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ABSTRACC 

A D-tagatose l,~b~ph~phate aldolasc requiring Zn ‘+ for catalytic activity (class II) was purified 
from E. co& c&s grown on galactitol. The aldolase, a homotetramer composed of subunits of mol wt 
_ 28000, had a pH optimum at 7.5 and was highly selective for t-erythro as compared to D-thmo 

stereochemistry (99: 1). This allowed its application in a coupled enzyme system together with glycerol 
kinase, pyruvate kinase and triose phosphate isomerase for the de nova, one-pot synthesis of D-tagatose 
1,6-bisphosphate starting from dihydroxyacetone and ph~pb~noi~vate ffor the in situ regeneration 
of adenosine t~phosphatc), in quantities of 10 mmol. The expeditious process compares very favorably 
in simplicity and yield (40% overall) with the known multistep chemical preparation even after 
improvements to the latter accomplished during the present work. The classical sequence, which starts 
from o-galacturonic acid, was modified at both phosphorylation steps: 1,2:3,4-di-O-isopropylidene-n- 
tagatofuranose was esterified by application of the trivalent phosphitylation agent dibenzyl di-N-ethyl- 
phosphoramiditc followed by hydrogen peroxide oxidation, and a bacterial fructose 6-phosphate kinase 
was used for enzymic ph~ph~lation of o-tagatose t&phosphate. For the latter enzyme, which was the 
isoenzyme Pfk-2 from a ~~rn~ant strain of E. coli, kinetic constants were determined. NMR 
spectroscopic assignments are presented for o-tagatose and its phosphates. 

INTRODUCX’ION 

Sugar phosphates play an important physioio~cal role as ~te~ediates and 
regulators in carbohydrate metabolism’. While their chemical synthesis constitutes 
a considerable challenge2, enzymic methods provide an appropriate and attractive 
alternative3. 

An increasing number of aldolases are being introduced as valuable catalysts for 
asymmetric synthesis4, with a notable emphasis on applications towards sugar$. 
Particularly, the use of a set of four ste~~hemic~~y implemental microbial 
aldolases has been proposed for the directed de nouo synthesis of monosaecha- 

Cumspo&vzce to: Dr. W.-D. Fessner, Department of Organic Chemistry and Biochemistry, University 
of Freiburg, Albertstr. 21, D-7800 Freiburg, Germany. 
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rides according to a flexible building block scheme6. In vivo, the enzymes function 

to cleave ketose 1(,6)-(bis)phosphates into smaller fragments that can enter the 
organism’s central metabolism. In vitro, three of the aldolases - b-fructose 
1,6-bisphosphate (FruA; EC 4.1.2.13)7*8, L-fuculose l-phosphate (FucA, EC 
4.1.2.17)6,9 and L-rhamnulose l-phosphate aldolase (RhuA; EC 4.1.2.19j6 - have 
been shown to catalyze the addition of the common aldol donor dihydroxyacetone 
phosphate to a broad range of aldehydes. C-C bond formation occurs in a highly 
enantio- and diastereo-selective manner to yield a set of ketose l-phosphates 
diastereomeric at C-3 and C-4. 

Full flexibility of this synthetic strategy requires the access to the aldolase 
capable of cleaving (and generating) the fourth diastereomeric configuration, i.e., 
b-tagatose 1,6-b&phosphate aldolase (TagA). This enzyme, to be classified as 
another lyase of group [EC 4.1.21 and known to be involved in the metabolism of 

lactose and D-galactose in Staphylococcus and Streptococcus species’“,‘l, was 
reported to have apparently no stereochemical selectivity, at least with regard to 
the b-tagatose and D-fructose configurations”. 

Cells of Escherichia coli metabolize D-galactose via the Leloir pathway’*, but 

for the catabolism of galactitol, which can support growth as the only source of 
carbon and energy, a pathway capitalizing on the aldol cleavage of the intermedi- 
ate b-tagatose 1,Gbisphosphate was inferredi3, analogous to galactitol dissimila- 
tion by Klebsiella pneumoniae . l4 While the growth of wild-type cells of E. coli on 
galactitol is restricted to temperatures equal to or below 32”C, resistant mutants 
have been selected that are able to tolerate temperatures up to 42°C (ref. 13). 

Herein we report on the first isolation and characterization of the highly 
diastereoselective TagA from E. coli and detail its application in an expeditious 
multi-enzymatic synthesis of o-tagatose 1,6-bisphosphate’5 (11, its natural sub- 
strate. The development was initiated when we required a source of 1 for assaying 
the TagA, and found that the known route to the compound, consisting of the 
chemical synthesis and enzymic phosphorylation of o-tagatose 6-phosphate (61, was 
highly unsatisfactory (S 2% overall yield). This original procedure has been 
modified in an effort to improve its efficiency, and the results are included for 
comparison. 
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RESULTS AND DISCUSSION 

Pwijication and characterization of D-tagatose I,Gbisphosphate aldolase. -In 
crude extracts of galactitol-grown cells of the temperature resistant E. coli strain 

JWL183 (identical to strain L153 referred to previously’3) both FruA and TagA 

activities were detected to a comparable extent. A 10-L culture gave 90 g of 
wet-cell mass containing a total of - 1500 U of TagA and - 1000 U of FruA 

activity. Complete separation could be achieved by anion-exchange chromatogra- 

phy, proving that the two activities were the property of distinct enzymes. By 
further application of standard methods of protein purification the TagA was 

obtained free of extraneous activities that would be incompatible with synthetic 

applications (e.g., other aldolases, phosphatases, peptidases), in a - 90% pure 
state, and with 35% overall recovery. This preparation showed a specific activity of 

7.5 U/mg, which corresponds to an enrichment factor of - 50. 
An attempted isolation of the wild-type protein from strain ECLl, a typical 

E. coli K-12 strain17, according to the established protocol was accompanied by 

severe loss of activity during each of the purification steps. Comparative tests for 
thermal stability over the range 35-60°C indicated an at least 5-fold shorter 
half-life for the wild-type protein relative to that obtained from the temperature 

resistant mutant (Fig. 1A). Thus, the selection of a strain for improved growth at 

elevated temperaturesi seems to have elicited a structural protein mutation rather 
than one providing enhanced transcriptional/translational efficiency to compen- 
sate for its fast degradation. For obvious reasons, the stable protein of mutant 

JWL183 was employed in all our subsequent investigations. Denaturing polyacryl- 
amide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-PAGE) 

showed a major band for a subunit of mol wt - 28000, followed by faint 
contaminating bands. Gel permeation studies on the undenatured enzyme gave a 

mol wt of 110000, indicating that active TagA is a homotetramer similar to the 

01.. ‘. I. “. 8. I.. I.. . . I. 
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Fig. 1. Characterization of o-tagatose l&bisphosphate aldolase (TagA) from E. coli. A: Thermal 
stability at 45°C; (0) TagA from mutant strain JWL183, (m) TagA from wild-type strain ECLl. B: 
Effect of pH on enzyme activity. All experiments were conducted in Tris-HCI buffer. 
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RhuA (4 x 30 OOOj6 and FucA (4 x 25 000) 6Y9,18, but unlike the FruA (2 x 39000)19 
enzymes of E. coli. The TagA displays a relatively narrow pH optimum around 7.5 

(Fig. 1B) but retains considerable activity (2 40%) in the pH range 6.5-7.0 that is 
the most suitable for synthetic applications. By isoelectric focussing (IEF) a pI 
value of 4.4 was determined that accords with the easy separability of TagA from 

FruA (~15.1) by ion exchange methods. 

The purified TagA catalyzes the reversible cleavage of o-tagatose 1,6-bis- 
phosphate into equal amounts of D-glyceraldehyde 3-phosphate (2) and dihydroxy- 

acetone phosphate (3) (Scheme 1). The enzyme displays a high specificity and 

affinity for its natural substrate: The cleavage rate for the Cepimeric &ructose 
1,6-bisphosphate (5) is only 1% of that determined for 1; however, both bisphos- 
phates are bound competitively with low K, values of 0.33 mM (1) and N 0.5 mM 

(5). By this measure, 5 constitutes an effective inhibitor for the cleavage of 1. 
D-Fructose l-phosphate (81, on the other hand, at concentrations of up to 5 mM is 

not converted at any detectable rate (s 0.1%). While the affinity of the E. coli 
TagA for its natural substrate is within the range characteristic of other class II 
aldolases, e.g., the FruA from yeast (0.3 rnMjn’ or E. culi ( - 0.2 mM)21, it is 
lo-fold lower than that of class I aldolases, typified by the FruA from rabbit 

muscle22 with a K, of 0.03 mM. Of the TagA enzymes presently known, it is the 
one with the highest ratio of TagA to FruA activity (1: 5 = lOO), exceeding those of 

Staphylococcus and Stre~60coccus10 (1) or Klebsiella23 (25) aldolases. 
The TagA of E. coli indeed belongs to the aldolases of class II, i.e., it requires a 

divalent metal cation as a cofactor for catalytic function24. In particular, TagA 
activity is completely inhibited (Table I) upon addition of chelating agents like 

ethylenediaminetetraacetic acid (EDTA) and can be restored by addition of Zn*+ 
ions. Reactivation also occurs upon addition of Co2+ (> RIO%), Mn2+ (2 lOO%), 
and Ca2+ ions (60%), an observation that is in accord with detailed investigations 

of the cofactor requirements of other aldolases of this group=. Conversely, no 
inactivation occurs upon treatment of the enzyme with sodium borohydride in the 

TABLE I 

Activity of D-tagatose 1,6-bisphosphate aldolase in the presence of various reagents 

Enzyme Additive(s) Concentration (mM) Relative Activity (46) 

Native None 100 
Native DHAP + NaBH 4 1+10 98 
Native EDTA 5 15 
Native BDTA 15 2 
Apoenzyme a zn2+ 20 75 
Apoenzyme B 20 125 
Apoenzyme n 

2: 
20 100 

Apoenzyme a Ca2+ 20 60 
Apoenzyme a CU2* 20 0 
Apoenzyme a h@+ 20 0 

’ Native enzyme inactivated with EDTA, which was left in the sample (see text). 
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presence of dihydroxyacetone phosphate, which is evidence against the covalent 
binding of the substrate by formation of a Schiff base characteristic for class I 

aldolases26. This result establishes that all four dihydroxyacetone phosphate lyases 

from E. cdi are mechanistically of the same type, and thereby suggests that these 
aldolases may have developed from a common ancestor. 

Enzymic one-pot synthesis of D-tagatose 1,6-bkphmphate.-A preparative ex- 

ploitation of the TagA in the anabolic direction required that the thermodynamic 
equilibrium among the components 1, 2, and 3 is in favor of C-C bond formation. 
Whereas in the analogous FruA catalyzed equilibrium the 3,4-tram configured 

adduct 5 strongly predominates (K,, = [213]/[5] = 1.2 . lop4 Ml”, the all-& sub- 

stitution pattern in furanoid o-tagatose 1,6-bisphosphate (1, both anomeric forms) 

must be expected to diminish the relative stability of the product, and hence to 

decrease the proportion of 1 at equilibrium. Starting from either side (2 + 3 or 11, 
the value of K,, ([21[3]/[1]) was determined and found to be 10e3 M. Accordingly, 
even under optimal conditions, the yield of tagatose 1,6-bisphosphate cannot 

appreciably exceed 80%. 

Given the compatibility of all of the enzymes involved, a multi-enzymic one-pot 

synthesis could be designed (Scheme 2) that permits the use of commercial 
dihydroxyacetone (4) as the starting material. Phosphorylation by ATP, catalyzed 

by glycerol kinase and using efficient cofactor recycling based on phospho- 
enolpyruvate (PEP), readily provides dihydroxyacetone phosphate’* (31, and this 

can be interconverted in situ with p-glyceraldehyde 3-phosphate (2) (Kes = [3]/[2] 
= 22)29 by triose phosphate isomerase. Although the effective concentration of 2 
becomes the limiting factor for the subsequent conversion into 1, the low station- 
ary concentration of 2, which is the least stable component 30, restricts potential 
degradation. PEP was given preference over other phosphate donors3i, first 
because it is quite stable in aqueous solution, which minimizes product contamina- 
tion by inorganic phosphate, and second because it can be readily prepared on a 
large scale from pyruvic acid 32 Substrate conversion and formation of 1 can be . 
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Fig. 2. Product composition during enzymic synthesis of D-tagatose 1,6-b&phosphate starting from 
dihydroxyacetone pbosphate (3,200 mM) in the presence of 50 U/mL triose phosphate isomerase and 
8 U/mL D-tagatose 1,6-bisphosphate aldolase, pH 7.0, 25°C . Concentrations of triose phosphates (0, 

sum of 2 and 31, D-tagatose l&bisphosphate (01, and ~-fructose 1,Gbisphosphate (0) are presented as 
mol% of total phosphate equivalents. 

easily monitored by enzymatic assays for 1 and for PEP/pyruvate, and by TLC 

using 1: 1 saturated ammonia-ethanol as irrigant. Typically, 1 is the slowest 
moving component, indicative of its high charge and polarity. 

In the course of these investigations we found that besides the known equilib- 

rium components an increasing fraction of D-fructose 1,6-bisphosphate (5) was 

unexpectedly formed as the reaction progressed (Fig. 2). Obviously, this must be a 
result of the incomplete disastereoselectivity of the TagA enzyme, as manifested in 

the cleavage direction by the 1% rate for 5. Accumulation of this undesired 

4-epimer benefits from several factors, including its superior thermodynamic 
stability, its low cleavage rate, and the full reversibility of D-tagatose 1,6-bisphos- 

phate synthesis. Timely termination of the reaction, after the formation of - 60- 
65% of 1, guarantees a low percentage (5 10%) of 5 in the product mixture. 

In order to facilitate the isolation of 1 from the reaction mixture it seemed 
appropriate to convert the contaminating bisphosphate 5 into less charged prod- 
ucts_ Selective hydrolysis of the l-phosphate group of 5 is catalyzed by fructose 

1,6-bisphosphatase with formation of D-fructose 6phosphate (8, Scheme 3). Of the 
two commercial phosphatases tested, only the yeast enzyme was found to be 
specific for 5, while the one from rabbit muscle also slowly (- 5% of V,,) acted 
upon the 4-epimeric 1 with formation of D-tagatose 6-phosphate (6). This reaction 
can easily be combined with the above one-pot scheme for convenience to furnish 
a product of high purity after isolation by ion-exchange chromatography using 
triethylammonium hydrogencarbonate buffer. Nevertheless, potential contamina- 
tion of the product by inorganic phosphate, the high pH optimum at 9.5, and the 
relatively high cost of the phosphatases make this option somewhat inefficient. 

Alternatively, 5 can be specifically cleaved by FruA in the presence of 1, and the 

dihydroxyacetone phosphate liberated can be recombined quantitatively with an 
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added uncharged aldehyde to produce a ketose l-phosphate’. For obvious reasons, 

this process requires the previous separation of TagA which, for example, can be 
achieved by ultrafiltration for the possible recycling of the enzyme. In our study we 

used ot_-glyceraldehyde, which provides favorable reaction rates and equilibria, 
and product stability, but other aldehydes may be used. Auxiliary triose phosphate 

isomerase assures the fast and complete conversion of 5 into o-fructose and 

L-sorbose l-phosphates (8 and 9) as the sole byproducts. This second alternative, 
although less convenient experimentally, is preferable because of the ease of 

product purification by ion-exchange chromatography, and because of the lower 
costs involved. 

Both procedures furnish 1 after crystallization as the tetraki&yclohexylam- 

monium) salt in a 40% overall yield based on the limiting reactant, the phosphoryl- 

ating agent PEP. While this result is quite satisfactory for the synthesis of 10 mm01 
amounts, further optimization may still be possible by the application of larger 
amounts of TagA. The resulting shorter reaction periods would diminish the 

degradation of 2 and 3. 
Product identity was confirmed by complete enzymic dephosphorylation of 1 

using acid phosphatase, which yielded o-tagatose (14) indistinguishable by its 
spectroscopic data33 and optical rotation from the product obtained by the chemi- 
cal synthesis described below, and from an authentic sample. 

In case a less costly supply of rabbit muscle fructose 1,6_bisphosphatase would 

become available, a preparation of D-tagatose 6-phosphate (6) by regioselective 
enzymic hydrolysis of the l&bisphosphate 1 seems to be feasible, and might 
favorably compare with chemical synthesis16 in overall yield and convenience. 

Chemoenqmic synthesis of D-tagatose 1,6-bisphoqhate Cl).-Due to the biologi- 
cal importance of 1 as a crucial metabolite in the galactose or galactitol catabolism 
of several microorganisms10~11~13*14, a chemical synthesis had been developed earlier 
Scheme 4)16. This synthesis exploits the stereochemical relationship with o-galac- 
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turonic acid (lo), a compound that is readily available from the chiral pool, and 

profits from the observation 34 that the isomerization of 10 to the ketose form 

D-arabino-hex-5-ulosonic acid (“D-tagaturonic acid”) is highly favored by the 
formation of almost insoluble basic lead or calcium (11) salts of the product. This 
low solubility is probably due to stable internal complexation of the counterions. 
Protection as the diisopropylidene acetal (12) followed by reduction of the acid 

group via its methyl ester produced 1,2 : $4di-O-isopropylidene-p-tagatofuranose 
(15, 12% from 10). A shorter, more effective version35 employs commercial 
p-tagatose (14), which can be directly converted into the acetonide 15 (40% 

yield)36. The high cost of 14 as the starting material, however, makes this route 
impractical for the preparation of 1 in amounts larger than - 1 mmol. 

The unprotected primary hydroxyl group in 15 had been esterified to give the 

diphenyl phosphate derivative 16 (Scheme 5)37, which was then fully deprotected 
by hydrogenolysis over platinum and treatment of the resulting 18 with sulfuric 
acid. The o-tagatose 6-phosphate (6) thus produced was isolated by precipitation 

as its barium salt. The second phosphorylation3’ was conducted by enzymic 
transfer from ATP catalyzed by fructose 6-phosphate kinase (phosphofructokinase, 
PFK), which finally delivered 1 as a barium precipitate in unspecified yield and 

purity. 
In attempts to improve upon this situation we found that diazomethane esterifi- 

cation of the hexulosonic acid acetal 13 prior to its reduction was not requisite, as 
the acid could be directly reduced to the primary alcohol 15 by using lithium 
aluminum hydride. With a stoichiometric alkaline work-up39 instead of the stan- 
dard acidic procedure, the isolation of 15 proved not only to be more convenient, 
particularly on a larger scale, but also much more efficient than in the older 
methodI (76% as compared to 41%; 33% overall yield from 10). In addition, when 
the previously employed phosphorylating reagent diphenyl phosphorochloridate 
was replaced by the more recently developed dibenzyl di-N-ethyl-phosphorami- 
dite40 followed by hydrogen peroxide oxidation, the corresponding dibenzyl phos- 
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phate ester 17 was obtained in near quantitative yield. Hydrogenation of the latter 

over Pd-C proceeded under mild conditions to provide the o-tagatose 6-phosphate 

acetal 18, with an excellent result overall for the phosphorylation sequence. 
D-TagdOSe 6-phosphate (6) was isolated as its sodium salt for characterization and 
to assure its purity, but for the preparation of 1 it can be used directly in solution 
without prior isolation. Enzymic phosphorylation by rabbit muscle PFK was 

conducted using a catalytic quantity of ATP coupled with a cofactor recycling 
system based on PEP and pyruvate kinase. This option was chosen over the use of 

stoichiometric amounts of ATP to obviate the pronounced inhibitory effect of the 
latter41 on the PFK. Bisphosphate 1 produced by this means was isolated by 

anion-exchange chromatography using triethylammonium hydrogencarbonate as a 
volatile buffer and was crystallized as the tetrakis(cyclohexylammonium) salt. The 

overall yield from o-galacturonic acid 10 was 18%. Although the chemical synthe- 
sis thereby could be markedly improved, it still falls short of the one-pot synthesis 

using TagA as detailed above. 

Evaluation of a microbial fnrctose &phosphate kinase.-Because of the strong 
regulatory effects involved in the use of the mammalian PFK (inhibition by several 
metabolites including the reaction product8,37 1 and to reduce enzyme costs, the 

“non-allosteric” fructose &phosphate kinase (Pfk-2) of E. coli was investigated as 
a potential substitute. Unlike the major P&l isozyme this microbial enzyme is 
known to convert D-tagatose 6-phosphate to 1, and therefore had been thought to 
have a function in galactitol metabolisrn42. Its kinetic constants for 6, however, had 

been reported to be very unfavorable as compared to those for o-fructose 6-phos- 
phate, i.e., a considerably higher K, value of 6 mM and a relative V,, of less 
than 20%. 
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The Pfk-2 isozyme was obtained from recombinant E. coli strain43 DF1020/ 
pFDll0 from which the structural genes responsible for the Pfk-1 and Pfk-2 

isoenzymes have been deleted4*, and a plasmid coding for Pfk-2 is overexpressed. 

Since cell extracts from this strain are devoid of competing Pfk-1 activity, isolation 
of the enzyme was straightforward, and it was successfully applied in the prepara- 

tive phosphorylation of 6 to 1. 
At variance with literature data, the kinetic constants of Pfk-2 for D-tagatose 

&phosphate were determined to be K, = 0.8 mM, rel V,, = 39% (V,,, for 

5 = 100%). The enzyme thus has capabilities within the same range as the rabbit 

muscle enzyme (for 6, K, = 0.2 mM, ref V,,, = 49%; for 5, K, = 0.15 mM, rel 
V max = 100%). Because the overexpressed microbial Pfk-2 is so readily obtainable 

at low cost, and far less subject to inhibition, e.g., by PEP even at high concentra- 

tions (N 30% activity at > 300 mM)*, it can be recommended as an effective 
replacement for the mammalian enzyme. 

Chemical shift assignments and tautomeric composition of D-tagatose 1,6-bis- 
phosphate in aqueous solution.-Although phosphorylation at C-6 restricts the 

composition of ketoses in solution to furanoid or open-chain isomers, their 
individual affinity and reactivity at enzymatic binding sites will depend on the 

distribution, and the rate of interconversion, of their CT- and p-anomeric forms. 
The unusual all& substitution pattern of furanoid tagatose derivatives merited a 

more detailed investigation. Thus, the ‘H and 13C NMR spectra of o-tagatose 
1,6-bisphosphate and, for comparison, those of D-tagatose and D-tagatose 6-phos- 
phate were determined at ambient temperature in D,O at pH 7.0. Chemical shift 

assignments for the proton signals followed from the vicinal coupling patterns, and 
from the fact that the C-60) methylene AB systems are split upon phosphorylation 

by additional ‘H- 31P coupling. For the carbon spectra, the degree of protonation 
was determined through DEPT experiments. Signal assignments for phosphate 
esters were facilitated by the presence of characteristic Z-bond and 3-bond 13C-31P 
couplings to C-6(1) and C-5(2) for which typically44 the vicinal couplings 3Jpcx7c 

TABLE II 

13C NMR chemical shifts and 31P-13C coupling constants for o-tagaEose 1,6-bisphosphate (I), o-taga- 
tose 6-phosphate (6), and o-tagatose (14) 

structure Chemical shifts and I values LI 

C-l PJCJ c-2 (3Jc,p) c-3 c-4 C-5 (3Jc,J C-6 (*J& 

a-1 65.68 (br) ’ 105.09 (6.0) 77.18 71.41 79.01(6.2) 63.14 (3.0) 
B-1 66.31 (br) b 102.59 (8.2) 71.11= 71.79 c 79.47 (7.1) 62.91 (br) ’ 
a-6 62.90 105.61 77.73 71.69 78.65 (8.0) 64.53 (4.0) 
P-6 63.15 103.11 70.97 c 71.27 c 79.43 (7.8) 64.96 (4.3) 
(r-14 62.87 105.90 77.23 71.69 79.63 62.37 = 
#l-14 63.06 102.97 71.11 71.56 80.46 61.41 

a Determined at 100.6 MHz in D,O at pH 7.0; chemical shifts in ppm relative to tetramethylsilane, 
measured from internal acetonitrile at 1.30 ppm; J in Hz. ’ br, Broad signals, coupling unresolved. 
’ Assignments tentative. 
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were found to be larger than the geminal values 2Jr,oc. The NMR results for 

incrementally phosphorylated tagatose compiled in Table II parallel those of 
previously, albeit incompletely, determined data for the furanoid isomers of 14 

(ref. 33) and 6 (ref. 44). 
According to integrations of the 13C signals (average of the respective sets) and 

the similarly well-separated H-4 proton signals, 1 at equilibrium consists of /3 and 
(Y anomers in a ratio of 80: 20, very close to the values calculated (82 : 18) and 

measured (83 : 17) for 6. For the p and (Y anomers of 1 the signal for H-4 appears 
as a triplet, with coupling constants of 4.8 and 5.5 Hz, respectively, For each 

individual case, the equivalence of J3,4 and J4,5 is indicative of a population of 

conformers of similar energy interconverting by pseudorotation45, particularly 
plausible for all-& substitution. The magnitude of the respective couplings is 

consistent with a predominant contribution of the 4T3 conformation for the j3 and 
the OTs conformation for the (Y anomer. 

“rJ (I9 “r5 (a) 

Although the contrathermodynamic arrangement of ring substituents in phos- 
phates 1 and 6 should strongly destabilize cyclic forms, no signals for the linear 

keto forms or their hydrates could be detected within the sensitivity limits of the 
measurement (N 2%). The nonobservance of the relevant C-2 signals is indeed not 

surprising, since these resonances would likely be obscured by line-broadening due 
to relatively rapid interconversion between the keto and cyclic forms. The detec- 

tion of open-chain or hydrated keto forms would thus require the higher sensitivity 
attainable with appropriately 13C-labeled compounds, which are as yet unavailable. 

In conclusion, we have isolated for the first time and characterized the o-taga- 
tose 1,6-bisphosphate aldolase from E. cold as a useful catalyst for asymmetric 
C-C bond formation with comparatively high diastereoseleetivity. The enzyme 

thus allows a novel, very simple preparative synthesis of the valuable metabolic 
intermediate u-tagatose 1,6-bisphosphate cl), and consequently of the rare keto 
sugar D-tagatose (141, from readily available achiral sources without the need for 
tedious or costly manipulation of protecting groups. 

EXPERIMENTAL 

General.--‘H and t3C NMR spectra were recorded on a Bruker WM-400 
instrument operating at 400 and 100.6 MHz, respectively, with sodium (2,2,3,3- 
*H,)-3-(trimethylsilyl)-propionate and acetonitrile (S, = 0.00 and 6, = 1.3, respec- 
tively, in D,O), or tetramethylsilane (S 0.00 and 0.00, CDCl,) as internal stan- 
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dards. Optical rotations were determined with a Perkin-Elmer 241 polarimeter. 
Melting points were obtained with a Biichi 510 apparatus and are uncorrected. 

Reactions were monitored by TLC on Silica Gel 60 FZ4 (Merck), with detection by 
UV light or by staining with anisaldehyde 46 Commercial enzymes were purchased . 

from Sigma: acid phosphatase (sweet potato, type XA), fructose 6-phosphate 

kinase (rabbit muscle, type III), fructose 1,6-bisphosphatase (rabbit muscle and 
Ton&z yeast), fructose 1,6-bisphosphate aldolase (rabbit muscle, type IV), glycerol 

kinase (E. co/i), glycerol phosphate dehydrogenase (rabbit muscle, type I), pyru- 
vate kinase (rabbit muscle, type III), and triose phosphate isomerase (rabbit 
muscle, type III-S). Photometric measurements were made with an Eppendorf 

photometer 1lOlM or a Perkin-Elmer spectrophotometer Lambda 15. Protein 
concentration was determined by the Bradford method47 with assay reagents 

supplied by Bio-Rad, using bovine serum albumin for calibration. Media for 
column chromatography (DEAE-Sepharose CL-6B and Sephadex G-150) and 
precast gels for isoelectric focussing (Ampholine PAGplate 3.5-9.5) were obtained 
from Pharmacia and used according to the manufacturer’s instructions. Mem- 
branes YM-10 for ultrafiltration were purchased from Amicon. PEP monopotas- 
sium salt was prepared by the procedure of Hirschbein et a1.32. 

Enzyme assays. -The o-tagatose 1,6-bisphosphate aldolase (TagAl assay solu- 
tion (500 PL) contained o-tagatose 1,6_bisphosphate (2.4 mM), reduced nicotin- 

amide adenine dinucleotide (NADH, 0.2 mM) and potassium chloride (60 mM) in 

Tris buffer (60 mM, pH 7.51, to which was added glycerol phosphate dehydroge- 
nase (3 PI.,, 1U). Control runs also included triose phosphate isomerase (3 pL, 20 
U). After addition of an aliquot of the TagA containing solution (lo-25 PL), 

NADH oxidation was determined photometrically at 366 nm. One unit of TagA is 
defined as the activity catalyzing the cleavage of 1 pmol of D-tagatose 1,6-bis- 

phosphate per minute at 25°C and pH 7.5. 
The activity of fructose 1,6-bisphosphatase was estimated by analysis for remain- 

ing substrate at appropriate time intervals in reaction mixtures containing D-fruc- 
tose 1,6_bisphosphate (5) or D-tagatose 1,6-bisphosphate (1) at 10 mM concentra- 
tion. Activities of the enzymes glycerol kinase, pyruvate kinase, D-fructose 6-phos- 
phate kinase, D-fructose 1,6-bisphosphate aldolase (FIXA), and triose phosphate 

isomerase, and concentrations of the substrates dihydroxyacetone phosphate, D- 

glyceraldehyde 3-phosphate, D-fructose 1,6_bisphosphate, phosphoenolpyruvate, 
and pyruvate were determined by photometric assays performed according to 

standard methods@. 
Purification of D-tagatose 1,6_bisphosphate aldolase (Tag&-E. coli strain 

JWL183 (ref. 13) was grown aerobically to late logarithmic phase at 37 “C in a 1-L 
shake flask in 200 mL of a mineral salt medium49 supplemented with 1% casamino 
acids and 0.5% galactitol. This culture was used as the inoculum for a 10-L 
fermentor (New Brunswick) containing the same medium, and growth was contin- 
ued with aeration at 37°C. Bacteria were harvested at the end of the log phase by 
continuous centrifugation (Sharples centrifuge) to yield - 90 g of wet cell mass. 
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Cells were resuspended in four times their wet weight of cold preparation buffer 
(20 mM Tris, 10 mM mercaptoethanol, 1 mM ZnCl,, pH 7.2) and disrupted by 

three-fold passage through a French press. Extracts were clarified by centrifuga- 
tion at 24000g (total activity 1400 U) and applied to a DEAE-Sepharose column 
(5 x 32 cm) equilibrated with preparation buffer. The column was washed with 
preparation buffer containing 150 mM NaCl(500 mL) and protein was eluted with 
a linear gradient of NaCl (150-400 mM, 2.4 L). Active fractions were pooled and 

concentrated to a volume of 30 mL by ultrafiltration (total activity 650 U). The 
concentrate was applied to a Sephadex G-150 column (5 x 78 cm) equilibrated 

with preparation buffer containing 100 mM NaCl and active fractions were pooled 
and concentrated to a volume of 10 mL by ultrafiltration (total activity 500 U). 

Molecular weight determination. -SDS gel electrophoresis was performed ac- 
cording to the method of Laemmli49 using 12% polyacrylamide gels. Gels were 

stained with Coomassie Brilliant Blue. The following proteins were used for 
calibration: bovine serum albumin (66000), chicken ovalbumin (45 000), yeast 
alcohol dehydrogenase (39 SOO), bovine carbonic anhydrase (29 000), chy- 
motrypsinogen (25 000), and myoglobin (17000). From a semilogarithmic plot of 
the relative electrophoretic mobility against the mol wt a linear calibration curve 
was obtained with a correlation coefficient of 0.99. The subunit mol wt of the 
TagA was calculated as - 28000. In a similar manner, the mol wt was determined 
by gel chromatography using a Sephadex G-150 column (2 X 95 cm) that had been 
calibrated with blue dextran (2 OOOooO), rabbit muscle aldolase (160000), bovine 

serum albumin (68 000), and cytochrome C (12300). The mol wt of the native 
enzyme was calculated as = 110 000. 

pH Optimum. -For determination of the pH profile the standard assay for 
TagA was modified by adjusting the pH of the assay buffer in 0.5 unit increments 
in the range 6.0-9.0. 

Temperature stability.-Aliquots of a solution of purified TagA (28 U/mL) in 

Tris buffer (20 mM, pH 7.2) containing 10 mM mercaptoethanol and mM ZnCl, 
were heated at 35, 45, and 60°C in a water bath. At 5 min intervals samples were 

withdrawn, rapidly cooled in an ice bath, and the remaining activity was deter- 
mined. 

Kinetic rrrcusurernerats.-The kinetic parameters of TagA for p-tagatose 1,6-bis- 
phosphate and D-fructose 1,6-bisphosphate were derived by measuring the reaction 

rate at various substrate concentrations ranging from 0.1 to 5.0 mM in the 
presence of - 0.1 U of TagA per assay. Studies of the two PFK enzymes with 
D-fructose 6-phosphate and n-tagatose 6-phosphate employed substrate concentra- 
tions ranging from 0.1 to 5.0 mM and N 0.1 U of the respective enzyme per assay. 
Data processing was performed according to standard linearization methods (Line- 
weaver-Burk, Eadie-Hofstee and Hanes-Woolf)5’ as implemented in the pro- 
gram EnzymeKinetics (Trinity Software). 

Inactivation and metal replacement srudies.-For the test of class I activityz6, 
purified TagA in 200 mM phosphate buffer at pH 6.0 was treated with mM 
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dihydroxyacetone phosphate, then a solution of NaBH, (M in 10 mM NaOH) was 
slowly introduced during 10 min to produce a final concentration of 10 mM. The 
remaining activity was determined in aliquots removed from the mixture and 

neutralized with acetic acid prior to the measurements. For verification, a sample 
of rabbit muscle FruA was subjected to an analogous treatment, which caused 
complete loss of activity. 

For the test of class II activity, a sample of the TagA solution was treated with 
100 mM EDTA in small aliquots up to a final concentration of 15 mM, at which 
point the remaining activity had dropped below w 2% of the original value 
(dialysis against 200 mM EDTA for 20 h proved less efficient). Samples of this 

mixture were then assayed in buffer modified by supplementation with one of 
various divalent metal salts at 20 mM. 

Equilibriwn constant. -Solutions of o-tagatose 1,6-bisphosphate (1) at various 

concentrations (20, 40, and 150 mM) in Tris buffer (20 mM, pH 7.2) containing 
10 mM mercaptoethanol and mM ZnCl, were incubated with TagA (5 U/mL) at 
25°C. Conversion was monitored by enzymic assay in aliquots (50 PL) that were 

removed at 1 h intervals. The reaction was stopped by the addition of 7% 
perchloric acid (30 ILL), and the precipitate was removed by centrifugation. The 
supernatant was neutralized by the addition of M NaOH (20 pL). The resulting 
solution was assayed for dihydroxyacetone phosphate under standard conditions, 

and the sum of dihydroxyacetone phosphate and glyceraldehyde 3-phosphate 
equivalents was determined separately in the presence of added triose phosphate 
isomerase. Bisphosphates 1 and 5 were assayed independently as described above. 

Purification of the w-2 from E. coli.-A 200-mL starter culture of E. coli 
strain DF1020/pFDllO (ref. 43) was grown aerobically to late log phase at 37°C on 
LB medium supplemented with tetracycline (5 pg/niL). A 10-L fermentor contain: 

ing the same medium was inoculated with this culture. After aerobic cultivation at 
37”C, bacteria were harvested by centrifugation to provide 40 g of wet cell mass. A 
portion of the latter (11 g) was resuspended in preparation buffer (10 mM Tris, 

10 mM mercaptoethanol, 0.1 mM EDTA, 5 mM MgCl,, pH 7.51, cells were 
disrupted mechanically, and the suspension was centrifuged as described above. 
The crude extract (total activity 31000 U) was subjected to DEAE-Sepharose 
chromatography, and the kinase was eluted using a linear gradient of NaCl (O-500 
mM, 500 mL). Active fractions were pooled and concentrated to 9 mL by 
ultrafiltration (total activity 14 500 U). 

Calcium D-arabino-hex-5-ulosonate hydroxicse (ll).-D-Galacturonic acid (10, 
60.0 g, 309 mmol) was dissolved in 15 L of cold 0.15% Ca(OH), solution with 
vigorous stirring. On keeping the solution at room temperature for 7 days crystals 
formed, and these were filtered off, washed with ice-water, and dried in vacua to 
yield 11 (56.4 g, 86%; lit. l6 83%) For spectral characterization, a sample was . 

mixed with ion-exchange resin (Dowex 5OW-X8, H+ form) prior to the measure- 
ments. ‘H NMR data (D,O): (in this list R indicates the anomer that would be 
designated p if numbering were as in D-tagatose, S denotes the corresponding “a” 
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anomer, and h a la~on~-h~~a~~l form)* S 3.59 (s, H&R), 3.66 (d, J 12.0 Hz, 

H&as), 3.72 (d, J 12.0 Hz, H-6bS), 4.03 (dd, J 9.0, 1.5 Hz, H=3kI, 4.21 (d, f 4.5 
Hz, H=4R), 4.25 (d, f 4.8 Hz, H=4S), 4.28 (d, J 1.5 Hz, H-~/Z), 4.32 (d, J 9.0 Hz, 
H=4h), 4.46 (d, J 4.5 Hz, H=3R), 4.48 (s, H-2R), 4.49 (dd, J 4.8, 3.8 Hz, H=3S), 4.54 

(d, J 19.5 Hz, H=6ah), 4.63 (d, J 3.8 Hz, H-2S), and 4.65 (d, J 19.5 Hz, H-6bh); 
13C NMR (D,O): 6 62.86 (C=6R), 63.29 (C=6S), 70.92 (C-4R), 72.41 (C-3R), 72.93 

(C=3S), 78.47 (C=4S), 80.50 (C=2S), 81.44 (C=2R), 103.82 GXR), 106.05 (C-W, 
175.76 (C-lS), and 176.19 (C-1R). Integration showed the ratio of the S and R 
anomers and lactone hemiacetal to be 27 : 61: 12. 

Calcium (5 W-3,4 : 5,6-di-O-isopropylidene-o-arabino-h~-5-ulo-5,2-furanosonate 

(12).-To a solution of the calcium hexulosonate hydroxide ll(49.8 g, 234 mm011 

in 1.1 L of anhyd acetone was added coned H,SO, (81.0 g, 830 mmo0 and 
powdered 4A molecular sieves (60 gk The mixture was stirred at 25°C for 5 h when 
TLC indicated complete conversion. The suspension was filtered and Ca(OH), 

(N 75 g, 1.0 mol) was added to the solution until it became slightly alkaline. 
Following filtration, the solvent was removed in vacua to yield 12 (38.9 g, 57%; 

lit-l6 48%) as a colorless solid; ‘H NMR (CDCI,): 6 1.29, 1.35, 1.41, and 1.45 (4 s, 
CH,), 4.21 (d, J 9.8 Hz, H-6a), 4.28 (d, J 9.8 Hz, H&b), 4.51 (d, J 3.8 Hz, H-21, 
4.56 (d, J 6.0 Hz, H-41, and 5.14 (dd, J 6.0, 3.8 Hz, H-3); 13C NMR (CDCI,): S 
24.73, 25.60, 25.81, and 26.22 [2 C(CH,),l, 68.55 (C-6), 80.05 and 80.43 (C-3 and 
C-2),84.11 (C-4), 111.50, 111.50 and 112.50 [C-5 and 2 C(CH,),l, and 173.74 (C-1). 

(5 R-3,4 : 5,6-Di-O-isopro~~~e~-D-arab~o~-~-~-~, 2-~a~oso~c acid (13). 
-Calcium salt 12 (6.3 g, 21.5 nunof) was added with vigorous stirring to an 

ice-cooled mixture of 10% H,SO, (33 mL), water (100 mL), and ether (100 II&). 
After 5 min the organic layer was separated, washed with cold water (4 X 100 mL), 
and dried (MgSOJ Evaporation in vacua yielded 13 (5.1 g, 87%; lit.16 73%); 

iH NMR (CDCI,): S 1.32, 1.40, 1.41, and 1.47 (4 s, CH,), 4.25 (d, J 10.8 Hz, 
H=6a), 4.34 (d, J 10.8 Hz, H-6b), 4.62 (d, J 4.5 Hz, H-21, 4.64 (d, J 6.0 Hz, H-41, 

and 5.11 (dd, J 6.0, 4.5 Hz, H-3); i3C NMR (CDCI,): 6 25.08, 25.86, 26.12, and 
26.32 [2 C(CH,),], 68.95 (C-61, 78.61 and 80.58 (C-2 and C-31, 84.20 (C-41, 112.28, 
112.32, and 113.69 [C-5 and 2 C(CH,)J, and 171.13 (C-l). 

1,2: 3,4-~~-O-~o~r~py~i~~-~~agato~r~e (15).-A solution of carboxylic 
acid 13 (5.04 g, 18.4 mmol) in anhyd diethyl ether (250 mL) was cautiously added 

during 1 h to a suspension of LiAIH, (4.59 g, 121 mmol) in the same solvent (50 
mL) at 25°C. After stirring for 5 h, water (4.6 mL), 15% NaOH (4.6 mL), and water 
(13.8 mL), in succession, were slowly introduced. After the reaction mixture had 

become completely colorless, anyhyd MgSO, ( N 50 g) was added and stirring was 
continued for 10 min. After filtration, the solvent was evaporated and the residual 
syrup was purified by chromatography on silica gel by elution with EtOAc. 

* The sequence rute designations R and S are used when the anomeric carbon (C-5) has a higher 
locant than the ~n~~ration~ reference carbon (C-4). 
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Evaporation and recrystallization from petroleum ether (30-50°C) afforded color- 
less needles of 15 (3.64 g, 76%; lit. I6 41%); ‘H NMR (CDCI,): 6 1.32, 1.40, 1.44, 

and 1.48 (4 s, CH,), 2.17 (dd, OH), 3.93 (m, H-6a,6b), 4.07 (m, J 3.8 Hz, H-5), 4.08 
(d, J 9.8 Hz, H-la), 4.28 (d, J 9.8 Hz, H-lb), 4.64 (d, J 6.0 Hz, H-31, and 4.85 (dd, 
J 6.0, 3.8 Hz, H-4); 13C NMR (CDCl,): 6 24.54 and 25.80 [C(CH,),], 26.31 

[CXCH,),], 60.81 (C-61, 69.07 (C-l), 78.79 and 80.38 (C-4 and C-5), 85.26 (C-31, 
111.53, 111.65, and 112.73 [C-2 and 2C(CH,),]. Anal. Calcd for C12H,,0, (260.3): 
C, 55.37; H, 7.74. Found: C, 55.14; H, 7.78. 

I,2 : .?‘,#-Di-O-isopropy~ideneidene-cu-D-tagatofirano.se 6-(aBemy phosphate) (17).-To 
a solution of alcohol 15 (1.00 g, 3.8 mmol) in anhyd tetrahydrofuran (15 mL) was 

added dibenzyl di-IV-ethylphosphoramidite4’ (2.53 g, 7.9 mmol) and 1,2,4-triazole 
(525 mg, 7.6 mmol), and the mixture was stirred at room temperature for 24 h. It 
was then cooled to - 78”C, 30% H,O, (1.3 mL, 11.5 mmol) was added in a single 

portion, and the mixture was allowed to warm to 25°C with stirring for 90 min. 
Following evaporation, the colorless oily residue was dissolved in ether (50 mL) 

and extracted successively with N sodium hydrogensulfite (10 mL), N HCI (2 X 25 
mL), satd NaHCO, (25 mL), and water (25 mL). The organic layer was dried 
(MgSO,) and th e solvent was removed by evaporation. Column chromatography on 

silica gel using EtOAc as eluent provided 17 (2.1 g, 98%) as a colorless, chromato- 
graphically homogeneous syrup; ‘H NMR (CDCl,) : 6 1.28, 1.36, 1.38, and 1.43 (4 

s, CH,), 4.01 (d, J 9.4 Hz, H-la), 4.24 (d, J 9.4 Hz, H-lb), 4.11-4.36 (m, 

H-5,6a,6b), 4.59 (d, J 6.0 Hz, H-3), 4.74 (dd, J 6.0, 3.4 Hz, H-41, 4.95 and 5.01 
(dAB, J 13.2, 7.9 Hz, PhCH,), 5.08 (d, J 7.5 Hz, PhCH,); 13C NMR (CDCl,): 6 

24.41 and 25.57 (2 CH,), 26.01 (2 CH,), 65.17 (d, Jc,P 5.1 Hz, C-6), 68.81 (C-l), 

68.92 (d, Jc,P 2.7 Hz, 2 PhCH,), 77.29 (d, Jc,P 4.7 Hz, C-5), 79.28 (C-41, 84.71 
(C-3), 111.42, 111.61, and 112.58 [C-2 and 2 C(CH,),], 127.55 [Ph-C(p)], 128.19 

and 128.23 [Ph-C(o,mll, and 135.40 [Ph-CXipso)]. Anal. Calcd for C26H3309P 
(520.5): C, 60.00; H, 6.39. Found: C, 60.21; H, 6.23. 

1,2 : 3,4-Di-0-isopropylidene-~Y-D-tagatofuranose 6-(dihydrogen phosphate) 
(lS).-Dibenzyl ester 17 (260 mg, 0.5 mmol) was dissolved in 15 mL of anhyd 
EtOH, 5% Pd-C (50 mg) was added, and the suspension was vigorously stirred 
under an H, atmosphere for 20 h. The mixture was filtered and concentrated in a 
rotary evaporator at temperatures below 20°C (bath temperature) under high 
vacuum, and the residue was recrystallized from pentane to yield 18 (163 mg, 
95%), identical to a sample prepared according to the literature procedure3’; ‘H 
NMR (CDCl,-CD,OD 5 : 1): 6 1.30, 1.39, 1.40, and 1.45 (4 s, CH,), 4.04 (d, J 9.8 
Hz, H-la), 4.12 (br, 2 OH), 4.10-4.30 (m, H-5,6a,6b), 4.26 (d, J 9.8 Hz, H-lb), 4.63 
(d, J 6.0 Hz, H-31, and 4.83 (dd, J 6.0, 9.8 Hz, H-4); 13C NMR (CDC13-CD,OD 
5 : 1): S 23.79 and 24.95 [C(CH,),], 25.37 [CXCH,),], 63.48 (d, Jc,P 4.7 Hz, C-6), 
68.34 (C-l), 77.30 (d, J,-, 8.8 Hz, C-51, 78.95 (C-41, 84.28 (C-3), 111.11, 111.15, and 
112.15 [C-2 and 2 C(CH,),I. 

D-Tagatose 6-phosphate, diwdium salt (6).-An aqueous solution (5 mL) of 
acetonide 18 (163 mg, 0.5 mm00 was acidified with trifluoroacetic acid (0.5 mL) 
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and stirred at room temperature for 24 h. After concentration in a rotary 

evaporator at 20°C (bath temperature) under high vacuum to a residual volume of 
0.5 mL, the solution was rediluted to 10 mL and passed through an ion-exchange 
column (Dowex 5OW-X8, Na+ form; 0.5 X 2 cm) to provide, after evaporation as 
described before, the d&odium salt of 6 (140 mg, 98%). 

Enzymic phosphorylation of 6 .-An aqueous solution (60 mL) containing di- 
sodium D-tagatose 6-phosphate (6, 4.70 g, 15.6 mmol), monopotassium phospho- 
enolpyruvate (2.86 g, 13.7 mmol), ATP disodium salt (212 mg, 0.35 mrnol), and 
MgCl, (71 mg, 0.35 mm00 was neutralized with 2 M NaOH. After vacuum 
degassing, pyruvate kinase (300 U) and fructose 6-phosphate kinase (300 U) were 
added, and the solution was allowed to stand at room temperature without stirring. 
Conversion was followed by TLC using 1: 1 satd ammonia-EtOH, and by enzymic 

assay for PEP and pyruvate. After 40 h, the solution was filtered through charcoal, 
diluted with water (360 mL>, and passed through an anion-exchange column 
(Dowex AGl-X8, HCO, form, 1.5 x 30 cm). The column was washed with water 
(150 mL) and triethylammonium hydrogencarbonate buffer (250 mM, 450 mL) to 
remove pyruvate and impurities, then the product was eluted with 450 mM 
triethylammonium hydrogencarbonate (900 mL). Repeated lyophilization and re- 
dissolution in water (3 x 50 mL>, ion exchange to give the free acid (Dowex 
AG50W-X8, H+, 1.5 x 21 cm), and neutralization with cyclohexylamine followed 
by crystallization from 90% aq EtOH provided 1 (6.47 g, 60%), identical to the 
compound described next. 

D-Tagatose 1,6-bisplaosphate, betrcak~(cycldt~lammolaiuma) salt (1) by one-pot 
enzymic synthesis.-An aqueous solution (200 mL) of dihydroxyacetone (6.75 g, 
75 mmol), monopotassium phosphoenolpyruvate (10.30 g, 50 mmol), and ATP 
(1.50 g, 2.5 mmol) was adjusted to pH 7.0 by the addition of M NaOH. Magnesium 
chloride (0.20 g, 1 mmol) and @-mercaptoethanol (33 CCL, 0.5 mm011 were added 
and the solution was degassed under vacuum. Glycerol kinase (300 U) and 
pyruvate kinase (350 U) were introduced and the mixture was allowed to stand at 
25°C for 24 h, after which the formation of dihydroxyacetone phosphate was 
complete as determined by enzymic assays for dihydroxyacetone phosphate, phos- 
phoenolpyruvate, and pyruvate. Triose phosphate isomerase (1000 U) and purified 
D-tagatose 1,6-bisphosphate aldolase (TagA, 200 U) were added, and incubation 
was continued for a further 40 h, after which enzymic assay indicated the 
formation of D-tagatose 1,6-bisphosphate (1) and D-fructose 1,6-bisphosphate (5) in 
a N 9: 1 ratio. After separation of the enzymes by ultrafiltration, DL-glyceralde- 
hyde (0.45 g, 5 mmol), D-fructose 1,6-bisphosphate aldolase (100 U), and triose 
phosphate isomerase (500 U) were added to the filtrate. After standing overnight, 
the presence of 5 was no longer detectable by TLC or enzymic assay. 

In a separate run, contaminating 5 was removed by adjusting the pH of the 
filtrate to 8.0 and incubating with fructose 1,6-bisphosphatase (40 U) at 25°C for 3 
days. The respective mixtures were filtered through charcoal and applied to an 
anion-exchange resin (Dowex AG l-X8, HCO; form, 3 x 20 cm>. The column was 
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washed with deionized water (4 bed volumes), then the product was eluted by 
applying a O-500 mM gradient of triethylammonium hydrogencarbonate buffer 
(600 mL). Fractions containing 1 were combined, passed through a Dowex AG 
SOW-X8 (H+) column, and neutralized with cyclohexylamine to provide, after 
concentration and crystallization from EtOH, I (14.74 g, 40%) as the 

tetrakis(cyclohexyIammonium) salt; mp > 160°C (dec.), [(~ln + 1.4” (c 1, H,O); ‘H 
NMR (D,O): 6 3.82 (dd, J 10.5, 5.3 Hz, H-lab), 3.88 (dd, J 10.5, 6.0 Hz, H-lb@, 
4.00 (dd, J 10.5 Hz, H-6a/3), 4.14 (dd, J 10.5 Hz, H-6b/3), 4.24 (m, H-5/3), 4.30 (d, J 
4.8 Hz, H-3p), 4.49 (t, J 4.8 Hz, H-4/3), 4.44 (m, 5-Her), and 4.56 (t, J 5.5 Hz, 
H-4c~). Integration showed the ratio of (Y and p anomers to be 20: 80. Anal. Calcd 

for C,H,N,0,2P, (736.8): C, 48.90; H, 9.03; N 7.60. Found: C, 49.00; H 8.86; N 
7.29. 

D-Tagatose (14).-To an aqueous solution (10 mL) of the tetrakis(cyclohexyl- 
ammonium) salt of 1 (100 mg, 0.14 mmol), adjusted to pH 6.0 by the addition of 
HCl, was added acid phosphatase (5 U), and the mixture was allowed to stand at 
room temperature for 6 h. The solution was desalted (Dowex AG 5OW-X8, H+ 
form, then Dowex AG l-X8, HCO; form) and evaporated in vacua to furnish 14 
(23 mg, 94%), which proved identical to an authentic sample by comparison of its 

mp, NMR data, and optical rotation. 
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