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Lac ta te  dehydrogenase  (LDH,  rabb i t  musc le .  EC 1 .1 .1 .27 ) ,  coup led  w i th  py ruv i c  and
gfyoxylic acids as oxidants, regenerates NAD in .situ for enzyme-catalyzed oxidations. The
use of LDH has advantages of convenience, stability of the regenerating system, and econ-
omy. Pyruvate and glyoxylate differ in their advantages and disadvantages as oxidants.
Pyruvate analogs, monomethyl oxalate and S-methyl thiooxalate, were examined as possi-
ble oxidants but were not substrates of lactate dehydrogenase. o rg8gAcademic press, Inc.

INTRODUCTION

We herein descr ibe the use of  l - lactate dehydrogenase (LDH.r rabbi t  muscle,
EC L l .1 .27) .  w i th  pyruv ic  and g ly 'o ry ' l i c  ac ids  as  ox idants .  to  regenera te  NAD fo r
enzyme-ca ta ly 'zed .  p repara t ive  ox ida t ions .  NAD regenera t ion  us ing  LDH has  ad-
vantages  o f  conven ience.  s tab i l i t y '  o f  the  regenera t ing  enzy 'me and reagents ,  and
econom) ' .  In  sy 's tems not  sens i t i ve  to  deac t iva t ion  by  g lyoxy la te .  the  h igh  redox
potent ia l  of  g lyoxylate is an advantage.

Enzymes are useful as catalysts for organic synthesis (1), and methods for
cofactor regeneration have made synthetic applications of even cofactor-requiring
enzvmes practical (2). Although several good to excellent systems regenerate the
reduced nicotinamide cofactors, NAD(P)H (2, 3), methods for regenerating the
oxidized cofactors. NAD(P), are less developed and are currently being investi-
gated (4-7). A frequent problem of enzyme-catalyzed oxidations is not the co-
factor-regenerating step but the oxidation of substrate in the synthetic step. Bio-
chemical oxidations may suffer from unfavorable thermodynamics and
noncompetit ive and uncompetit ive product inhibit ion (4, 8).

LDH catalyzes the completely stereoselective reduction of pyruvic acid (with
concomi tan t  ox ida t ion  o f  NADH)  to  r , - lac t i c  a rc id ,  Eq.  i l1 ,  R  :  CHr  e ,  l0 ) .  LDH
also accepts as substrates a var iety of  other a-oxo acids ( l  l ,  l2) ,  including gly-
oxy l i c  ac id ,  wh ich  is  reduced in  the  presence o f  NADH to  g lyco l i c  ac id .  Eq.  [ ] ,  R

' Abbreviations used: FMN, flavin mononucleotide; G6P. glucose 6-phosphate; G6PDH, glucose-6-
phosphate dehydrogenase; GluDH, glutamate dehydrogenase; Gly-Gly, glycylglycine; Hepes, 4-(2-
hydroxyethyl-l-piperazineethanesulfonic acid; HLADH, horse liver alcohol dehydrogenase; aKG,
ammonium a-ketoglutarate; LDH, L-lactate dehydrogenase; Mops, 4-morpholinepropanesulfonic
acid: TEA. triethanolamine.
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:  H  (1J-15) .  The u t i l i t y  o f  LDH in  p repara t ive  reduc t ions .  i t s  ease o f  immobi l i za-
t ion  and man ipu la t ion .  and i t s  s tab i l i t y  when pro tec ted  f rom autox ida t ion  have
been demc- rns t ra ted  (12 ,  I6 \ .

We have examined LDH as a catalyst for NAD regeneration. The two most
commonly reported methods for regenerating NAD(P) use ammonium a-ketoglu-
ta ra te  (aKG)  and g lu tamate  dehydrogenase (G luDH,  EC L4.1 .3)  (4 ,8 ,  17)  o r
FMN/Or .  w i th  (6 )  o r  w i thout  (4 ,  18 ,  19)  FMN reduc tase (EC 1 .6 .8 .  1 )  as  a  ca ta lys t .
LDH is less expensive and higher in speci f ic  act iv i ty than both GIuDH and FMN
reductuse. r  Un l ike  FMNior .  LDH pern- r i t s  NAI )  regenerer t ion  under  anaerob ic
condi t ions (many enzymes are deact ivated b1, dior, r -gen. superoxide. and perox-
ide).  Pyruvic and glyoxyl ic acids are less erpensive than a-ketoglutar ic acid and
FMN,3 and g lyoxy la te  (Eo:  -0 .90  Va)  i s  more  s t ron-e ly  ox id iz ing  than a-KG (E;
-  -0. l2 l  V for  reduct ive aminat ion).

Potent ia l  obstacles to the use of  pyruvate as the or idant were the nonproduct ive
binding of pyruvate to LDH (20) and the condensations of pyruvate with itself and
NAD (10).  Both Mgt* and LDH catalyze the enol izat ion of  pyruvate and thus the
nucleophi l ic  addi t ion of  enol  pyruvate to C--1 of  NAD (21).  Because glyoxylate
cannot  eno l i ze .  i t  shou ld  no t  undergo condensat ions  as  pyruvate  does .  A lso .  s ince
g lyoxy la te  ex is ts  in  aqueous so lu t ion  as  thc  hydra te .  i t  shou ld  be  less  so lub le  in
organ ic  so lvents  than p1 ' ruva te  and thus  more  eas i l y ' separa ted  f rom produc ts .

A  po ten t ia l  p rob lem wi th  the  use  o f  g lyo . ry la te .  hou 'ever ,  was  the  NAD- l inked
ox ida t ion  o f  g lyoxy la te  by  LDH (14 ,22) .  A t  h igh  pH (pH 9) ,  LDH ox id izes  the
hydrate of  g lyoxylate as an analog of  lactate,  Eq .  l2 l .  This react ion nor only
consumes NAD but also generates oxalate,  which is a noncompet i t ive inhibi tor  of
LDH with respect to pyruvate (and presumably the oxo form of gly,or l ' latet(2J).

NADH NAD
n \ /8\?'

R^coo- LDH n^coo- R = cHs, H

NAD NADH

g -r4.* ?' !_-/ o
lrAcoo- *o^coo- LDH ,-,oAaoo-

ul

L2l

RESULTS AND DISCUSSION

Our work began with a search for substrates of LDH other than pyruvate which
would be good oxidizing agents for NAD regeneration. We measured the kinetic

r  Cost  and speci f ic  act iv i ty  of  LDH vs GIuDH are $0.71l1000 U and 1000 U/mg vs $4.7/1000 U and
40 U/mg. respect ively.  FMN reductase (50 U/mg) requires isolat ion (Ref.  (9)) .  Pr ices (Sigma. 1988)are
for  enzymes as research biochemicals and therefore represent upper l imi ts.  One thousand uni ts ( l  U :

I  pmol /min)  is  approximately the amount of  enzymat ic act iv i ty  required to generate 1 mol  of  product /
day.

3 Prices of pyruvic (957o), glyoxylic (50% wlw aqueous solution), and a-ketoglutaric g5%) acids are
7.6,  3.5,  and 15 $/mol ,  respect ively (Aldr ich and ICN Biochemicals,  1988).

a Reduct ion potent ia ls are re lat ive to the hal f - react ion2H* + 2 e - - -> H".  for  which E^:  _0.42Y at
p H 7 .
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Ftc.  L Eadie-Hofstee plot  used to determine K^(app) of  LDH for  g lyoxylate in the absence (O) and
presence (C) of I mn sodium vanadate.

constants of LDH with glyoxylate (pH 7.0, 25'C) and found the apparent
Michaelis constant,5 K,,(app), to be 25 mr'a (Fig. 1). This value was in reasonable
agreement wi th previous determinat ions (13-15) and was signi f icant ly higher than
t h a t  f o r  p y r u v a t e  ( K , , : 0 . 1 5 - 0 . 3 3  m M )  (  1 3 ,  1 5 , 2 5 ) .  T h e  m a x i m a l  v e l o c i t y  ( y , u * )
for  the reduct ion of  g lyoxylate was approximately the same as that wi th pyruvate
and was at  least  l0a t imes faster than the oxidat ion of  g ly 'oxir latc (ne detected no
oxidation with 50 mv glyoxylate and 2.8 mr'a NAD). At concentrations above -50
mu, glyoxylate inhibited its own reduction by LDH.

Since glyoxylate exists in aqueous solution as the hydrate and since vanadate
has been shown to catalyze the hydration/dehydration of glyoxylate (25), we also
measured the kinetic constants of LDH with glyoxylate in the presence of I mrra
vanadate (Fig.  l ) .  The K,, , (app) was reduced to 8 mv. but Vn,, , ,  a lso dropped by
near ly hal f .  In the presence of  l0 mHr vanadate.  LDH lost  a l l  act iv i ty.  We did not
pursue the mechanism of th is inhibi t ion nor the fur ther use of  vanadate as a
catalyst  in NAD-regenerat ing systems.

Monomethyl oxalate (1) and S-methyl thiooxalate (2) were tested as pyruvate
analogs, but nei ther was a substrate of  LDH (V < 0.005% of that  for  pyruvate).
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To measure the stabil ity of the pyruvate (glyoxylate)/LDH system, we incu-
bated 0.1 mrra NAD and 50 mM pyruvate (glyoxylate) with and without LDH. The
activit ies of the species in solution were determined periodically by the enzymatic
assay. In all tests, the organic acids and enzyme remained fully active after 120 h.

5 The K- measured is an apparent value because it is based on the total concentration of glyoxylate,

regardless of the form(s) it exists in and the species bound by the enzyme. The actual K- is probably

much smaller since glyoxylate exists in solution almost completely as the hydrate and yet LDH binds
the free aldehydic species as the substrate for reduction.
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In the presence of pyruvate, active NAD decreased somewhat: After 120 h, in the

presence and absence of LDH, 45 and 60Vo, respectively, of the original active

NAD remained. With glyoxylate, in the presence and absence of LDH, 82 and

8970, respectively, of the original active NAD remained after 120 h.

LDH, coupled with pyruvic and glyoxylic acids as oxidants, successfully regen-

erated NAD in oxidations of 4 mmol of glucose 6-phosphate (G6P) to 6-phos-

phogluconate catalyzedby glucose-6-phosphate dehydrogenase (G6PDH) Eq. t3l.
The G6P/G6PDH system was chosen for init ial demonstrations because the oxida-

tion of G6P is thermodynamically favorable (spontaneous hydrolysis of 6-phos-

phogluconolactone renders it irreversible) and not subject to product inhibit ion by

6-phosphogluconate.  6-Phosphogluconate was isolated as i ts bar ium sal t  (26) in

70-80% yield. Total turnover numbers (TTN)6 (J) for NAD(H) were 930-1070. At

the end of the reactions (4-6 h), both enzymes remained fully active, and the

nicotinamide cofactor retainedl6-99% of its original activity. In separate stabil ity

studies, soluble G6PDH incubated in the presence of 50 mM pyruvic or glyoxylic

acid (25'C, ambient atmosphere) remained 86 and707o active, respectively, after

95 h. When 50 mr',r G6P was included in the incubation mixture, G6PDH lost no

activity after 95 h.
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To compare the present method of NAD regeneration to methods using aKG/

GIuDH and FMN/Or.  we used pyruvate/LDH to regenerate NAD for the

HLADH-catalyzed oxidat ion of  c ' is-1,2-bis(hydroxymethyl)cyclohexane (3) to
(+) - ( lR ,65) -c is -8 -oxab icyc lo [4 .3 .0 ]nonan-7-one (4 ) ,  Eq .  [4 ]  (Tab le  l )  (4 ,  27) .  Both

PAN-immobilized (28) and membrane-enclose d (29) LDH regenerated NAD effi-

ciently and economically. Particularly striking was the stabil ity of LDH, which
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6 TTN : mol of isolated product/mol of catalytic species (enzyme or cofactor) in reaction.
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TABI -E  I

Compar isc ' rn  o f  Methods of  Regencrat ing NAD t lom NADH lbr  thc  Or i t l l r t ion o l '3  to  4
Cata lyzec l  by  HI .ADH

Pvruva te /LDH G lvoxv la te /LDH aKG/G luDH"  FMN/O.n

Regenerating system
Oxidant (mmol)  Pyruvic acid Glyoxyl ic  acid a-Ketoglutar ic  FMN (20.3)

( l7D (  170 
.or  

add.ed acid (  l  -53 )
contrnuously) ' '

Enzyme (un i t s )  LDH (410)  G IUDH (230)

M i l l imo les  o f  NAD 0 .12  0 .27  1 .2

Synthet ic  system
Mi l l imo les  o f  3  71  69  14

Units of HLADH -520 2-50 80

Reac t ion  t ime  (days )  1 .5  1 .5  l . s

Product yield (Vc)' 85 U-i l iO

TTN.
NAD 1000 430 l0

Regenerat ing enzyme 3.9 x 106
H L A D H  1 . 7  x  1 0 4  1 . 9  x  1 0 4  l . l  x  l 0 l

Recovered activit "v 
(% \

NAD 11 60

Regenerat ing enz-vme l -s0 '  l0

H L A D H  I I 0 "  ] ]

$ i  mol  NAD regenerated'1 14 . r  I  150

" Data taken from Ref. (4).
h Data taken from Ref. (26).
'  Based on isolated.  d ist i l led product .
d Based on the tota l  cost  of  NAD. oxidant .  and regenerat ing enzyme (one-t ime use).
'  G ly t l r y la te  c leac t i v l t cd  HLADH.
t  Gr inding of  the immobi l izat ion gel  into smal ler  part ic les by the st i r  bar increasecl  the sLtdi rcc area of

the  ge l  and  thus  the  apparen t  ac t i v in '  o f  t he  immob i l i zed  LDH.
.  T h i s  i r c t i v l r t i o n  o l ' F l l - , A I ) H  ( p u r e  h l r s c t l  i r s  l r o n h i l i z c t l  p o r i t l c r )  r i i r \  r . c t l ( ) ( l u e  i h l c  ( t h l e c  t l ' i i r l s ) .  I t s

or ig in is  unknou'n.

was greater than that of GIuDH (4). That LDH and GIuDH are cytoplasmic and

mitochondr ia l  enzymes, respect ively.  may account for  th is di f ference in stabi l i ty .

Mitochondr ia l  enzymes tend to require associat ion wi th mitochondr ia l  mem-

branes for stabi l i ty  and are less stable in solut ion than cytoplasmic enzymes.

When glyoxylate ( in i t ia l  concentrat ion :  0.23-0.25 u) served as the oxidant in

Reaction [4], however, no product formed. Recovered enzymes showed nearly
ful l  LDH act iv i ty but no HLADH act iv i ty.  ln subsequent stabi l i ty  studies,  g ly-

oxylate irreversibly deactivated HLADH by a process that was neither first- nor

second-orderT with respect to the enzyme (Fig. 2). Glyoxylate probably caused its

deactivation by condensing with the arginine in the binding domain of HLADH, in

analogy to the deactivation of HLADH by 2,3-butadione and phenylglyoxal (30).

7 HLADH exists as a dimer.



LACTATE DEH Y DROG EN AS E-C AT ALY ZED REG E N ERATIO N 405

I  U\J

BO

t , h

Ftc.  2.  Ef fects of  0 (C),  0.5 (A),  5.0 ( f  ) ,  and 50 mt ' r  (O) g lyoxylate and -50 mv glyoxylate p lus 50 mrr . l

cyclohexanol  ( I )  on HLADH.

Cyclohexanol (50 mu) slightly improved the stabil ity of HLADH in the presence
of 50 mM glyoxylate. A final attempt at using glyoxylate in Reaction [4] in which
glyoxylate was added to the reactor (2.5 mmol h-r) also failed. After 4 h, HLADH
retained only 40Vo of its activity.

The advantages and disadvantages of using pyruvate and glyoxylate with LDH
to regenerate NAD are summarized in Table 2. Pyruvate/LDH is perhaps the
simplest, least expensive, and most stable system for regenerating NAD for reac-
tions in which the oxidation step is thermodynamically favorable (or can be made
so by removing or react ing fur ther the product) .  With enzvmes that are not sus-
cept ib le to deact ivat ion by glyoxylate.  g lyoxylate of fers advantages of  a high
reduc t ion  po ten t ia l  and an  even low 'er -cos t  than pvruv i r te .  A  d is i rc lv 'un tage o l ' l - l )H
i s  i t s  i n a b i l i t y  t o  o x i d i z e  N A D P H .  a n d  c r K G / G l u D H  r e n - r a i n s  t h e  o n l y  e n z y m a t i c
method capab le  o f  d i rec t  regenera t ion  o f  NADP.  aKG has  a  good reduc t ion
potent ia l .  In some react ions,  the zwit ter ionic product,  r , -g lutamate,  may be easier
to separate f rom products than lact ic or glycol ic acids.  Methods based on LDH
and GIuDH are super ior  to those based on the reduct ion of  FMN.

TABLE 2

Advantages and Disadvantages of Using Py.rff iTX$,Yoxylic Acids r.,,, i th LDH to Regenerate

Method Advantages D isadvan tages

.> 60
C)
( J 4 0

o\

20

40
0

Pyruvate/LDH

Glvoxvlate/LDH

Inexpensive oxidant
High specific activity of enzyme
Inexpensive enzyme
Small K^ for pyruvate

Compatibil ity with other enzymes
Very inexpensive oxidant
High specific activity of enzyme
Inexpensive enzyme
Strong oxidizing potential

Compatibil ity with NAD

Moderate oxid iz ing potent ia l

Mi ld deact ivat ion of  NAD by pyruvate

Inabi l i ty  to oxid ize NADPH

Large K^ for glyoxylate

Deactivation of HLADH
(and other enzymes' l )

Inabi l i tv  to oxid ize NADPH
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EXPERIME,NTAL

Materials and methods. LDH (rabbit muscle, ammonium sulfate suspension),
G6PDH (Leuconostoc mesenteroide.r, ammonium sulfate suspension), HLADH
(lyophilized powder), and biochemicals from Sigma were used without further
purification. cis-1,2-Bis(hydroxymethyl)cyclohexane (98%), pyruvic acid (98%),
and glyoxylic acid (50% w/w aqueous solution) from Aldrich were used without
further purification. Water was doubly distil led, the second time through a Corn-
ing AG-1b glass stil l. The autotitrator assembly consisted of a Radiometer PHM82
pH meter, TTT80 titrator, TTA80 titration assembly, ABU80 autoburette,
REA160 titrograph, and REA270 pH stat unit. rH and rrc NMR spectra were
taken on Bruker AM-300 and AM-250 spectrometers, using CHCl.r ('H 6 7 .26, t3C

6 77.0 in CDCI3) or sodium 3-(tr imethylsi lyt)- l-propanesulfonate (methyl rH 6
0.00, r3C 6 0.00 in DzO) as internal references. Infrared spectra were taken on a
Perkin-Elmer 598 spectrophotometer. Elemental analyses were performed by
Spang Microanalytical Laboratory.

Enzymatic assays. All assays were based on the spectrophotometric observa-
tion of the appearance or disappearance of NADH at 334 nm (e : 6.18 mu-r
cm-r). For LDH, the assay was init iated by adding 0.01 ml of a solut ion containing
0.01-0.1 U of  LDH to 3.00 ml  of  0 .1 v  t r ie thanolamine (TEA) buf fer .  pH 7.6.
conta in ing2.3 mu sodium pyruvate and 0.23 mrnl  NADH. Assay 'of  LDH wi th
glyoxylate as substrate was performed similarl- ' -  except in 0.I  r t  Hepcs t lr  Mops/
NaOH buf fer ,  pH 7.0,  wi th  50 mlr  g lyoxy late.  For  HLADH.0.01 ml  conta in ing
0.01-0.1 U of  HLADH was added to l . l0  ml  of  0 .1 r 'a  Gly-Gly buf fer .  pH 8.0.
containingg.g mu cyclohexanol and 0.50 mr'a NAD. Units were expressed as
activity with 3, which has a maximal velocity that is 80% of that of cyclohexanol
(27). For G6PDH, 0.02 ml containing 0.01-0.10 U of G6PDH was added to 2.98 ml
0.1 rvr potassium phosphate buffer, pH 7.0 or 7 .6, containing 9.8 mv G6P, 6.9 mna
NAD, and 3 mrur MgCl2. Pyruvate was assayed by adding 0.10 ml containing up to
210 nmol of pyruvate to 0.96 ml of 0.I  r 'a TEA. pH 1.6. containing 0.33 mlt NADH
and 2 U of LDH. Glyoxylate was assayed by' the method of Bergmeyer and Lang
(J1), substi tut ing LDH and NADH for glyoxylate reductase and NADPH, respec-
t ively. Total NAD(H) was assayed by the method of Bernofsky and Swan (32),

and oxalate was assayed using a diagnostic kit from Sigma.
Monomethyl oxalate. Reaction of oxalic acid (10 g) and methanol in carbon

tetrachloride (JJ) gave, after dist i l lat ion, 267o dimethyl oxalate Isubl. 40'C (0.1

Torr ) ;  'H NMR (CDClr)  6  3.89 (s) ;  r3C NMR (CDC|- . )  6  ,53.-5.  l -s7.81 and 27%
monomethyl oxalate: bp 50-55'C (0.1 Torr) Uit.  (JJ) bp -50--s2"C (0.2 Torr)1, 'H
NMR (CDCh) 5 3.94 (s ,  3  H) ,  10.57 (s ,  I  H) ;  r3C NMR (CDClr)  6  -54.2,  158.2,
195 .5 .

Potassium S-methyl thiooxalate. Oxalyl chloride (10 mmol) was converted in
four steps (34) to potassium S-methyl thiooxalate (30%): rH NMR (DrO) E 2.33 (s).

Enzyme stabilities. Pyruvic or glyoxylic acid (50 mu) and NAD (0.1 mu) were
incubated with and without LDH (l  U) in 0.10 u TEA buffer, pH 7.6,25'C.
Periodic aliquots were assayed for activities of the organic acid, NAD, and LDH.

G6PDH (2U) was incubated in 50 mv Tris/HCl buffer, pH 7.5,6.3 mu MgCl2,
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25"C, in the presence of 0, 5, 15, and 50 mM pyruvate or glyoxylic acid. G6PDH
was similarly incubated with 50 mM organic acid plus 50 mr'a G6P. Periodically,
aliquots were assayed for enzymatic activity.

HLADH (0.5 mg) was incubated in 0.1 rra Mops/NaOH buffer, pH 7.0, 25"C in
the presence of 0.0, 0.5, 5.0, or 50 mrr,l glyoxylate, with and without 50 mv
cyclohexanol. HLADH was similarly incubated with 50 mM pyruvate, with and
without cyclohexanol. Periodically, aliquots were assayed for enzymatic activity.

Oxidation of G6P using LDH to regenerate ltlAD. Each reaction contained in23
ml of water: 4 mmol of G6P (disodium salt), 4 mmol of pyruvate or glyoxylate, 3
pr.mol of NAD,75 p.mol of DTT, and 75 pmol of MgCl2. Soluble LDH (125 U) and
G6PDH (200 U) were added to init iate the reaction. Reaction progress was moni-
tored by recording the volume of 1.000 N NaOH delivered by an autotitrator
assembly to maintain constant pH (pH7.6 with pyruvate, pH 7.0 with glyoxylate).

Upon completion of the reaction, the mixture was assayed for G6PDH, LDH, and
NAD and oxalate if glyoxylate had been used as the oxidant. BaClr ' 2H2O (6

mmol) and then 8 ml of ethanol were added to the stirred solution. The precipitate
was fi l tered, dried in uac'uo, and assayed for 6-phosphogluconate as described
previously (25).

Oxidation of cis-l ,2-bis(hydroxymethyl)c-vc'lohexane (3) using LDH to regener-
ate l lAD. A 3-liter, three-necked round-bottomed flask with magnetic stirring bar
was charged with 3 (  10.5 g,  7 |  mmol) ,  pyruvic acid (  12.2 ml,  172 mmol)  d issolved
in 150 ml of  water plus 45 ml of  4 N NaOH, 37.5 ml of  0.1 r 'a Gly-Gly buffer.  pH
8.0, 520 ml of nitrogen-sparged water, HLADH (290 mg. -520 U). and PAN-
immobi l ized (27) LDH (410 U, 100 ml of  gel) .  A l i t t le 4 N NaOH was added to
adjust  the pH to 8.1,  and the mixture was sparged with ni t rogen for 30 min to
remove dioxygen. A 50-pl  a l iquot was assayed for in i t ia l  pyruvate concentrat ion.
NAD 0.12 mmol)  was added to the mixture.  and 50 pcl  was removed to assay for
in i t ia l  NAD(H) concentrat ion.  Hexane ( l  l i ter)  was layered over the aqueous
solution. and the reaction was stirred gently. The progress of the reaction was
monitored by assaying for pyruvate. After 40 h, the reaction was complete . Enzy-
mat ic assay showed 110 and 77% of the or ig inal  HLADH and NAD(H) act iv i t ies,
respect ively.  remaining. The hexane was removed by steel  cannula and concen-
trated to a yellow oil. The gel was allowed to settle and most of the aqueous layer
removed by cannula. The gel was centrifuged and the supernatant decanted. The
gel was then washed twice by resuspension in water, centrifugation, and decant-
ing. All aqueous layers were combined and extracted with ether. Ethereal por-

t ions were combined with the concentrated hexane solut ion,  dr ied over MgSOa,
and evaporated under reduced pressure. Disti l lation of the crude product gave 8.5
g (85%) of  (+)-1IR, 65)-c is-8-oxabicyclo[4.3.0]nonan-7-one (4) as a color less oi l :
bp  65-75 'C (0 .3  Tor r ) ;  a2 ;  +  43 .8 ' (neat ) ;  'H  NMR (CDCI3)  6  l . l  -2 .6  (m,  10  H) ,
3.90 and 4.15 (2 dd, " Iu i .  

:  1.2 and 5 .0H2, respect ively,  . , Ig. ,n :  8.8 Hz, I  H each);  i r
(neat)  1770 cmr.  Analyt ical  data were in agreement wi th the l i terature (4,27).

The LDH gel assayed for 150% of its original activity.
A similar reaction was run using HLADH and LDH enclosed in dialysis mem-

brane tubing (29).Yield of disti l led product was 88%.
Attempted oxidations of 3 using glyoxylate and PAN-immobilized or mem-
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brane-enclosed LDH were identical to the reactions described above except that
glyoxylate replaced pyruvate. In a final attempt, a neutral solution of sodium
glyoxylat e (l .14 u) was added at a rate of 2.2 ml h- I to a biphasic system contain-
ing 10 g of 3, 20 mrrl triethanolamine, and 0.12 mmol of NAD in 800 ml of degassed
water. HLADH (500 U) and LDH (1500 U) were enclosed in dialysis tubing (8 ml
total volume) and submerged in the aqueous layer, which was then overlayered
with hexane.
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