, in
principle, have been used. No effort was made to recover the
nicotinamidc cofactors at the conclusion of the reactions, although
their residual act ivi ty was determined by enzymatic assays.

Discussion

This method for regeneration of reduced nicotinamide cofactors
has both advantages and disadvantages relative to other methods.
Its advantagc,s arc 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.rl More importantly,
i t  provides a single convenient procedure for either cofactor
separately. Second, both G-6-P and 6-GP are innocuous to most
enzymes, unl ike the reactive aldehydes or ketones produccd by
methods based on alcohol dehydrogenases. Third, the equilibrium

(29) Mosbach, K. ;  Matt iasson,  B.  Acta Chim. Scand.1970,24,2093-100;
Costa,  J.  M.,  Ph.D. Thesis,  Departmcnt of  Chemical  f lnginerr ing,  Massa-
chuset ts Inst i tute of  Technology,  Cambridge,  MA, 1980.

(30 )  S tambaugh ,  R . ;  Pos t ,  D .  J .  B io l .  Chem.1966 .241 ,1162  t .
(31 )  Denn is ,  D . ;  Kap lan .  N .  O .  " / .  B io l .  Chem.1960 ,  l J - t . 810 -8
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constants for reduced nicotinamide formation are high, because
the reaction is rendered essentially irreversible by hydrolysis of
the init ial ly formed 6-phosphogluconolactone to 6-phospho-
gluconate. Fourth, glucose-6-phosphate dehydrogenase is com-
mercial ly avai lable, inexpensive, and easy to manipulate and
immobilize. Fifth, because G-6-PDH from I. mesenteroides has
no essential thiol groups, this enzyme is relat ively stable under
aerobic conditions and can be used for regeneration of reduced
nicotinamide cofactors in oxygen-containing environments. Sixth,
the values of Ky 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 eff icient 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 start ing materials, i t  is intr insical ly 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
( r ibose 5-phosphate,  r ibu lose 5-phosphate,  r ibu lose 1,5-d i -
phosphate, NADl.ra'rs The abi l i ty of a part icular 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 concentrat ions of G-6-P used in this work, the l i fet ime of
NADH is shortened by alkyl hydrogen phosphate catalyzed de-
composition to - l5olo of that in a phosphate-free solution, while
that of NADPH is shortened to approximately 70olo that in
phosphate-free solut ion. In the synthesis reported here, this de-
crease has not been particularly important. The cofactor turnover
numbers (1000-1200)  repor ted in  Table  I I I  were ca lcu la ted
conservatively: that is, they are based only on the quanti ty 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 II I  that these turnover numbers would range from 8000
(for o-lact ic acid) to 2000 (for isocitr ic acid). Such turnover
numbers are high enough for most syntheses of complex molecules.
For slower reactions ( in which decomposit ion of the NAD(P)H
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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/arcohor de-
hydrogenase.

These problems notwithstanding, our practical experience with
this and other NAD(P)H regeneration systems suggests that i t
is one of the most convenient (perhaps the most convenient)
systems avai lable 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
c,ommercial enzyme is presently 35 times more expensive than
G-6-PDH (for equivalent activities), more sensitive toautoxidation
than G-6-PDH, and limited to the reduction of NAD to NADH.
Ethanol/alcohol dehydrogenase is not a part icularry attract ive
system: both acrtaldehyde and ethanoldeactivate enzymes rapidly,
and the equilibrium constants for reduction of carbonyl groups
by _regeneration procedures based on this system are not high.

Chemical methodss'a for NAD(P)H regeneration lack ihe
specificity required to achieve high turnover numbers. If reduction
of NAD(P) to NAD(P)H is 95% selective for hvdride donation
to the 4 posit ion of the nicotinamide r ing, the iesiduar act ivi ty
of the cofactor after 64 turnovers would be (0.95)6a = 4%o. We
require 103 turnovers in most synthetic appl icat ions. 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 Modet 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.re
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 a80, 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, l5i1), horse liver
alcohol dehydrogenase (HLADH) (p 429), acetate kinase (AcK) and
acetyl phosphate (pp a25, 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
i  238), fructose 1,6-diphosphatc ( F- 1,6-P z, p 1 3t 4), 6-phosphogluconate
(6-PG, p Da8). NAD(P)H was determined by using GIuDH 1p 2054:
NAD(P) was determined by using G-6-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.re Al iquots (20-100 rrL) of immobil ized enzyme
suspended in buffer were taken and added to a 3-mL plastic cuvette
containing 3 mL of buffer and the required substrates. Tie 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
I 5 times. A linear response was obtained for the change of absorbance
with t ime.

Acetyl phosphate was prepared as the diammonium salt via reactron
of anhydrous H3PO. with acetic anhydride.s Anhydrous H3pOa was
made by the slow addition of P2O5 ( l9l .5 g) to stirred g5% HfO4 (500
g) at -10 oc. The mixture was kept from moisture at room temperature
with st irr ing for at least I  h before use. saturated NH./MebH *u*

_ (40)_Bergleyer, H. U. "Methods ol Enzymatic Analysis"; Academic
Press:  New York.  1974.
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prepared at -30 oC by passing anhydrous NH3 over cooled MeOH for
30 min. Addition of acetyl phosphate to NH3/MeOH was performed
at -60 oC. The temperature dur ing and af ter  addi t ion in the NHr/
MeOH to the react ion mixture should be -10 oC or below to prevent
aminolysis of  acety l  phosphate.

Rates of Phosphorolysis of starches and Dextrin. The polysaccharide
substances (2%, w lw) were added to water containing 0.2 M phosphate
(pH 7 .2). Of those examined, only glycogen and dextrin were completell
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 l-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), MgCl2 (30 pmol), PcM (3 U), c-6-pDH
(10 U),  Pase (rabbi t  muscle,  I  U),  and NADP (0.6 pmol) .  The rate of
phosphorolysis was measured by following the absorbance change at 340
n m .

Kinetics of hydrolysis of glucose 6-phosphate were carried out with I
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
G-6 -P .

Kinetics of Decomposition of NAD(P)(H). Solutions of NAD(p)(H)
(0.1 mM) were prepared in l0 mL of  50 mM buffer  and kepr at  25 oC.
Al iquots (3 mL) were wi thdrawn per iodical ly ,  and the concentrat ion of
NAD(P)H was determined spectrophotometr ical lv  at  340 nm. Occa-
sional points were checked enzymatically with GluDH. Decomposition
in organic solvent/water (2u% 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) determinat ions,  l -mL port ions were wi thdrawn and
added to 2 mL of  0. i  M TRA, pH 7.g,  contain ing G-6-p (2 mM).
G-6-PDH (2 U) was added and the absorbance change at  340 nm was
measured.

Immobilization of n-Lactate Dehydrogenase (o-LDH). The com-
mercia l ly  avai lable u-LDH in I  mL of  3.2 M (NH4)2SO4 (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 ultrafi ltration under reduced pressure at 0
"C by using an lmmersible-CX Molecular Separator Kit (Mill ipore
Corp.) .  When the volume was reduced to about I  mL, another 20-mL
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 l mL of phosphate buffer having 1380 U of activity
(80%) which was ready for  immobi l izat ion.  To 0.6 g of  PAN-1000 was
added 2.4 mL of  0.2 M Hepes buf fer  contain ing 8.5 mM pyruvate and
1.0 mM NADH with v igorous st i r r ing.  Af ter  I  min,  50 pL of  0.5 M
DTT solution was added, followed by 300 rrL of 0.5 M TET solution and
the enzyme-containing solution. The mixture gelled within 3 min. It was
kept at room temperature for I h. The gel was ground into small par-
t ic les in a mortar  and washed wi th 50 mL of  50 mM Hepes buf fer ,  pH
7.5,  contain ing 50 mM ammonium sul fate.  The gel  was separated by
centr i fugat ion and washed again wi th the same buf fer  wi thout  ammo-
nium sul fate.  A 20-pL al iquot  of  the gel  suspension in 30 mL of  TRA
buffer  (0.1 M, pH 7.5)  was di luted in 3 mL of  0.2 M hepes buf fer ,  pH
7.5,  and the enzyme act iv i ty  was measured (552 U, 40% yie ld)

The (NHo)rSOa present in the original enzyme preparation could also
be removed by centrifuging the enzyme suspension (5 mg in I mL of 3.2
M (NH4)2SO4,4 oC, 150009, for  5 min).  The precip i tate was dissolved
in I  mL of  0.3 M Hepes buf ier .  pH 7.5.  and immobi l ized as descr ibed
above.

Immobilization of lsocitrate Dehydrogenase (ICDH). The commerciar
cnzyme from pig l iver  suspended in 50% glycerol  (100 mg/10 mL,200
U) was dia lyzed at  0 oC against  4 L of  0.05 M Tr is/0.1 M Na2SOa
solution (pH 7.3) for 4 h, using a membrane tube with molecular cutoff
of 6000-8000 (spectrum Medical Industries, Inc., Los Angeles), and then
concentrated a1 0 oc to 5 mL by using a molecular  separator  k i t  as
described above. The resulting solution contained I 80 u (9096 yierd) of
enzyme. The procedure for  immobi l izat ion was the same as that  used
ior o-LDH. Buffer [20 mL,0.2 M Hepes containing isocitrate (50 mM)
and NADP+ (1 mM)l  was added to 5 g of  PAN-1000, fo l lowed by DTT
(0.5 mL),  enzyme solut ion,  and TET (3 mL).  The gel  was washed wi th
50  mM Tr i s /0 .1  M Na2SOa/50  mM (NH4)2SO4 (400  mL)  and  then
with Tr is/SOa2 buf fer  (400 mL).  The tota l  act iv i ty  obtained u.as 102
U (56% yie ld) .

Immobilization of Glucose-6-phosphate Dehydrogenase (G-6-pDH),
Glutamate Dehydrogenase (GluDH), and Horse Liver Alcohol De-
hydrogenase (HLADH). G-6-PHD from l.. mesenteroide.r was rmmo-
bi l ized according to the same general  procedure:  l0 mg of  enzyme per
g  o f  PAN 1000  was  used .  G-6 -P  [ (6  mM)  and  NADp (0 .6  mMt  were
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present during the immobilization to protect the enzyme active site. Ater
the gel had formed, it was washed with 50 mM (NH4)2SO4 solution and
50 mM Hepes buf fer  (0.2 M, pH 7.5) .  The immobi l izat ion y ie ld was
3006, GIuDH was immobilized similarly ( l0 mglg of pAN- 1000) in the
presen@ of ketoglutarate (  l5 mM),  ADP (2 mM),  NADH (5 mM).  and
NH4CI (20 mM): NH4CI was added together with the enzyme solution
to minimize the reaction of NHa+ with PAN. The immobilization yield
was 40%. For HLADH, l0 mL of  0.3 M Hepes buf fer ,  pH 7.5,  con-
ta in ing 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 buf fer)  and TET (2.1 mL).  DTT was not
necessary in this case. other procedures were the same as above. The
immobilization yield was 6096.

coimmobilization of Phosphorylase a (Pase) and phosphogrucomutase
( P G M ) .  P a s e  ( E C  2 . 4 . 1 . 1 . , 3 9 0  U / 3 0  m g )  a n d  p c M  ( E C  2 . 7 . 5 . 1 , 8 3 0
U l2 mg) were immobilized according to the general procedure by using
PAN-1000 (4.12 g)  in the presence of  g lycogen ( l  mM),  p;  (70 mM),
G- l -P  (2  mM) ,  G-6 -P  (5  mM) ,  g lucose  1 ,6 -d iphospha te  (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 foilows: pase,
3 l%;  PGM,40q6 .

Coimmobilization of o-LDH, G-6-PDH, and phosphoglucoisomerase
(PGM) .  o -LDH (1000  U /3  mg) ,  G-6 -PDH (1380  U /2  mg) ,  and  pGI
(EC 5.3.1.9,  1000 U l2 mg) were coimmobi l ized s imi lar ly  by using 4 g
of  PAN-1000 in the presenceof Hepes buf fer  (0.3 M, pH 7.5,  l6 mLl
DTT (0.2 mL),  TET (3 mL),  G-6-P (6 mM),  F-6-p (1.5 mM),  pyruvare
(8 .5  mM) ,  NADP (0 .6  mM) ,  and  NADH ( l  mM) .  The  immob i l i zed
yie lds were as fo l lows:  o-LDH, 40%; G-6-pDH, 38%; pGI,  4 l%.

Measurements of Enzyme Stability. Enzymes, either soluble or im-
mobilized, in specified buffer solutions were incubated aerobically at 25oc without stirring. Aliquots (20 pL) were withdrawn periodicaily, 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.e A 3-L solution containing glucose ( 1.4 mol),
ATP (10  mmol ) ,  MgCl2  (98  mmol ) ,  EDTA (4 .8  mmol ) ,  and  1 ,3 -d i -
mercapto2-propanol (18 mmol) was deoxygenated and maintained under
argon. Immobilized HK (1200 u) and AcK (1200 u) were added to this
solut ion.  Diammonium acety l  phosphate (  1.4 mol ,  90% pur i ty)  was
added to the stirred reaction solution in l0 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 oC. After 3
days,  1.2 mol  of  G-6-P was formed (0.364 M in 3.3 L,  y ie ld 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 fi ltration. The resurting solution (con-
ta in ing 0.364 M G-6-P) was used di rect ly  in the fo l lowing 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).?tl2o, a slight excess of BaCl2 (0.37
mol)  was added to I  L of  the above G-6-p solut ion (0.364 M) io i lowed
by s low addi t ion of  400 mL of  95% ethanol .  The precip i tated sor id (  lg7
g) contained 96% Ba(G-6-P).7[l20 (0.33 mol). This salt could be stored
in the refrigerator (4 "c) without dccomposition in the absence of
moisture.

For removal  of  bar ium, the bar ium sal t  (187 g)  was suspendcd in 1.7
L of 0.2 M H2so4 and stirred vigorously at room temperature for 30 min.
The precipitated barium sulfate was removed by fi ltration or centrifu-
gat ion.  The f ree G-6-P acid solut ion was then neutra l ized wi th sodium
hydroxide. A solution prepared by this procedure was used in the
HLADFI-caLalyz,ed synthesis of  (S)-benzyl-a-dy alcohol  (see below).

For the preparation of a concentrated G-6-p solution, I t_ of the G-6-p
solution (0.364 M) was acidified to pH 2.0 by using conccntrated H2SO4
or HCI and concentrated under reduced pressure (aspirator ,  20 mmHg)
at  35 oc to 200 mL. The concentrat ion of  G-6-P in the resurt ing solut ion
was 1.82 M. No decomposi t ion of  G-6-P was observed dur ing thc pro-
cess, and most of the acetate produccd lrom acetyl phosphate evaporated
dur ing concentrat ion.  The concentrated solut ion was stable in the re-
frigerator: No decomposition was observed over l month. This material
was used in the o- lactate preparat ion dcscr ibed below.

Glucose 6-Phosphate. Phosphorolysis of Dextrin. To a l-L- sorution
contain ing 0,4 M phosphate buf fer ,  pH 7.0,  and 40 g of  dextr in werc
added phosphorylase a (Pase,  240 Lj )  and phosphoglucomutase (pGM,
600 U) coimmobi l ized in polyacry lamide gels and 3 mmol of  DTT. The
reaction mixture was kept under argon with stirring at 25 oC. Enzymatic
assay indicated the presence in solut ion of  78 mmoloiG-6-p af ter  5 da_v. .s
MgCl2  (0 .4  mo l )was  added  to  the  so lu t i on .  . \ queous  ammon ia  ( .10  mt_
o i  l 4% so lu t i on )  was  added  s low l ' t o  thc  coo lcd .  s t i r red  so lu t i on .  Thc
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resulting precipitate of MgNHoPOa was removed by fi ltration. Ethanol
(95%, 400 mL) was added to the fi ltrate, and the precipitate of unreacted
dextr in was discarded. Bar ium chlor ide (0.1 mol)  was added to the
solut ion and st i r red for  30 min at  0.4 oC. The precip i tated sol id (35 g)
was isolated.  This mater ia l  contained 82% of  Ba(G-6-P).7H2O (29%
,vield based on the number of glucose unit in the starting dextrin). The
recovered enzyme activities were as follows: Pase, 80%; PGM, 86%.

Glucose 6-Phosphate: Phosphorolysis of Soluble Starch. A suspension
of 40 g of soluble starch in I 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 l-2 min. The mixture was cooled
to room temperature. To the resulting solution was added 0.4 mol of
NaH2POo. 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 solut ion.  The react ion
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 bar ium sal t  in the same way
as described above: 43 g of solid was obtained which contained 70 mmol
of Ba(G-6-P).7H2O (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 6-Phosphate from Fructose 1,6-Diphosphate.
F-1,6-P2Ca2 (260 g,0.47 mol ;  pract ical  grade f rom Sigma, 75% pur i ty)
was dissolved in 1.5 L of  2N HCl.  The solut ion was kept  at  85-90 "C
(using a steam bath or  water bath)  wi th st i r r ing for  1.5 h.  The brown
solution was treated with 60 g of activated charcoal and fi ltered 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
resul t ing solut ion was adjusted to pH 6 by the addi t ion of  5 N NaOH
with stirring, and the precipitated calcium oxalate and barium phosphate
were removed by f i l t rat ion.  The f i l t rate (1.5 L)  contained 0.33 mol  of
F-6-P (70% yie ld) .  This solut ion was stored in the refr igerator  (4 "C)
for use in subsequent reactions.

Determination of Optical Purity. Benzyl-a-dl alcohol and o-lactate
were converted to their MTPA estersar by using freshly prepared (*)-
(2R)-a-methoxy-(2-( t r i f l  uoromethyl)phenyl)acety l  chlor ide .  Z inc o-
lactate (0.5 g) was first converted to its methyl ester by using anhydrous
methanol  (18 mL) and dr ied Dowex 50W (H+ form, I  g)  as catalyst .
Type 3,A molecular sieves were added, and the mixture was refluxed for
4 h. After fi ltration, methanol was removed by evaporation and the
methyl lactate was converted to the MTPA ester. The enantiomeric
pur i ty  was determined by 'H NMR examinat ion 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 n-lactate was also determined enzymatically.
The zinc o-lactate (90 mg) was dissolved in l0 mL of glycine*hydrazine
buffer  (0.4 M, pH 9.0) .  A 3-mL al iquot  was taken,  and r_- lactate de-
hydrogenase (10 U) and NAD+ (2 mM) were added to the solution. The
increase of absorbance at 340 nm (read against a reference consisting of
the same solut ion.  omit t ing only the enzyme) was recorded unt i l  no
change of  absorbance ( , -5 h)  was observed.  The concentrat ion of  L-
lactate in the sample was determined by using 6.22 mM-t  cm-r  as ab-
sorbance coef f ic ient  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  isoci t rate was determined.

Synthesis of o-Lactate. A 5-L solution containing sodium pyruvate
( 0 . 1 2  M ) ,  G - 6 - P  ( 0 . 1 2  M ) ,  M g C l 2  ( 5  m M ) ,  E D T A  ( l  m M ) ,  a n d  1 , 3 -
dimercapto-2-propanol  (2.5 mM) was deoxvgenated wi th argon.  The
immobi l ized c-6-PDH (400 U),  D-LDH (300 U),  and NAD+ (0.5 mmol)
were added. Thc react ion was conducted under argon at  25 oC wi th
st i r r ing and the pH maintained at  7.8 by addi t ion of  2 N KOH solut ion
by using an automat ic pH contro l lcr .  Af ter  4 days,  the react ion was
complete.  Enzymat ic assays indicatcd that  the summed concentrat ion
o f  NAD and  NADH was  85% o f  the  o r ig ina l  va lue  o f  NAD.  The
polyacrylamide gels were allowed to settle. and the solution was decanted.
Bacl '  (0.9,s mol)  was addcd to the decanted solut ion wi th st i r r ing.  for-
lowed by I L of ethanol. The precipitated solid was collected by fi ltration
and washed wi th -50e" ethanol ,  The precip i tated sol id was col lected by
f i l t rat ion and washed wi th 50% ethanol .  Af ter  being dr ied.  the product
(2-50 g)  contained 92o/o t ' t [  bar ium 6-phosphogluconate.  corresponding to
a uOvo vield based on G-6-P lddcd (see below). The fi ltrate and washings
ivcre col lectcd and concenl , rated under reduced pressure at  45 oC to a
volume of  I  I  and then acrdi f ied to pF{ 2.- (  rv i th concentrated HCl.  Some

(4 l )  Da le .  J .  , \ . .  Du l l .  D  l  ;  Mosher .  H .  S .  J  Org .  Chem.  1969 ,  34 .
l 5 4 l  9
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inorganic salt was removed by addition of 2L of ethanor and fi ltration
of the resulting precipitate. The fi ltrate was concentrated again under
reduced pressure to a volume of 500 mL and neutralized to pH 6.0 by
addition of solid znco3. 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 fi ltration 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 givo enan-
tiomeric excess and 7096 yield based on pyruvate. tH NMR spectra
(250-MHz) of the MPTA ester of o-lactate methyl ester showed a 95%
ee based on the signals of the methoxyl groups (3.660 ppm for the o-
lactate ester and 3.560 ppm for the r--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,9496, respectively, of the original
values.

Conversion of Barium 6-Phosphogluconate (6-pG) to 6-phospho-
gluconic Acid and Assay Procedure. Concentrated HCI (18 mL) was
added to a stirred suspension of 0.2 mol of barium 6-phosphogluconate
(Ba3(6-PG)2, 106 g, 90% purity) in H2O (l L). After the-solution was
st i r red for  l0 min,  NarSO4Ql.2 g,0.22 mol)  was added to the c lear
solution and the precipitated Basoa was removed by centrifugation or
fi ltration. An aliquot of the solution (5 pL) was withdra*n and added
to 3 mL of TRA buffer (0.1 M, pH 7.6) containing MgCl2 (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 l . l  L of  solut ion (0.173 M; y ie ld,  95%).

For the preparation of NaCl-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 Basoa was removed and the solution (1.2
L) assayed: i t  contained 0.188 mol  of  6-PC (0.157 M; y ie ld,  95%).

Benzaldehyde-a-d was prepared from benzaldehyde-1,3-dithiane by
exchange with DrO and hydrolysis.a2 Dry hydrogen chloride was bub-
bled into a solut ion of  1,3-propanedi th io l  ( l0 l  mL, I  mol)  and benz-
aldehyde (102 mL, I  mol)  in chloroform (750 mL) at  0 oC unt i l  the
mixture saturated (-5 min). After standing at 25 "C for 0.5 h, the
mixture was washed with two 200-mL portions of water, three 200-mL
portions of l@6 KoH solution, and two 200-mL portions of water, dried
over anhydrous Na2Soa (50 g), and evaporated under reduced pressure.
The solid obtained was treated with l0 g of activated charioar and
crystall ized from methanol (500 mL) to give 180 S ea@ of 2-phenyl-
1,3-di th iane,  mp 69-70 oC. This mater ia l  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-
l ithium in hexane (625 mL,l mol) was then introduced over a period of
I 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,  D2O (>99.9Vo d,130 mL) was added s lowly
with stirring and the solution was warmed to room temperature. The
solut ion was neutra l ized,  at  0 oc wi th I  N HCI ( - l  L)  and tetra-
hydrofuran was removed on a rotary evaporator. The solution was ex-
t racted wi th two 800-mL port ions of  CHrCl2/pentane ( l :1,  v /v) .  The
organic phase was washed wi th I  N NaHCO3 (400 mL),  wa.rer  (400
mL), and saturated Nacl solution (400 mL). The residue after evapo-
ration of the solvent was recrystall izcd from methanol to give l4s g (0.gs
mol)  of  2-phenyl-1,3-di th iane- 2-d,  mp 69-70 oC. The deuter ium in-
corporation was near 100%, based on the virtual absence of the c-2
p ro ton  (6  (CDCl j )  5 .1 ) .

_A solution of HgCl2 Q26 g, I .2 mol) in methanol/H2O (9:1, v/v) (600
mL) was added to a stirred warm mixture (-49 "C) of deuteriodithiane
prepared above ( l l9  g,0.6 mol)  and HgO ( i l8 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 fi ltration, and the fi ltrate was disti l led
through a 40-cm Vigreux column until about I L remained. CH2CIzl
pentane ( l :1,  v /v)  ( l  L)  was added to the residue,  and the solut ion was
washed twice with 500-mL porrions of 4 M NHooAc solution and twice
with 500-mL portions of saturated NaCl solution and dried over an-
hydrous Na2Soa (80 g). solvent was removed by disti l lation as before
to furnish 300 mL of liquid, which was transferred to a 500-mL flask and
disti l led again through a 20-cm Vigreux column under reduced pressure

\qZl Seebach, D.; Erickson, B. W.; Singh, G J. Org. Chem. 1966,31,
4303-4.
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(27 mmHg). The fractions of benzaldehyde-a-d with boiling pint 77-79
oC werecol lected (51 g,80%).  NMR analysis ( in CDCI3) showed no
aldehyde proton absorption at 9.95 ppm.

Synthesis of (S)-Benzyl-a-d1 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), l0 mmol of MgSOa, 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-mL 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
MgSOo, and concentrated under reduced pressure. The resulting liquid
was disti l led through a l0-cm Vigreux column to obtain 44 g of ben-
zyl-a-dy alcohol (8096), bp 110 'C (30 mmHg). The compound was pure
and the deuterium incorporation was almost 10096 by tH NMR (60
MHz,  CC la ) :  6  2 .1  ( s ,  I  H ) ,4 .6  ( t ,  I  H , , Inco  =  1 .8  Hz ) ,7 .33  (s ,5  H) .
The optical purity of the (S)-benzyl-a-d, alcohol was determined by
250-MHz 1H NMR spectroscopy with the MTPA ester: the methoxy
group was monitored (3.501 ppm for (S)-benzyl-a-d1 alcohol in CDCI3,
3.535 ppm for (R)-benzyl-a-dl alcohol);ee = 95%. The turnover number
of NAD+ was 1000, and its residual activity was 8096. The reisolated
G-6-PDH and HLADH retained 9096 and 86% of their original activities,
respectively.

Synthesis of threo-o(l )-Isocitrates. A 2-L solution containing G-6-p
(0.15 M),  ketoglutarate (0.15 M),  NH4HCOT (0.4 M),  MgCl2 (5 mM),
MnCl2 (l mM), and 1,3-dimercapto-2-propanol (3 mM) was kept under
CO2 and the pH was automatically controlled at 7.5. The immobilized
G-6-PDH (100 U),  ICDH (100 U),  and NADP (0.1 mM) were then
added, and the mixture was kept at the same pH under CO, with stirring.
After 4 days, the concentration of isocitrate 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 5096 of the original value.
The gels were separated by centrifugation. GIuDH (100 U), G-6-PDH
(100 U), and EDTA (a 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 HCI to remove bicarbonate
(liberated as CO2), which would precipitate with Mn2+ and influence the
following isolation step. Manganese(ll) 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 irs manganese(Il)
salt (96 g). This solid contained 84% 6-PG (corresponding to an overall
y ie ld of  75%).  Bar ium chlor ide (78.2 g,320 mmol)  was then added to
the mother l iquid to precipitate isocitrate as the barium salt (78 g): this
material contained 88% of isocitrate by enzymatic assay, corresponding
to an overall yield of 58%. The turnover number for the synthesis of
isoci t rate was 1020 and 1500 for  the tota l  react ion.  The residualact iv-
it ies of the recovered immobilized enzymes were as follows: G-6-PDH,
82%; ICDH, 86%; G-6-PDH (second addi t ion),  92%; GluDH, 9l%.
These three enzymes could be used repeatedly or stored in the refrigerator
at  4 "C under argon.

Synthesis of n-l,actate from Fructose GPhosphate. Sodium pyruvate
(36  g ,0 .33  mo l ) ,  MgCl2 .6H2A 0 .2  9 ,6  mmol ) ,  and  NAD (152  mg,0 .2
mmol) were dissolved in the F-6-P solution (0.33 mol in L5 L) prepared
above. The solut ion was adjusted to pH 7.8 wi th 5 N NaOH and de-
oxygenated wi th argon.  DTT (0.92 g,  6 mmol)  and enzymes coimmo-
bi l ized in 4 g of  PAN-1000 (o-LDH, 400 U; PGI,  410 U; G-6-pDH. 520
U) were added to the solution. The total volume was 1.6 L. The reactlon
was carr ied out  in the same way as descr ibed for  the G-6-P/G-6-PDH
system for n-lactate synthesis. After 2 days, the reaction was complete
and z inc lactate was isolated (30 g)  in 67% yie ld wi th 92% of  pur i ty '
(determined enzymat ical ly) .  Bar ium 6-phosphogluconate was isolated
( l3 l  g)  in75Vo y ie ld wi th 90% pur i ty .  The turnover number of  NAD
was 1650 and the recovered enzyme activities were as follows: pGI, 92%:
G-6-PDH, 90%; o-LDH, 90%.
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