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Th is  paper  descr ibcs severa l  pract ica l  s )s tcnts  for  the in  s i tu
regene ra t i on  o f  N ,AD(P)H  f rom NAD(P) ,  us ing  d ih rd rogen  as
the u l t imate reduc ing agent ,  in  react ions cata lyzed b i  the hy 'd-
rogenase (H2ase,  EC 1.12.1.2)  f rom Methanobacter ium ther-
moautotrophicum (Scheme I).  The development of simple and
economica l  methods for  regenerat ing the reduced n icot inamide
cofactors  represents  an impor tant  in termediate  s tep in  the ad-
aptat ion o f  enz l 'mic  cata lys is  to  prob lems in  pract ica l  organic
synthes is . l  5  Dih ; ' 'd rogen has thc advantages as a  reactant  that
i t  is  inexpens ive and a s t rong reduc ing agent  and that  i ts  con-
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sumption leaves no byproducts. Previous hydrogenase-catalyzed
reductions have been carr ied out on a small  scale and have not
provided the information concerning the stabi l i ty and ease of
manipulat ion of the enzymes involved that is required to judge
the usefulness of these schemes for organic synthetic appl ica-
t ions.6  8

We have explored two redox cycles based on H2ase. In one,
H2ase cata lyzes the reduct ion o f  MV2+ to  MV+ (MV = methy l
v io logen) ,  and MV+ is  used to  reduce NAD(P)  to  NAD(P)H in
reactions catalyzed by the flavoenzymes lipoamide dehydrogenase
(L ipDH,  EC  1 .6 .4 .3 )  o r  f e r redox in  reduc tase  (FdR,  EC
1.6.99.4) .1  e  ln  the second,  H2ase cata lyzes the reduct ion o f
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cofactor  Fn to  F6H, ,  and th is  so lub le  f lav in  analogue is  used to
reduce NADP to  NADPH in  a  react ion cata ly 'zed by F6-NADP
reductase (F.NR,  EC not  ass igned) .10 ' r l  In  the f i rs t  cyc le ,  FdR
can accept either NAD or NADP as substrate; LipDH is specif ic
f o r  NAD.

The H2ase and F6NR requi red are present  in  quant i ty  in  the
same preparation and are used in crude form. M. therm)auto-
trophicum was grown as described previouslyl2 and harvested, and
the ce l ls  were broken in  a  French press (4-g wet  ce l ls ,  0  oC,  in
25 mL of  50 mM Tr is ,  pH 7. -5 .  19000 ps i ) .  The resu l t ing sus-
pension was centrifuged at 140009 for 25 min and the supernatant
passed through a DEAE co lumn (2 .2  x  3 .5  cm).  The resu l t ing
crude mix ture o f  pro te ins (3 .3  mg of  prote inr2 per  mL of  Tr is
buffer, - 3it mt-) was immobilized in PAN gel'a (20 g of polymer)
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without  fur ther  pur i f ica t ion.  The act iv i ty  measured for  H2ase
depended on the assay method usedrs  but  was approx imatc l r  5  6
U  mg- ' ( l  U  =  I  p rmo l  o f  F6o r  2  smo l  o f  MV2+  reduced /m in )
before immobil izat ion; the immobil izat ion -v-ield was -40olo and
the activi ty of the result ing swollen gel - I  -  l0 U mL I for H2ase
and -  I  U mL I  for  FoNR. The ge l - immobi l ized H2ase (sus-
pended in  50 mM Tr is ,  pH 7.5)  showed no loss in  act iv i ty  over
2 week when stored under H2at 25 oC in the presence of 2 mM
MV and 2-mercaptoethanol  or  under  Ar  a t  5  oC.

A preparat ion o f  o- lac ta te  i l lus t ra tes the operat ion o f  the
MV-mediated redox cyc le .  ln  a  2-L,  three-necked round-bot -
tomed f lask was placed I L of solut ion containing pyruvate (400

mmol) ,  NAD (0.2  mmol) ,  MV2+ (2  mmol) ,  DTT (3  mmol) ,  and
300 U each of immobil ized H2ase (40 mL of gel,  assay' based on
2  mM MV2+ ,  pH  8 .0 ) ,  L i pDH (8  mL  o f  gc l ) ,  and  D -LDH (0 .5

mL of  ge l ) . '6  The suspens ion was deoxygenated wi th  a  s t ream
of Ar for 30 min and evacuated to 0.01 torr (boiling). Dihydrogen
(1.2 a tm)  was in t roduced and the pH cont ro l led a t  7 .8  us ing a
pH-stat by adding oxygen-free 2 N KOH solut ion. An addit ional
500 U of  L ipDH was added every  2  days. rT The react ion was
completed in l2 days. The suspension was f lushed with Ar to
remove H2,  the ge l  was a l lowed to  set t le ,  and the so lu t ion was
decanted and treated with 20 g of act ivated charcoal to remove
MV and NAD(H).  D-Lactate  was iso la ted f rom th is  so lu t ion as
its zinc salt  (340 mmol of o-lactate, l0 mmol of t-- lactate, 8,5ozo
yield, 94% ee) as described previously.5 Turnover numbers (TN )
and quanti t ies of enzymes recovered are summarized in Table I.

The operation of the redox system mediated by F6 is illustrated
by a preparation of threo-o,(*)- isocitrate. In the same apparatus
was p laced I  L  o f  deoxygenated so lu t ion (0 .1  M Tr is .  pH 7.8)
containing a-ketoglutarate and NaHCO3 (200 mmol each). MnCl2
(5  mmo l ) ,  DTT  (3  mmo l ) ,  NADP (0 .1  mmo l ) ,  and  F0  (0 .08

mmol) .  PAN- immobi l ized H2asc ( ,s00 U bascd on Fe.  pH 7. -s) .
F o N R  ( - 1 0 0  U ) , r 5  a n d  I C D H  ( 1 0 0  U )  w c r e  a d d e d ,  a n d  t h e
mixture was mainta ined at  pH 7.8  under  1 .2  a tm of  '1 : l  nr ix turc
of  H2 and CO2 for  l2  days.  Unreacted a-kctog lu tarate  \^as
des t royed  by  us ing  NH4CI  (100  mmo l )  and  g lu tama te  de -
hydrogenase (100 U)  and threo-o, ( * ) - isoc i t r ic  ac id  iso la ted as
i ts  bar ium sa l t  (43 g ,96% pur i ty ,  100 mmol ,  50o/o y ie ld)  as de-
scr ibed prev ious ly . '

These procedures demonstrate the usefulne.ss of the Hrase from
M. thermoautotrophicum as the basis for catal l t ic procedures
for reducing nicotinamide cofactors by H2 in situ. The thermo-
dynamics of the overal l  reactions strongly favor reduction (for

N A D  *  H z  -  N A D H  +  H * ,  . 1 6 . ' , -  0 . 1  v ,  J G 6 ' =  - 4 . 6

kca l /mol ,  K* '  -  2400,  pH 7.0 ,  I  a tm of  H2) .18 This  H2ase has
a high specific activity;e it (and F6NR if required) can be obtained
in large quanti t ies from a nonpathogenic organism using a simple
isolat ion and can be used in crude form; i t  is stable and is not
irreversibly inactivated by 02; i t  accepts as substrates a number
of cofactors and redox dyes (F0, MV2+, benzy' l  viologen, diquat,
FAD, FMN, others) and can thus be ut i l ized in a variety of ways.
In addit ion, the other coupling enzymes required are either com-
mercially available or readily prepared. The disadvantages of these
systems are that the M. thermoautotrophicum fermentation is
not tr ivial,  yeast LipDH is unstable under the reaction condit ions.
H2oSe,  FdR,  F6NR, and F6 must  be prepared,  FgNR is  spec i f ic
for  NADP,  and L ipDH is  spec i f ic  for  NAD.

In  summary,  th is  work  demonst ra tes the pract ica l i t .v  o f  organic
synthet ic  procedurcs based on NAD(P1Fl - rcqu i r ing enzy 'mcs.  in

which t l2 / t - lzase is  the u l t imate reduc ing agent .  The Hlase used

he rc  sccms  the  mos t  l t t r ac t l r  c  p r cscn t l r  ava i l ab l c  f o r  H ;  acL i -

vat ion. re  Of  thc  two conf igurat ions testcd for  NAD -  NADH.

the  mos t  p rac t i ca l  seems  to  be  H , lHzasc /MV ' * / L i pDH/NAD '
a l though the prob lem of  the ins tab i l i t l '  o f  L ipDH remains to  be

solved.  Evaluat ion o f  the mer i ts  o f  th is  s t -s tem for  reduced n ic-

o t inamide cofactor  regenerat ion.  re la t ive to  o thers  present l l '

avai lable or being developed (formate/formate dehydrogenase,r '4
g lucose 6-phosphate/G-6-P dehydrogenase,5 var ious e lect ro-

chemica l  procedures: ' :o ;  w i l l  a lmost  cer ta in l l '  var l  w i th  the

characterist ics of the contemplated s-v-nthesis. and especial l l"  with

its scale. H2asc-based slstems are of greatest intcrest in large-scale
work, where the cost of the reagents is cr i t ical.  In laboratorr '-scale
work .  nhc rc  conven i cncc  i s  mOrC  impo r tan t .  t hc  mos t  a t t r ac t i ve
procedures are ( in our expericnce) those based on glucose-6-PDH

or formate dehrdrogenase;  the procedure descr ibed here is  too

complex for  smal l -sca le  work .
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