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Dihydroxyacetone phosphate was prepared in 2OGmmol scale from dihydroxyacetone by two procedures: reaction
with phosphorus oxytrichloride and glycerol kinase catalyzed phosphorylation using ATP with in situ regeneration
of ATP by phosphoenolp5rruvate or acetyl phosphate. Dihydroxyacetone phosphate was converted to fructose
6-phosphate in 80% yield by exposure to a mixture of co-immobilized triosephosphate isomerase and aidolase
followed by acid hydrolysis of the condensation product fructose 1,6-bisphosphate. Fructose 6-phosphate was
subsequently converted by chemical and enzymatic schemes into fructose, glucose 6-phosphate, and glucose.
Practical procedures are described for the preparation of o- and l-glyceraldehyde 3-phosphate and foiseveral
hexoses labeled with 13C in the C-2 and C-2,5 positions.

Introduction
The work reported in this manuscript is part of a pro-

gram to evaluate the potential of aldolase-catalyzed aldol

(1) Supported by the National Institutes of Health Grant GM-26b48.
Inquiries should be addressed to G.M.W. at Harvard Universitv.

reactions as a route to isotopically labeled and uncommon
sugars on scales from 0.01 to 1 mol. The aldolase used in
this work (from rabbit muscle, E.C. 4.1.2.13) is commer-
cially available. It is inexpensive, and it has high specific
activity and good stability. It requires dihydroxyacetone
phosphate (DHAP)2 as one substrate, but wil l accept a
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Table I. Kinetic Parameters of Aldolase from N{uscle antl

rabbit muscle

Y eiLst "

\ \ ' r  ' ng  anc l  \ \ ' h i t es ides

Y east

substrate K - ,  mM v K* ,  mNI

D -fructose 1, 6-bisphosphate
L -sorbose 1,6-bisPhosPhate
L-sorbose 1-phosphate
D -fructose 1 -phosPhate

D -fructose 6-phosPhate

dihydroxyacetone PhosPhate
*  D-g lYcera ldehYde-3 -P
t D . t ,  -g iYceraldehYde

i-  D,L- lactaldeirYde
I  D .L  - . r  -hyd roxybu ty ra ldehyc ie

dihydrnxyacetone sul fate i3 )
+ D,L -g lYceraldehYde-3-P

dihydroxyacetone
-t  D -g lyceraldehYde-3-P

acetol  phosphate (2)

+ o -g lyceraldehyde-3-P

4-l'rydroxy-3-oxo-1, -phosphonate i 1 )
+ t r  -g lyceraldehyde-3-P

Aldol Cleavage

0 .006  b

0 .o44
0 . 6
6 . 3

Aldol Condensation

1 . 0  ( 0 . 4 ) "
4 . 0

1 c  0 . 3 6
0 . 1  0 . 1 3
0 . 0 2  0 . 2
0 . 0 1  1 . 0
0 .0001

2.4
2 . 0  3 . 0

1 "
0 . 0 0  2
0 . 0 0 0  2
0 .000 .1

0 . 0 0 0 6

o . 4 e

2 . 8
0 . 1
0 . 1 f
0 . 1  f

<  0 .0001 r

.< 0.0001

< 0 . 0 0 0 3

0.L  ' '

a The numben cited are from: Richards and Pottet (Richar&, o. C-; Rutter' w. J "I Broi gt:,l] l-9-A 
ii6" 

3185-92)

unless otherwise indicated. The f- 
"i 

OH,qi rn* aetlrmined in the presence of D -glyceraldehyde 3-phoaphate'

v - v^-.. D Mariensen, T. Irl.; vra,isout-. i.-8. Biochem. Biophls Res Commun li l6' 69' 844-51 .(-42 rrmol min '

;; ,"J??;'r; ' . 
' ; i l ;o;; i; i ;-; 

;; ' '  oi 
".,,v-. 

'stf iblins,D B.iichem 't ts14, I4t' ?25-8 r Determined in I 'his

i"i""r-t"ir.' 'ift" 
".n-"."it"iio" "r 

ufa"ivO" *"."ptoi *as iO -l,i'.na tn" concentmtion of donor (DHAP or diirvdroxy-

acetone sulfate) was 20 mM, PH ?.0

i ' i r ; ' n rc  l i  i ' l t r . ' t i  i l a i  i r n , t  i ' , i t z .5 'n t t r t t t '  I \ t ' pa ra t i ' i . r t r s  < l f

i ) r i - r  r  r t l ' i r \ \  i i c t ' l , r r l e  l ) t r o s p h l r t t '

l
- ,  

7  - ^ - , ^6  
-

Scireme L st ,ereochetni5try of  l i 'eact ions ( lat i i l 'zed br

Rabbi t  \ luscle Al t io la*st '

?
r iO^-=. f r  - - -  R

HO-!-_{ ' -CP

H

\  Q P O 1 H
!  t {

\  
P E P

- ! 2

a ,
,____=x

z  A c  
-

I : ^ c ^

'  
A c p

p C C  
r

\
\ . . ' r \ v  .  ^ -

-  l l  ^  A v '

H03PO--,'xt'!rh

D  H A P

I
l : (

I

R  W i d e l Y  v o r i o b l e

R ' =  H , O H

{ R' l

{ a')

+

R

d--l
H O i

-oH
o -

P o -

6 0 %  f  r o m  P O C I 3  ( n o t  ! s o l o l e  d  )

8 0 7 "  f  r o m  A T P  ( i s o l o t e d  )

p rev ious ly  i n  sma l l - sca le  ( -2  mmol )  svn theses  u t ' 1 : r ( l - l a -

beled fructose and glucose.s Its utilitv for larger scale work

has not been explored.
These methods should be useful in the svnthesis of

certain simple sugars and in the preparation of isotopically
labeled sugars for use in biochemistry, metabolism, and
physiology.

Results

The enzyme aldolase from rabbit muscle or yeast is

highly specific for DHAP. Table I summarizes data on

su-bstrate specificity.3 In general, any change in the

structure of DHAP greatly reduces reactivity in the al-

dolase-catalyzed reaction. The phosphonate analogue
4-hydroxy-3-oxo l-phosphonate' 1, provides an exception:
this substance is 10% as active as DHAP. Acetol phos-
phate 2 is about 0.017o as active as DHAP, while di-

irydroxyacetone monosulfate (3) is not a substrate for the

muscle enzvme.

N o r r o w  s p e c i f i c i r Y  
{  " { " 'I  P O -

wide variety of aldehydes as the second.3 The stereo-

chemistry of the aldol condensation catalyzed by this en-

zyme is indicated in Scheme I; the two new chiral centers

are formed enantiospecifically.4 Aldolase has been used

(2) Abbreviations: AcP, acetyl phosphate; DHA, dihydroxyacetone;
FDP, o-fructose 1,6-bisphosphate; F-O-p, o-fructose 6-phosphate; F- 1 -P,

o-fructose 1-phosphatb; G-6-P, n-glucose 6-phosphat".;-.Gq' glycer-

"ld"hydu; 
Gd-^3-P,'glyceraldehyde 3-phosphate; Gr- 1 -P, (B) - g-lycerol 1 -

f norptt"t"; PEP, p"hosphoenolpyruvate;- S- 1 -P, L-sorbose 1-plo-sptrate;

bK, gly""rokinase; GPDH, glycerophosphate dehydrogenase; HK, hexo-

tinaJe; GluDH, glutamic dehydrogenase; PGI, phosph-oglucoisomerase;
Pase, potato acid"phosphatase; PK, pyruvate kinase; T?I, triosephosphate
isomerase.

(3) In addition to the substrates described in Table I, the aldolase from

,"u'bit muscle also accepts the following aldehydes using DHAP as

reactant, but kinetic data are not available for the reactions: form-

aldehyde, glycolaldehyde, t--glycidaldehyde (O'Connell, E' L'; Rose, I' A'

J. Bi;t. Ciem.1973, i't8,22t541'1, t--threose (Jones, J. K. N.; Matheson,

N. K. Con. J. Chem.1959, 37, 1?54-6), n-ribose, L-arabinose, D-lyxose,

and n-xylose (Jones, J. K. N.; Stephton, H. H. Ibtd. 1960, 38, 753-60)'

ih" 
"trry*. 

from peas has been reported to accept: glycolic aldehyde
(Hough,L.;Jones, i. X. f. J. Chern. Soc. 1952, 4A47-52), o,i--lactaldehyde
igo"gt, L.'; .Iones, J. K. N. Ibid. 1952,4052-5), and o-erythrose (Hough,

L. :  Jones.  J.  K.  N.  Ib id.  1952,342'-5)

(4) Rose, l. A. J. Am. Chem. Soc. 1958, 80' 5835'4'
i5)  Ser ianni ,  A.  S. ;  Cadman, E. ;  Pierce,  J. ;  Haves,  M L ' ;  Barker,  R'

Methods Enzvmol. 1982, 89, 83:92 and references cited therein'
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Dihydroxyacetone Phosphate. We have examined
two routes from dihydroxyacetone (DHA) to DHAP
(Scheme Ii). Fcir most preparations carried out on scales
up tri several moles, the procedure based on chemical
phosphorylation is the more convenienl (especially for
laboratories in which preparation of PEP or Acl) are not
routine). The deficiencies of the c:hemical trlroi:edttre are
that it generates relatively dilute sohitions o1'prodttct and
f-hat impurit ies remaining from the chemical steps n'ra1'
comJlhcate workup. F urther, because the product solutirltr
from this chemicai route contains phosphate, isolation and
pur i f icat ion of  the DHAP from i t  are i r ,convenient.  I t  is
best used directly irr subsequent transfortnatiorts '* ' i t i tout

isolation. The purit l '  of the I)HAI' prepared bv this
procedure seerns. however, to be perfectly' acceptable in
the enzymatic react.ions we have explored.

The biochemical route to DHAP is based on the enzy-
matic phosphorylation of DHA bv ATP with in situ co-
factor regeneration. This procedure gives a product that
can either be isoiated in relatively high purity (80-90% )
or used in situ. The enzymatic procedure using PEP as
the ultimate phosphorylating agent is somewhat more
convenient than that based on AcP, because PEP has
greater stability in solution than AcP.6'7 The procedures
are otherwise comparable.

D- and l -Glyceraldehyde and I)-  and t . -Glycer-
aldehyde 3-Phosphate. These three-carbon substances
condense with DHAP in aldolase-catalvzed reactions and
yield hexose phosphates:  the stereochemistrv at  C-5 i -s
defined by the chirality of the glyceraldehyde. Procedures
for preparing each are summarized in Table II. D-
Glyceraldehyde (D-Gd) can be prepared in 82% enan-
tiomeric excess (ee) by selective phosphorylation of r,-Gd
in a mixture of D-Gd and l-Gd using glycerokinase (GK).
It can also be prepared by treatment of o-glyceraldehyde
3-phosphate (D-Gd-3-P) with acid phosphatase (Pase, E.C.
3.1.3.1). L-Gd is best prepared in 100% ee by Pase-cata-
lyzed hydrolysis of l-Gd-3-P prepared enzymatically by
using GK. D-Gd-3-P is easily obtained by isomerization
of DHAP with triosephosphate isomerase (TPI, E.C.
5.3.1.1) and used in situ, although the equilibrium mixture
contains 96% DHAP.8 If a separate preparation is re-
quired, it can be obtained by oxidative cleavage of fructose
&phosphate with lead tetraacetate. l-Gd-3-P is most easily
obtained by enantiospecific phosphorylation of the L-Gd
present in o,l-Gd using glycerokinase.

Fructose G-Phosphate and Derivatives. The con-
version of DHAP to fructose 1,6-bisphosphate (FDP) and
fructose 6-phosphate (F-6-P) and from this latter inter-
mediate to glucose 6-phosphate (G-6-P) and glucose is
outlined in Scheme III. The initial step is the equilibrium
conversion of DHAP to o-glyceraldehyde 3-phosphate
(o-Gd-3-P) bV TPI. The two are then condensed to FDP
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Scheme III. Syntheses of Fructose 1'6'Bisphosphate,
Fructose 6-Phosphate, Fructose, Glucose

G-Phosphate, and Glucose
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by aldolase. The FDP was converted to F-6-P by acid-
catalyzed hydrolysis. The conversion of this substance to
fructose, to G-6-P, and (by way of G-6-P) to glucose follows
enzymatic and acid-catalyzed routes outl ined in the
scheme.

These conversion are all reiatively' straightforward.'fhe
pnzvmes relir ; i  reii a r(, (:omtnerr:ia i iv avai ia ir ' ie. inerpensive.
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Table iI. Freparation of Glyceraldehydes

Wong and Whitesides
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the C-2 and C-2,5 positions. Figure 1 contains the riJC

NlvlR spectra of glucose prepared bv using these proce-
dures.

We note that these sequences of'reactions are also di-
rectlt '  applicable to the synthesis of glucose and fructose
having dift 'erent labeling patterns and (using L-glycer-
aldehyde and t,-glyceraldehyde 3-phosphate) to sorbose
derivatives. For example, introduction of the tBC by the
second cyanohydrin reduction (to generate (1-13Cr)-n,L-Gd)
would yield glucose containing label in the C-1, C-3, C-4.
and C-6 positions (or the C-l and C-3 positions, if D-Gd-3-P
is supplied exogenously). D- or L-Gd labeled at C-1 (pre-
pared from n,l,-Gd, enzymatically as described above), after
aldolase-catalyzed condensation with DHAP, would yield
glucose or t,-sorbose, respectively, containing label in the
L--4 position. (1-13C1)-D,L-Gd would react with DHAP and
generate a mixture containing F-1-P and sorbose-1-P Ia-
beled at the C-4 positions. After acid-catalyzed hydrolysis
to remove the phosphate moiety from both sugars, the
fructose in the mixture can be converted to F-6-P with
hexokinase (HK, 8.C.2.i.1.1) and thus separated from the
unreacted l-sorbose (Scheme V).

Conclusion

Aldolase-catalyzed condensation provides a practical
route to a wide variety of simple sugars and sugar deriv-
atives, and especially to those (glucose, fructose, and de-
rivatives) centrally important in intermediary metabolism.
The procedure has the advantage that it is applicable to
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Figure l .  13C NMR spectra of  g lucose wi th 13C enr ichment at
C-2 (A) and at  C-2 and C-5 (B).

and stable in the immobilized forms. No inhibit ion has
been observed in a reaction with reactants present at 0.1
M concentrations. One technical problem in the prepa-
ration of G-6-P is that the equil ibrium mixture achieved
in the PGl-catalyzed reaction contains 70% G-6-P and
30% F-6-P;s this mixture complicates isolation of the prue
sugars. To separate these two species, barium acetate or
barium chloride was added to the solution. G-6-P pre-
cipitated as its barium sal| F-6-P remained in the solution.

Preparation of Isotopically Labeled Fructose and
Glucose Derivatives. In preparing isotopically labeled
sugars, it is useful to differentiate between the two C,
pieces which are assembled to make the C6 sugar. We take
advantage of the ability of aldolase to accept a range of
aldehydes as reactants and use DHAP as only one com-
ponent of the aldol reaction. Scheme IV outlines a syn-
thesis of glucose (and intermediates) labeled with r3C at

(9)  Wong, C.-H.;  Whi tesides,  G. M. J.  Am. Chem. Soc.  1981, 103,
4890-9.
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Aldoiase-Catalvzed L' r)nd en-sat ions

unprotected sugars in aqueous solution at pH 7. Bpimeric
mixtures can, in favorable cases, be separated without
chromatography bv taking advantage of substrate-seiective
enzvmatic phosphorylation. The sugar phosphates pre-
pared here are of 80-90% purity. The impurit ies are
mainly inorganic phosphates, and are of no consequence
in most further enzymatic transformations. Using im-
mobilized enzy'rnes and in situ cofactor regeneration, these
methods should be applicable to preparations carried out
on mole quantit ies. Although the enantioselectivity of
aidolase-catalyzed reactions has been examined explicitly
with only a few unnatural substrates. it is probably high:
we have, for example, prepared 6-deoxy-D-fruct,ose and
6-rieoxy-t.-sorbosel0 with high enantioselectivity using o-
and t,-iactaldehyde, respectively, as substrates.

A l imitation of the enzymatic method is that di-
hydroxyacetone phosphate is required as one reactant in
the aldol condensation, although the second component
can be varied over a range of structures. A second dis-
advantage is that there is no way of changing the stereo-
chemistry of the centers fbrmed in the aldol condensation.

Overall, these reactions seem to have genuine value as
a method of synthesis for polyhydroxy compounds and
complement methods based on asymmetric epoxydation
developed bv Sharpless and co-workers and regioselective
aldol reactions developed by a community of synthetic
chemists.Il We will describe further applications of these
reactions in future reports.

Experimental Section

Materials and Methods. 13C labeled KCN was from Stohler
Isotope Chemicals. Enzymes were from Sigma. POCI3 wa-o
distilled before use. Dihydroxyacetone was obtained from Sigma
and was -957o pure. All other reagents were reagent grade. (IV
spectra were taken with a Perkin Elmer 552 spectrophotometer.
equipped with a cr.rnstant temperatrue cell. HI,LC analvses u'ere
carried out by use of a Waters Mociei 6000A eqtr ippeci rvi th a
pBondapack carbohS'drate column (0..1 X 30 cm), aque()us ace-
ton i t r i le  (H2O:CH"CN = 15:85 r ' , , ' r ' ;  f low ra te  = 2  mL min)  as
solvent, and refractive index detection. Enzlrne immobilizations
in PAN gel were carried out following the procedure described.r2
Enzymatic analyses were carried out according to standard
methodsl3 using horse liver alcohol dehydrogenase for glycer-
aldehyde; glycerophosphate dehydrogenase (GPDH) for DHAP
and (r?)-Slycerol 1-phosphate (Gr-1-P); aldolase and GPDH for
FDP; PGi and G-6-PDH for F-6-P; hexokinase (HK) and G-6-
PDH for glucose; glycerokinase (GK) and GPDH for glycerol;
DHAP, aldolase, and GPDH for o-glyceraldehyde; aldehyde
dehydrogenase for glycolaldehyde; and glyceraldehyde 3-phosphate
dehydrogenase (Gd-3-PDH) for o-glyceraldehyde 3-phosphate
(D-Gd-3-P). The proton-decoupled C-13 NMR (68 MHz) spectra
were obtained with a JEOL instrument at ambient temperature.
Samples were dissolved in D2O (final concentration -0.2 M,5-mm
tubes). 'fen 

transients were accumulated at a sweep width of 1b
KHz with 30" pulses. Chemical shifts were expressed in ppm with
dioxane (67.4 ppm) as internal standard.

M. J. Org. Chem.,

nihyd rox, ^"t "r',,J" ;ff t:: ;: t: *: r', :t::r:l:
Phosphorylation. To a l-L solution containing dihydroxyacetone
t18 g,0 .2  mol ) ,  ATP (2  mmol) ,  MgCl2 (5  mmol) ,  and PEP (as i ts
monopota^ssium salt, K+PEP-, 41.2 g,0.2 mol);6 pH ?.0, was addeci
PAN-immobil ized GK (150 U, 8 mL of gel) and pK (1000 U. 15
mL of gel). The mixture was stirred at roorn lemperature under
argon anci the pH was automatically controlled at 7.0 by adding
aqueous KOH (1 N) using peristaltic pump. Enzymatic anaiysis
indicated that the reaction was complete in 12 h. After recovery
of the enzyrne-contarning gels, the solution was treated with active
charcoal (10 g) and filtered. The colorless filtrate was treated
with Dowex 50 (H+ form) until the pH reached 4.2 (-2 g of resin),
then filtered, and concentrated to a volume of 200 mL. Ethanol
(1 L) was added to precipitate DHAP as a monopotassium salt.
After being ciried in vacuo over KOH, the solid (37 g) contained
90% by rveight DHAP-K* (160 mmol,80Vo yield), as determined
enzymaticaily by using GPDH and NADH. Turnover numbers
(anrd recovereci activities for the components of the system) were
as  {o l i ows .  ( ;K , . 1  x  10 r  i 86%) ;  PK ,2  x  10?  88To ) ;  ATP ,  100
i - q b %  i .

^{ srrni lar rt ,act ior. l  on the sarne scale was carr ied <lut bv using
acetv iphosJrhate t i ia rnrnonium sa l t  t38 g ,  90% pur i ty ,  U.2 moi ) t
as  the pho,sphor . . la t ing agent  and acetate  krnase tAcK,  500 LI .
l0  rnL of  ge l l  as  cata ivs t  lo r  ATP regenerat ion.  Addi t ion o f
dithiothreitoi r2 mIlr to the reac.t ir)n was necessary to protect
the AcK fronr oxidation. 

'l 'he 
reacrion was cnnducted under ilgon

and was complete in 8 h. After separation of the reaction solution
from the enzvme-containing geis, the solut ion was mixed with
barium acetate ( i . i  g, 30 mmol) and the precipitated barium
phosphate was removed by filtration. The solution remaining
after removal of the barium phosphate was subject to the same
workup described in the preceding paragraph and yielded K+-
DHAP- (38 g, 82% purity, 150 mmol of DHAP) in 75% yield.
Turnover numbers (and recovered activitie) were as follows: GK,
3 x  107 (8a%):  AcK,  3  x  107 QZTT) :  ATP,  100 (86%).

Chemical phosphorylation of dihydroxyacetone was carried
out on a 0.2-moi scale. To a stirred (0-5 oC) suspension of DHA
t 18 g. ( ' ) .2 moi i  and POCI" {18.7 mL, 0.2 mol) in acetonitr i le (300
m[,i was atldetj prvridine t ] 6.2 mL, 0.2 mol) dropwise over a period
r r t ' l { )nr i r r  r r ' i th  rhe temperatL l re  c :ont ro l led in  the range 0-5 "C.' f  

he nrixtr lre \ \ 'As .t i rreci continuously at ro<lm temperature for
another r(t rrirn \\'ater r860 rnl ) was added and the solution was
heated on a steam lrath for i l ()  min to hydrolyze P*Cl bonds.
Enzl'matic' analvsis ol the mixture showed that 60% of the DHA
had been converted to DHAP. This solution was adjusted to pH
4.0 and stored in a refrigerator;ra the concentration of DHAP
retained 90Vo <tf its original value after 1 month. The presence
of acetonitrile and pyridine in the solution did not interfere with
the subsequent enzymatic steps.

D-Fructose 1,6-Bisphosphate (FDP). To the DHAP solution
prepared above from DHA and POCI3 (1 L of solution containing
0.1 mol of DHAP) were added MgCl2 (2 mmol) and mercapto-
ethanol (0.1 mL). The mixture was neutralized with 5 N NaOH
to pH 7.0. Co-immobilized TPI (104 U) and aldolase (60 U) in
5 mL of gel was added, and the mixture was kept at room tem-
perature under argon with stining for one day. Enzymatic analysis
indicated that the reaction was complete and that 45 mmol of
FDP was present in the solution, corresponding to a yield of g0%
based on DHAP. Barium chloride (26.3 g,120 mmol) was added
to the solution with stirring, and the precipitated material was
separated by filtration and discarded. More BaCl2 (17.4 g, 100
mmol) was mixed with the filtrate, followed by addition of ethanol
(600 mL) to precipitate the desired product. The solid (28.3 g)
contained 40 mmol of Ba2.FDP (86% purity, S0To yield based
on DHAP). This material was easily converted to F-6-P by
treatment with Dowex 50 and hydrolysis at 90 oC for 5 h (see
below). Conversion of F-6-P to G-6-P using PGI as catalyst was
carried out according to the procedure described previouslf and
66% of G-6-P was isolated as its barium salt.

Glycola.ldehyde and o,t -glyceraldehyde (labeled or unla-
beled) were prepared on scales of 30 mmol according to Barker's
proceduress with the following modifications. After hydrogenation.
the mixture containing the aldoses was filtered through Celite

(14) DHAP is not stable at values of pH higher than 6. The half-l ife
of  DHAP (10 mM) in Lr iethanolamine buf fer  (0.1 M, pH 7.0)  is  65 h.

; Verlag
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and treated with Dowex 50-X8 (H+) until the solution had pH
-2. The resin was removed by filtration, and the filtrate was
concentrated to an oily residue under reduced pressure aroung
40 oC; this procedure removed acetic acid. The residue, after
dilution with water, was used directly in further reactions without
additional purification: the ion-exchange chromatographlF was

eliminated. The progress of hydrogenations was monitored by
enzymatic determination of the aldose produced by use of al-
dehyde dehydrogenase and NAf).13

Dihydroxyacetone monosulfate was prepared in a prcrcedure
similar to that for glucose 6-sulfate.l5 P1'ridine-sulfur trioxide
(1.+ g, 43 mmol) in DMF (7 mL) was added with st irr ing to a
solution of dihydroxyacetone (3'9 g, 43 mmol) dissolved in DMF
(10 mL) over 3 min at 25 "C. The mixture was stirred for another
hour and concentrated (0.1 mm Hg, 35 'C) to remove DMP and
pyridine. The oilv residue was dissolved in water, adjusted t<r
pH ?.5 (2 N NaOH), and concentrated again to remove pwidine.
T'he residue was dissolved in 10 mL of water' Enzymatic anall'sis
using glycerol dehydrogenase indicated that the solution contained
no dihydroxyacetone. The product was a good sttbstrate l i rr
GPDH. indicating the dihvdroxvaeetone monosulfate r.vas prr i '
duced. The concentrat ion of dihydrox,v*acetone nlonosulfate
(determined by complete conversion trt {r?}-glycerol l-suifale trstng
GPDH and NADH) was 2.1 M, corresponding to an overall vieici
of 49To. This solut ion w'as used direct l l '  without further puri '
fication.

Aldolase-Catalyzed Condensation of DHAP and rr, I .-
Glyceraldehyde. To a solution of D,t,-glyceraldehyde prepared
as described above (20 mL, 1.4 mmol, pH ?.0) was added DHAP
(1.4 mmol) and immobil ized aldolase (10 U, 1 mL of gel).  The
mixture was kept at room temperature under Eugon with stirring
for Fr h. After separation of the enzl,'me-containing gel, the solution
was treated with 10 g of Dowex 50 (H+ form) and the resulting
solution (pH 1.7) was heated on a steam bath for 10 h to hvdrollze
the phosphate esters. HPLC analysis indicated that the resulting
solution (20 mL) contained 0.64 mmol each of >fructose (retention

time 8 min) and L-sorbose (retention time 7 min).
Hexokinase-Catalyzed Selective Phosphorylation of n-

Fructose in the Presence of t -Sorbose. To the solution pre-
pared above were added ATP (0.01 mmol) PEP (0.7 mmol), and
MgCl2 (0.1 mmol). The pH was adjusted to 7.0 and HK added
(40 U, 1 mL of gel). The mixture was allowed to react for 2 h'
at which time no fructose remained. The F-6-P generated by this
phosphorylat ion was isolated as i ts barium salt (Ct.27 g of sol id
contained 0.6 mmol of Ba F-6-P. 88% puritv). This sol id con-
tained F-6-P as the only component that could be detected br '
HPLC. The unreacted L-sorbose was st i l l  in the solut ion ([).5

mmol) as determined by HPLC; no fructose was detected' No
further purification was carried out.

Selective Glycerokinase-Cataly zed, Phosphorylation of
l-Glyceraldehyde to l-Glyceraldehyde 3-Phosphate in a
Mixture of o- and l-Glyceraldehyde. To 20 mL of a solution
containing o,l--glyceraldehyde (o,t--Gd,0.1 M, 2 mmol). PEP (0.1

M, 2 mmol), ATP (0.02 mmol, I mM), and MgCl2 (1 mM, 0.02
mmol), pH 7.0, were added GK (20 U, 0.5 mL of gel) and PK (40

U, 1 mL of gel). The reaction warl allowed to proceed for 6 h to
complete the reaction. L-Gd-3-P and o-Gd were separated ac-
cording to the procedure described elsewhere.s L-Gd-3-P barium
salt (0.2 9,0.82 mmol) was obtaind'in 4l% yield based on D,L-Gd.
The >Gd obtained (20 mM in 5 mL solution) was allowed to react
with an equal quantity of DHAP with aldolase catalysis until >Gd
was not detected and yielded a mixture containing n-fructose
l-phosphate (917o) and l-sorbose l-phosphate (9%) (determined

by HPLC analysis of the phosphate-free sugars obtained by
Pase-catalyzed hydrolysis), while treatment of t -Gd-3-P with
DHAP and aldolase under the same conditions gave L-sorbose
1,6-bis(phosphate) as the only product.

To prepare l-Gd, the r,-Gd-3-P'Ba prepared above (0.2 g, 0.82
mmol) was suspended in 10 mL of water and treated with Dowex
50 (H+) to remove the barium ions. After filtration and washing
with water (10 mL), the combined filtrates were adjusted to pH
-3-4 by adding NaOH solution (2 N). Acid phosphatase (Pase,
40 U in 1 ml, of gel) wa^s added and the mixture was stirred under

-fltiw."sl', 
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argon for 4 h until no further lncreirse in the concentration oi r.-(]C
was observed. After separatirrn 0f enzrrne-containing gel, the final

solut ion (24 mL) contained 0.70 mnrol of '  r ,-Gd (85% yieldt de-
termined enzymaticalll '.

o-Fructose 6-Phosphate. To a deorvgenated solut ion (1 L)

containing o-fructose (200 mmol. 0.2 \ lr ,  ADI'  ( ir  mlM), IvIgCl2
(10 mM),  and mercaptoethanoi  (5  mM)wa.  ar ldec i  4  nr l  o f  ge l

containing co-immobil ized HK (600 U) and Acl.,  r .150 lr i  sol id
diammonium acetyl phosphate (90% purity. 210 mmolt wa. added
in ten equal port ions to the mixture with st irr ing over a I ' r t ' r i , 'd
of 20 h. The solution was automatically controlled at pH ? I lrr

addit ion of !  N NaOH. Enzyrnatic analysis indicated that rt

ctrntained lgf i  rnmoi (98%\ of P-6-P. After separation of tht
enzvme-c( )n tarn ing ge l .  the so lu t ion was t reated wi th  5  g  o f  ac '
i i r ,aterj  1'11|;on anr-i  : ' i i tereci,  and the f i l t rate was concentraterj
i rnr ie , r  i 'e r lucer i  press l ; re  a t '1( t  o( -  lo  a  vo lu tne of  -100 mI- '

t , - ( i l ycera ldehyde 3-Phosphate.  The l ' -6-P so l t t t ion (2  NI t
,rhrained above was used direct l l ' f  6r t i re preparation of n-(]d-: l- i '
according to the procedure clescribercl J:reviousl" '16 wit 'h sl i6rht

nrr idif icat ion. In a representative proce'dure,5 rnl,  of the F-6-[r
solltion containing 10 mmol of F-6-P was mixed with glacial acetic
acid (400 mL) fol lowed by addit ion r.rf  concentrated H2SO4 (1.1

ml , .  2 t t  mmol) .  Lead te t raacetate  (18 g,  40.5 mmol)  was added
with st irr ing over a period of 10 min. After 2 [r.  oxal i I  acid ( i ] .6

g, 4(i  mmol) was added to precipitu,.  1"n{ ion 
' I 'Lrt ,  soit i t iorr

(con[aining 8.5 mmol of n-Gd-3-P) was f i l tereri  and l i . lphi l izt 'd,
and the powder obtained was used direct iy for the aldolase-
catalyzed condettsation.

(2-13C1)Glycerol.  Start ing from lrtC labeied KCN (2 g. l l { t
mmol) and formaldehyde (2.5 mL of solution cont,aining 37o./.
HCHO, 30 mmol), ( t-13Cr)glycolaldehyde was prepared in 909
yield according to the pr<rcedure described above for the st'nthe:ti
of glycolaldehyde and glyceraldehvde. The material was useri ii,

another cycle of the reductive cyanohydrin reactiort,  and (2- ' '

C1)-O,t--Gd was obtained as an oily residue in an 6r'erall -r,-ield 1,f

74% (22mmol) based on ftrrmaldehyde as starling material. This
compound was dissolved in 100 mL of water and added droprvisp
over  a  per iod o f  30 min to  a  s t i r red.  t ' r ' ld .  aque()us so l t r t ion (10( i

mL) containing NaI3Ho (2.3 g. 60 mm<tlt 'fhe mixture wa-c stirred
for another 10 h and then treated with Dowex 50 (H+) unti l  the
solut ion had pH .+. i t  The resin was removed by f i l t rat ion and
the f i l t rate \\ 'as Ir ired with an equal volume of 20 mL. Another

l ror t ion o f 'nre than, , i  r1(10 mL)  was added and the mix ture con-
celtrated again. The prrxedure was repeated 3-4 times to remove
horale as trimethvl borate. The final residue obtained contained
I S mmrrl of glvcerol 82% yield) as determined by HPLC (re-

tention t ime 2..1 min) and by enzymatic analysis.
(2- ' ' tC,) (n)-Glvcerol l-Phosphate. The labeled glycerol

prepared above was dissolved in a solut ion (100 mL, pH 7.2)
containing PEP (19 mmol,0.19 M), ADP (4 mM), MgCl2 (6 mM),
and co-immobil ized GK (EC 2'7.1.30) and PK (EC 2.7.1.40) in
PAN (110 U of GK and 400 U of PK in 2 mL of gel)' The mixture
was kept under argon with stirring and the pH automatically
controlled aL 7 .6. Enzymatic analysis indicated that the reaction
was complete in 6 h. After separation of the enzyme-containing
gel, the solution was treated with activated carbon (2 g) and
iiltered and the filtrate treated with Dowex 50 (H+) until the
solution had pH -2. After filtration to remove the resin, the
solution was extracted 3 times with ether (50 mL each time) t0
remove pyruvic acid. The aqueous solution was neutralized by
addition of barium carbonate until the solution had pH -6' An
equal volume of ethanol was added. The barium salt of (2-
t3Cr)-(R)-Gr-1-P was obtained in 89% yield (5.6 g of sol id con-
tained 16 mmol of the title compound with 88% purity determined
enzymatically). The residual enzyme activities recovered were
GK,  99%;  PK ,  94%.

(2,5-tt2)-DFructose 1,6-Bisphosphate ((2,5-i3C2)-FDP) and
(2-13C1)-D-Fructose 1,G-Bisphosphate ((2-13C1)-FDP). The
barium salt of the (2-13C1)-(R)-Gr-l-P prepared above (3.5 g' 10
mmol) was suspended in 50 mL of water. Dowex 50 (H+) ( - 5
g) was added with st irr ing unti l  the compound dissolved. The
resin was separated by filtration and wa-shed with 10 mL of water,

i 16 i  Ser iann i .  A .  S . ;  P ie rce" . l . l  [ Jarker .  R  l \ {o thods  [ ' ]nz t 'ma l . l9 l t2 .  '8q

: i \  "9 .
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and the combined filtrates were neutralized to pH 6.8 by addition
of 2 N NaOH solution. The solution was diluted to - 100 mL,
followed bv adding a-ketoglutarate monosodium salt (11 mmol),
NAD {0.1 mmol), and aqueous ammonium hydroxide unti l  the
solution had pH i.V7.2. The following enzymes co-immobilized
in PAN were then added to the solut ion: GPDH (EC 1.1.1.8. 80
U) and GIUDH (EC 1.4.1.3, &i U) in 5 mL of gel;TPI (EC 5.i1.1.1,
200 U) and aldolase (80 U) in 4 mL of gel. The reaction was
ailowed to proceed for 24 h. Enzymatic analysis indicated that
.1.6 mmol of FDP was produced, and no further reaction was
lrbserved. 

'l'he 
solution, after separation of gel, was treated with

Dowex 50 (H*) until the pH had reached 4.0 to remove most of
the giutamic acid and concentrated below 35 oC to a volume of
-10 mL. Cold ethanol (50 mL) was added to the mixture to
precipitate PDP as its disodium salt (4.5 mmol, 90% yield with
88% puritl'determined enzymatically) while the unreacted a-keto
acid st i l l  remained in the solut ion.

Another reaction similar to that described abclve was carried
out except that unlabeled o-Gd-3-P (10 mmol) was added and'I'PI 

omitted.li The (2-13Cr)-FDp produced was isolated as the
disodium salt (8.6 mmol,86% yield with tl9% purity determined
enzymatically). The enzyrne activities were recovered at the end
of the reaction: GPDH 89%; GluDH, 86%; TPI. 84%; aldolase,
86%.

(2,5-13Cr)-o-Fructose 6-Phosphate ((2,5-13tlr ;-F-e-P) and
(2-rrc1)-D-Fructose 6-Phosphate ((2-13(.-r)-F-6-P). The labeled
FDP prepared above was converted to 13C-labeled F-6-P via
aE: id-cat ,a ivzed hvdr t , i l ' s is .  In  a  represent .a t ive l r r r icer iure .  the
ia i rc lec i  FDP ( . i  rn f f r r r l )w 'as r l isso lved in  r r 'a ter  r f ( t rn l . )anr l  t rea ier i
w i th  I )ouex 5( l  (H*  f t . , rmtLrnt i l  the so lu t ion had pH 1 i f -1 . i .  l 'he
ion-exchange resin was rem()\ 'ed and r,r 'ashed. 

- l 'o 
the combined

solut ions was added 1 mL of concentrated HCI. and the solut ion
was incubated at 85-9tl oC tor 5 h. Enzl'rnatic ana.lysis indicated
that 86% of the FDP had been converted to F-6-P.

(2,5-r3Cr)-o-Glucose 6-Phosphate ((2,5-13C2)-G-6-P) and
(2-tt,)-n-Glucose 6-Phosphate ((2-lt1)-G-6-P). The solutions
of labeled fructose 6-phosphate obtained above were adjusted to
pH 7.0 by adding aqueous NaOH (2 N) at 10-15 oC. The final,
combined, neutralized solutions (60 mL) contained 4.3 mmol of
l3C-labeled F-6-P. Immobii ized PGI (EC 5.3.1.9, 102 U in 1 mL
of gel) and MgCl2 (0.1 mmol) were added to the solution, and the
mixture was kept under argon with the pH automatically con-

(17) The aldolase from Sigma is contaminated with triosephosphate
isomerase (TPI) ( -0.05Vo, rv/w). To prepare TPI-free aldolase, the
enz5rme should be treated with the active-site directed irreversible in-
hibitor bromohydroxyacetone phosphate (De La Mare, S.; Couls<ln, A. F.
W.;  Knowles,  J.  R. ;  Pr iddle,  J.  D. ;Offord,  R.  E.  Biochem. J.1972,129,
321-31). The PAN-immobilized aldolase we used here did not show
significant contamination by TPI activity. The reaaon for preferential
exclusion (or destruction) of the TPI activity during immobilization is
not known.
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trolled at ?.0. After 5 h, the solution contained 3 mmol of G-6-P
as determined enzymatically; no further increa-se in the quantity
of this product was observed at longer reaction times. The G-6-P
was isoiated as its barium salt in 66% -v"ield according to the
procedure described previously.e The solution could be used
directly for the following conversion without further purification.

(2,5-r3Cr;-o-Glucose and (2-13C,)-o-Glucose. The labeled
BaG-6-P prepared above was treated with Dowex 50 in water to
remove barium ion. The resin was removed, and the solution was
adjusted to pH 3.5 by addit ion of NaOH (2 N). Immobil ized
potato acid phosphatase (Pase, EC :1.1.3.1, 105 U in 2 mL of gel)
was added to the solution (?0 mL containing 3 mmol of t3C-labeled

G-6-P), and the mixture was kept under argon with st irr ing at
room temperature f or 24 h. Enzymatic analysis indicated that
ll mmol of glucose had been proCuced. After the gel was separated,
the solution wa-q concentrated to a volume of 10 mL; ethanol (60
mL) was added to precipitate most of the inorganic salt. The
supernatant was concentrated again to a sol id (0.7 g containing
3 mmoi of '  glucose. 81o/c puri tyi  having t3C NMR tppm) 72.5
(aC-2) ,  ?2.11 ( r rC-5) ,  ?5.1  (dC-2) ,  76.8  (dC-5) .  These va lues are
consistent with those reported for glucose.rs For further puri-
f icat ion, the material was passed through a l)owex 50-X8 {Ba
form)re column (3 x 110 cm) and eluted with water. The fractions
(29O-340 mL) corresponding to glucose were collected and lyo-
philized. A powder (0.a5 g) containing 2.4 mmoi of glucose (100%
puritv ba-"ed on HPLC and enzymatic analysis) was obtained.
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