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Summary .  Three enzymes (used in  so lub le  fo rm enc losed in  ad ia lys is  membrane)  e l f i c ien t ly
produce 3:deoxy-D-manno-2-octulosonate-B-phosphate (KDO-B-P, 4) f rom D-
arab inose (Ara ,  i )  and phosphoeno lpyruvate  (PEP 3) ;  p roduc t ion  o f  D-Ara-S-P 2
from Ara using hexokinase is the key step in the synthesis '

This let ter  reports a mult i -gram enzymatic synthesis of  3-deoxy-D-manno-2-octulosonate-B-

phosphate6  (KDO-B-P,  4 )  f rom D-arab inose (Ara ,  1 )  and phosphoeno lpyruvate  (PEP,  3 ) .  The key

step in th is synthesis is the product ion of  the expensive intermediate D-arabinose-S-phosphate

(Ara-S-p ,2 ,  -  $1g4/mole)  f rom D-arab inose (Ara ,  1 )us ing  hexok inase.T  KDO-B-P is  a  key

intermediate in the biosynthesis of  the l ipopolysacchar ide (LPS) region of  gram-negat ive

bac ter ia .B ,9  Inh ib i to rs  o f  LPS b iosynthes is  a re  cand ida tes  in  the  des ign  o f  an t im ic rob ia l

pharmaceut icals. l0, l  l  The avai labi l i ty  of  gram quant i t ies of  KDO-B-P may faci l i tate the search for

new inhibi tors.  This synthesis may also be appl icable to the synthesis of  analogs of  KDO-8-P.
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Product ion  o f  Ara-5-P 2  re l ies  on  two enzymes:  hexok inase (E .C.  2 .7 .1  .1 )  and pyruvate

k inase (E .C.  2 .7 .1 .40) .  Hexok inase ca ta lyzes  the  genera t ion  o f  2  and ADP f rom Ara  1  and a

catalyt ic amount of  ATP. In a coupled system, pyruvate k inase regenerates ATP from ADP, whi le

conver l ing  the  read i l y  ava i lab le  PEP to  pyruvate . '12  Rtdo t  condensat ion  c f  2  w i th  add i t iona l  PEP

u s i n g  K D O - B - p h o s p h a t e  s y n t h e t a s e  ( E . C . 4 . 1 . 3 . 3 ) ,  i s o l a t e d  f r o m  E .  c o l i  B ,  p r o d u c e s  1 . 1 3  T h e

enc losure  o f  a l l  th ree  enzymes in  a  s ing le  d ia lys is  membrane fac i l i ta tes  separa t ion  o f  the  reac t ion
produc ts  f rom pro te in  and a l lows reuse o f  the  ca ta lys ts . l4  ln  our  hands  the  enzymat ic  p roduc t ion  o f
Are-6-P ic  c r rnor is r  to  the  method based upOn the  reac t ion  be tween D-g lucosar r r ine-6-phosphate
a n d  n i n h y d r i n . l 5

lsolat ion of  4 is straightforward. Addi t ion of  bar ium chlor ide to the crude react ion mixture
prec lp i ta tes  a  mix tu re  o f  bar ium sa l ts  conta in ing  pr imar i l y  KDO-B-P and inorgan ic  phosphate  (P ; ) .

S t i r r ing  the  mix tu re  w i th  ion  exchange res in  (Dowex 50W,  H+ fo rm) ,  fo l lowed by  ne . r t ra l i za t ion  w i th
L iOH and f i l t ra t ion ,  removes P i  as  i t s  inso lub le  l i th ium sa l t .  Lyoph i l i za t ion  o f  the  i i l ' t ra te  fo l lowed by
fur ther  pur i f i ca t ion  by  ge l  f i l t ra t ion  (B ioge l  P-2 ,  e luant :  water )  p rov ides  90% pure  4  in  63% y ie ld ;
PEP and KDO ( t race)  a re  a lso  present .  lon  exchange chromatography  (AG 1-X2,  e iuant :0  to  1 .3  M
HCO3-NH4+)  removed res idua l  PEP to  g ive  4  in  >95o/ "  pur i t y  (42% y ie ld ) .  Exper imenta l
procedures are provided below.

K D O - 8 - p h o s p h a t e  ( 4 )  f r o m  A r a  ( 1 ) .  T o  a  s o l u t i o n  o f  P E P - K +  1 2  3  ( 1 5  2 5  g , 7 4  n m o l ;  p H  7 )  i n
water  (250 mL)  were  added Ara  1  (9 .00  g ,  60  mmol )  and ATP (3 .68  g ,  6  mi 'no i )  and the  so lu t ion  was
ad jus ted to  pH 7 .6by  add i t ion  o f  1  N NaOH.  Af te radd i t ion  o f  MgCl2 .6H2O (1  76  g ,B  7  mmol )  and2-
mercaptoe thano l  (0 .1  mL) ,  the  reac t ion  so lu t ion  was p laced in  a  500-mL graduated  cy l inder
conta in ing  a  magnet ic  s t i r r ing  bar ,  and was degassed w i th  N2 fo r  30  min .  KDO-B-phosphate

s y n t h e t a s e l 3  ( 5 0  U ,  1  U  =  1  p m o l  m i n - 1 m g - 1 ) ,  p y r u v a t e  k i n a s e  ( 1 6 0  U )  a n d  h e x o k i n a s e  ( 1 6 , 0 0 0  U )
were  d isso lved in  13  mL o f  the  reac t ion  so lu t ion ,  p laced in  a  d ia lys is  membrane (Spect rapor  2 ,  MW
cuto f f  12 ,000-14,000,25  mm) and added to  the  reac t ion  vesse l ;  N2 was cont inous ly  bubb led
through the  so lu t ion .  A f le r  4  days ,  the  enzyme-conta in ing  bag was removed and d ia lyzed tw ice
against  50 mL of  water.  The combined react ion mixture and dialysates (350 mt-)  were t ransfered to
a2 'L  Er lenmeyer f lask  and BaCl2 .2H2O (20  g ,  82  mmol )  was  added,  fo l lowed by  700 mL o f
ace tone.  The so lu t ion  was s t i r red  ta r  2h  and le f t  overn igh t  a t  4  "C.  F i l t ra t ion  o f  the  resu l t ing  bar ium
prec ip i ta te  (wh ich  cons is ted  pr imar i l y  o f  P ;  and KDO-B-P)  y ie lded 26 .a9  o f  a  b rown so l id .  Water
(500 mL)  was added to  th is  so l id  fo l lowed by  ion  exchange res in  (Dowex 50W,  H+,  17  g)  and the
so lu t ion  was s t i r red lo rT2 h .  Neut ra l i za t ion  o f  the  f i l t ra te  w i th  L iOH prec ip i ta ted  P i  The f i l t ra te  was
concent ra ted  in  vacuo to  approx imate ly  100 mL,  and th is  so lu t ion  was passed th 'ough a  co lumn o f
B ioge l  P-2  (100 x  4 .5  cm,  e luant :  water ) .  F rac t ions  conta in ing  4  were  poo led l6  and concent ra ted  in
vacuo to  g ive  8 .2  g  o t  4  (90% pur i ty  by  1H NMR spec t roscopy ;  63% y ie td ) ;  pEp (10e, . )  and KDO
( t race)  were  a lso  present .  lon  exchange chromatography  (AG 1-X2,  e luant :  0  to  1  3  f ' /  HCO:  I ' JH4+;
removed res idua l  PEP.  The f rac t ions  conta in ing  KDO-B-P were  poo led  and brought  tc  pH 6  cy
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addit ion of  Dowex 50W (H+ form) and the solut ion was f i l tered and concentrated in vacuo to give

5.a1 g of  4 (>95% pur i ty,  42%yield).  The productwascharacter ized by 1H NMR, 13C tr t t ' , ln and by

assaying for release of  phosphate according to the procedure of  Ray;6 t reatment of  4 wi th acid
phosphatase (E .C.  3 .1 .3 .2 )  y ie lded KDO .

A r a b i n o s e - S - p h o s p h a t e  ( 2 ) .  T o  a  s o l u t i o n  o f  P E P - K +  3  ( 1 1 . 0  9 , 9 1 o k , 4 8  m m o l ;  p H  7 )  i n  w a t e r
(75  mL)  in  a  250-mL Er lenmeyer  f lask  conta in ing  a  magnet ic  s t i r r ing  bar  were  added.  Ara  1  (10 .9  g ,
7 2 . 8  m m o l ) ,  A T P  ( 1 . 2 9  9 , 2 . 1 6  m m o l )  a n d  M g C l 2 . 6 H 2 O  ( 2 . 2  9 , 1 0 . 8  m m o l ) .  T h e  p H  w a s  a d j u s t e d  t o
pH 7.6 wi th 1 N NaOH, the solut ion was degassed with N2 for 30 min and 0.1 mL of  2-

mercaptoethanol  was added. Hexokinase (10,000 U) and pyruvate k inase (500 U) were dissolved
in 4 mL of  the react ion mixture and the enzyme solut ion was placed in a sect ion of  d ia lysis tubing .
The enzyme-containing bag was added to the react ion f lask which was then stoppered and agi tated
at 150 rpm on an orbi ta l  shaker at  room temperature.  Analysis by 31 P NMR spectroscopy monitored
the format ion of  2.  At ter  4 days, 10,000 U of  addi t ional  hexokinase in adialysis membrane were
added to the react ion mixture.  Af ter an addi t ional  3 days, 10,000 U of  hexokinase,500 U of  pyruvate
kinase and 850 mg (4.2 mmol)  of  MgC|2.6HZO were added. A white precipi tate,  presumably the
magnesium sal t  of  P; ,  formed dur ing the react ion.  After an addi t ional  5 days, the enzyme-containing

bags were removed and dialyzed twice against  50 mL quant i t ies of  water.  To the combined react ion
and dialysates was added 4 g of  BaC|2.2HZO ( in 1 g port ions dissolved in approximately 10 mL of
water)  to precipi tate remaining ATP and P;.  Af ter  each addi t ion,  the mixture was f i l tered through

Cel i te and each f i l ter  cake was washed with approximately 30 mL of  water.  To the combined
f i l t rates (300 mL) was addedBaC|2,2HZO (13 9,53 mmol)  and then 900 mL of  EIOH and the

mixture was lef t  at  4 oC overnight.  The precipi tate was col lected by f i l t rat ion,  washed with 100 mL of
EtOH:water (3:1,  v:v)  and dr ied in vacuo over P2O5 to give 18.5 g of  the bar ium sal t  of  2 (85% pur i ty,

89% yield ) .  The spectral  data matched that of  a sample obtained from Sigma; PEP (5%) and
d ipyruvate  (10%)  were  a lso  present .  Ana l :  Ca lcd .  fo r  C5H9O6PBa:  C,  16 .43 ;  H,2 .48 ;  Ba,  37 .58 ;
F o u n d :  C ,  1 6 . 3 3 ;  H , 2 . 4 5 ; B , a , 3 7 . 1 7 .
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