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Abstract: Efficient large-scale syntheses of the title compounds (up to 0.1 mole) from readily 

available precursors have been accomplished along destructive as well as constructive biosynthe- 

tic routes by employing overexpressed enzymes from E. coli. The first route, which consists of 

an aldose isomerization-ketose phosphorylation sequence. utilizes natural L-fucose and L-rham- 

nose as the respective sources of chirality. The key reaction of the second route, which starts 

from racemic 2-hydroxypropanal and achii dihydroxyacetone phosphate, is a diastereospecific 

aldol addition with complete kinetic resolution. 

INTRODUCTION 

Enzymic techniques in some areas supplement, in others quite successfully compete with, existing method- 

ologies of asymmetric synthesis. The use of aldolases for the concise, highly enantio- and diastereocontmlled de 

nova-synthesis of carbohydrates and related muhifunctionalized compounds3 is a prominent example of a field 

where enzymes prove to be particularly suitable and valuable biocatalysts for organic synthesis.4 The biogenetic 

evolution of a complete stereochemical set of four aldolases that utilize dihydroxyacetone phosphate @HAP 

aldolases) allowed us to establish a flexible building block scheme according to which the choice of an aldehyde 

precursor and the correct enzymic catalyst provides full control over constitution and absolute configuration of 

the products.5 Thus, a D-tagatose 16-bisphosphate aldolase (TagA, EC 4.1.3.-) has been obtained from certain 

wild-type E.-coli strains,6 and the three remaining types of DHAP aldolases - D-fructose l&bisphosphate 

(FruA, EC 4.1.3.13).7 L-fuculose l-phosphate (FucA, EC 4.1.3.17)*9 and L-rhamntdose l-phosphate aldolase 

(RhuA; EC 4.1.3.19)* - have recently been made readily available by recombinant DNA methodology. The 

facile access to abundant catalyst quantities of high purity1o has removed restrictions for synthetic applications 

of DHAP aldolases on larger scale. As a result, this development has created a need for the corresponding natu- 

ral substrates, i.e. the 6deoxy-L-lyxo- (1) and 6-deoxy-L-urubino-hexulose# l-phosphates (2) for the FucA and 

# Trivial names “fuculose” (6deoxy-L-tagatose) and “rhamnulose” (Cdeoxy-L-fructose) are used throughout 

the text to maintain consistence with enzyme nomcnclatum. although their usage is normally discoma@. 
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RhuA enzymes, as assay standards for determination of aldolase activity and as reference samples for the eval- 

uation of substrate analogs or potential enzyme inhibitors. Although several literature reports on the preparation 

of compounds 1 and 2 are available based on biocatalytic (mutant strains of bacterial1 and crude enzyme prepa- 

ration&13*14) or chemical methods,15 none satisfies all criteria desirable for the synthesis of a reference 

material, that is, an indisputable quality of the product, convenience and overall efficiency of the pmtocol, and a 

supply of sufficient quantities for multiple tests (>>lOO mg). Also, since ketose l-phosphates such as 1 and 2 

frequently serve a regulatory function in carbohydrate metabolism as the inducers of appropriate enzymes16 but 

no simple procedure of a broader scope exists for their synthesis, we were led to explore in more detail the 

conceivable options for enzymic routes based on recently cloned17 and overexpressed microbial enzymes from 

fucose and rhamnose metabolism. 18 Here we present the outcome of our studies, exemplified in the practical 

enzymic syntheses of sugar phosphates 1 and 2. 

HO OH OH 

1 2 

RESULTS AND DISCUSSION 

The deoxysugars L-fucose (3) and L-rhamnose (5) can be used as a source of carbon and energy by a wide 

range of microorganisms. Catabolism of both aldoses pmceeds along parallel pathways that con@se an isomer- 

ization to the corresponding ketoses fuculose (4) and rhamnulose (6), phosphorylation at the expense of ATP 

with formation of the ketose l-phosphates 1 and 2, and their (reversible) cleavage by an aldolase into DHAP 

and L-lactaldehyde (Scheme l).le Thus, a biosynthetic preparation of 1 and 2 may follow the fast steps of the 

catabolic sequence or may alternatively proceed in reverse of the final aldol cleavage. 

L-Fucose - 
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Scheme 1. Microbial catabolism of Meoqsugars. Fud = jkose isomerase; FUCK = jbdokitu~~t?; FucA = 
fuculose I-phosphate al&l~e; RM = rhamnose isomerase; RhuK = r!mmnulokinase; RhuA = rhammdose 
1 -phosphate aldolase; DHAP = dihydroxyacetone phosphate. 
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First Route: Isomerization-Phospborylation 

For the chemical preparation of ketoses the basecatalyzed isome&adon of a corresponding aldose mediated 

by boiling pyridine is usually the preferred method for the mildness of its conditions. In case of the 6deoxy- 

sugars fucose and rhamnose, the restriction of the corresponding ketose isomers to the formation of furanoid 

rings adversely influences the thermodynamic relationship to the aldose precursors and limits the quantity of the 

desired products at equilibrium (-10% 4. -60% 6). Moreover, it has been shown by HPLC analysis that during 

the isomerization of 5 to 6 a number of other structural isomers are produced concomitantly.le For equilibra- 

tions involving 4 the situation must be expected to be further impaired due to its cornrathermodynamic all-cis 

substitution pattern. The need for purification of 4 and 6 by chromatography~ is a practical limitation, as are 

reported yields of -35%21 and 639619 based on the consumed aldose. Obviously, an enzymic in situ isomeriza- 

tion would be more suitable not only because of its higher selectivity but also because its coupling to a thermo- 

dynamically favorable enzymic phosphoryl transfer from ATP would serve to constantly drain the equilibrium of 

the ketose component and allow a complete conversion to pmduct (Scheme 2). 
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Scheme 2. Enzymic synthesis of 6-deoxyketose I -phosphates from aldoses. Fuel = fucose isomerase; 
RhuK = rhamnulofinase; Rhai = rhamnose isomerase; PK = pyruvat~~ kinase; PEP = phosphoenol pywae. 

As the enzymes involved in bacterial fucose and rhamnose catabolism display a selectivity for the stereo- 

chemistry of their respective substrates sufficient to preclude crossreactivity among the two pathways, access to 

all individual enzymes seemed mandatory. However, the rhamnulokinase (RhuK, EC 2.7.1.5) from E. coli is 

exceptional for its apparent nonspeciticity. It had been reported that, unlike the functionally equivalent fuculo- 

kinase (FucK; EC 2.7.1.51),11 this RhuK also accepts the isomeric L-fuculose at roughly one third of its 

maximum catalytic activity with L-rhamnulose as natural substrate.22 Using highly purl&d enzyme we found 

that fuculose in fact is processed at even better than half-maximal velocity (56% of V,,& Thus. this kinase 

seemed particularly well suited to fulfill a twofold synthetic purpose (Scheme 1) and, in the event, considerably 

reduced the task of biocatalyst isolation. The purification of rhamnose isomerase @haI; EC 5.3.1.14) from a 
recombinant strain of E. coli has been detailed lately .23 Literature procedures for the purification of fueose 
isomerase (FucI; EC 5.3.1.3)24 and RhuKl3~22 from E. coli were also available but tedious and not very 
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effective. Hence, for the present purpose we took advantage of recently constructed recombinant strains of 

E. coli that overexpress the RhuKt7 and FucI. 25 Due to the resultant high percentage in the total soluble cell 

protein (up to 305%), these enzymes could be readily isolated in pure form by simple 3 and 2 standard chtomato- 

graphic steps, respectively. 

In accordance with literamre data,% the FucI was found to have a relatively high Ku, value of 130 mM for 

its natural substrate 3. For preparative applications on smaller scales (up to -10 mmol) the convenience of using 

the phosphoryl donor ATP ln stoichiometrlc amounts outweighs the extra expense. An upper limit for its initial 

concentration was determined at ca. 40 mM because of the strong inhibition of the RhuK by the ADP released. 

As the concentration of the sugar co-substrates rapidly decreases as the reaction progresses, the resultant low, 

sub-&, concentrations of 3 necessitated to use larger amounts of the FucI in order to compensate for reaction 

rates considerably below V,, and to guarantee a steady substrate feed for the ensuing phosphorylation. This 

complication did not occur in the syntheses that employ the RhaI since this enzyme shows a much higher affinity 

for its natural substrate, 5 (Km = 1.5 mM). The affinity of the RhuK for the ketoses 4 and 6 is of a comparable 

magnitude with kinetic constants determined at Km = 3.0 and 0.2 mM which ensures a fast consumption of the 

intenn&ates even at low stationary concentrations. 

Purification of products 1 and 2 from the unreacted sugars and ADP was achieved by simple ion exchange 

chromatography applying a stepwise gradient of niethylammonium hydmgencarbonate as a volatile buffer. The 

sugar phosphates were obtained as crystalline, stable bis(cyclohexylammonium) salts of analytical purity. For 

preparations on a larger scale, the cofactor costs demand to add an in situ regeneration scheme for ATP, for 

which we chose to use the pyruvate kinaseqhosphoenol pyruvate system% because of the high donor potential 

and hydrolytic stability of the en01 phosphate which minimizes contamination of the products by inorganic phos- 

phate. The work-up procedure had to be modified to achieve a separation of the organophosphates from stoi- 

chiometrlc pyruvate. First attempts to elute pyruvate at lower ionic strength from the ion exchange resin proved 

to be less effective, particularly at larger scales, due to the similar elution profiles of the components. Barium 

salts co-precipitated both anions. Diit crystalliition of the cyclohexylammouium salt of 2 from aqueous etha- 

nol provided a facile (though at 60% yield not fully satisfying) solution to the problem since pyruvate seemed to 

form only soluble salts or condensation products. Recovery of the sugar phosphates in high yield finally re- 

sulted when pyruvate was first decomposed by incubation with pyruvate decarboxylase (EC 4.1.1.1) into 

volatile fragments which were readily removed by evaporation prior to product crystallixation. This technique is 

especially important in case of the fuculose derivative 1 which has a much lower tendency to crystallize than 2. 

Second Route: Aldol Addition 

Reversal of the catabolic aldol cleavage of sugar phosphates 1 and 2 to L-lactaldehyde (~-7) and DHAP (8) 

is thermodynamically preferred due to the formation of a C-C bond and a furanose hemiacetal structure at the 

expense of two carbonyl double bonds. While the stereochemistry of the aldol products at both termini of the 

new C-C bond is completely determined by the FucA and RhuA enxymes,3~5~* the stereogenetic nature of the 

addition would cause the formation of diastereomers if the chiral aldehyde was used in racemic form. Rnantio- 

merlcally pure L-7 can be prepared from the ‘nonproteinogenic’ D-euautiomer of threonine by ninhydrln induced 

oxidative deearboxy1ation.n However, the expense of the precursor and the inconvenience of repeated ion-ex- 
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change treatments required for purification of the aldehyde make this procedure impractical on a scale larger than 

a few millimoles. The crucial observation that both microbial aldolases generally display an overwhelming kinet- 

ic preference for the L-configurated antipodes of Zhydroxyaldehydes - in contrast to results obtained for the 

aldolase from rabbit muscle which offers only very limited if any capability for kinetic resolutions= -renders 

the aldol route (Scheme 3) a practical alternative to the isomerim tion-phosphorylation method. Thus, reactions 

could be run directly from rut-7 which is readily prepared from inexpensive 1, l-dimethoxypropanone.~ When 

the aldehyde was supplied in excess of two equivalents, Gketose phosphates 1 and 2 (>9oRb d.e.; no contami- 

nation by ~configurated diastereomers detectable within the analytical limits of 1H NMB at 400 MHZ) were ob 

tained by determination of all three independent, contiguous centers of chhality within a single enzyme catalyxed 

reaction step. Both compounds were isolated in excellent yield and in a diastereomerically pure form by crystal- 

lization of the bis(cyclohexylammonium) salts. In addition, the corresponding unphosphorylated ketoses were 

obtained by acid phosphatase (EC 3.1.3.2) catalyzed hydrolysis of 1 and 2 to provide pure samples of 4 and 6, 

respectively. This result again demonstrates the potential of asymmetric aldol additions for the facile de twvo 

synthesis of rare or, particularly, that of sensitive sugars. 
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Scheme 3. Enzymic synthesis of Ueoxyketose l-phosphates by aldol addition including kinetic resolution. 
Fud = jkculose I -phosphate a&he; RhuA = rhamndose I -phosphate alakdme. 

Now that methods are established for the facile preparation of the ketose l-phosphates 1 and 2 in quantity, 

along with a straightforward access to large amounts of a number of enzymes useful for their preparation, the 

value of the DHAP aldolases, in particular that of FucA and BhuA, as synthetic tools can be widely assessed. 

Thus, it is envisaged that the ready availability and practical utility of these biocatalysts will fiuther stimulate the 

development of enzymic strategies towarxls the synthesis of related polytunctionalired and physiologically active 

compounds. 
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EXPERIMENTAL 

General. ATP disodium salt and Tris buffer were purchased from Serva. Growth media, gel electmpho- 

resis materials, and all other chemicals came f?om Fluka. Phosphoenolpyruvate was prepared according to the 

procedure of Hirschbein et al.30 Dihydroxyacetone phosphate was prepared chemically from dihydmxyacetone 

according to the procedure of Pederson et al.3l or enzymically from glycerol l-phosphate by a novel protocol 

based on glycerol phosphate oxidase. 32 Ion exchange resins (100-200 mesh) were from Bio-Rad. Media for 

protein chromatography were obtained from Pharmacia Biosystems. Assay enzymes, pyruvate kinase (rabbit 

muscle, type II), and pyruvate decarboxylase (brewers yeast) were obtained from Sigma. Acid phosphatase 

(from potato) was a gift of Boehringer Mannheim GmbH. Rhamuose isomerase23 and the two aldolases8 were 

purified according to previously described protocols. Analytical thin-layer chromatography was performed on 

Merck silica gel plates 60 GF29 using a 1 : 1 mixtum of satd. ammonia+thanol for development, and auisalde- 

hyde stain for detection. Sugars were analyzed by HPLC on a Nucleosil5NH2 column (250 x 4 mm) with UV 

detection at 200 nm using 80% aqueous acetonitrile as eluent. Optical rotations were determined with a Perkin- 

Elmer 241 polarimeter. lH, 13C, and 31P NMR spectra (sodium 3trimethylsilyl-[D4]-propionate, acetonitrile, 

and phosphoric acid standards (8~ = 0.00, 6~ = 1.30, and 6p = 0.00 ppm)) were recorded by Drs. D. Hunkler 

and W. Deck. 

Growth of bacteria and preparation of cell extracts Cells were grown aerobically to late logarithmic phase 

at 37OC in a 10-L fermentor in LB medium supplemented with ampicillin (100 vg mu-1) aud were harvested by 

continuous centrifugation (Shaqiles centrifuge). Cells were resuspended in 4 volumes of preparation buffer 

(20 mM Tris, 10 mM mercaptoethanol, 1 mM MnC12, pH 7.3) and disrupted by three-fold passage through a 

French press. Cellular debris was removed by centrifugation at 24 000 g for 15 min and the clear supematant 

was used for enzyme purification. 

Purification ofjidcose isomerare. The cell-free extract of E. coli strain JMlOS-pKKFI-2 (ref. 26; 250 mL 

from 50 g of cells) was applied to a DEAE-Sepharose column (5 x 32 cm) equilibrated with preparation buffer. 

After the column was washed with buffer containing 150 mM NaCl(500 mL), protein was eluted with a linear 

gradient of NaCl(150-600 mM2.0 L). Active fractions were pooled and concentrated to a volume of 15 mL by 

ultrafilaation. The concentrate was applied to a Sephadex G-150 column (5 x 78 cm) equilibrated with prepam- 

tion buffer containing 100 mM NaCl and active fractions were again pooled aud concentrated by uluafi.ltration to 

a volume of 7 mL containing the pure enzyme (total activity 110 OUO U). 

Purification of rhamnulokinase. The cell-free extract of E. coli strain JA12UpJB4.3 (ref. 17; 520 mL from 

117 g of cells, 4700 IJ) were chmmatographed on a DEAE-Sepharose column (5 x 32 cm) equilibrated with pre- 

paration buffer. After washing the column with buffer containing 150 mM NaCl(850 mL), a linear gradient of 

NaCl (150-350 mM, 2.3 L) was applied to elute the protein. Active fractions were combined (3350 U) and 

adjusted to a concentration of 250 mM (NH&SO4 by slow addition of finely ground salt. This solution was 

subjected to Phenyl-Sepharose chromatography (3.5 x 23 cm), and the kinase was eluted using a decreasing 

(NH4)~SOqgradient (250-O mM, 700 mL) followed by pure buffer (400 mL). Pooled activity (380 mL, 

3320 U) was concentrated to a volume of 20 mL by ultrafiltration and subjected to Sephadex-G150 chromato- 

graphy as above. Concentration of active fractions to a volume of 10 mL yielded 3200 U of total activity. 
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Enzyme assays. Rhamnose isomerase and fucose isomerase activities were assayed by measuring ketose 

formation in reaction mixtures containing preparation buffer and L-rhamnose or L-fucose at 10 or 120 mM 

concentration, respectively, by the cystein+arbazol reaction. 33 Color intensity was measured after 1 h at the 

absorbance maximum of 545 nm. 1 Unit of enzyme is expressed as the quantity required to produce 1 u.mol of 

Lrhamnulose or Lfuculose per minute at 25“C. Kinetic paran~ters were derived by measmlng the maction rate 

at substrate concentrations spanning the range of 0.25 - 4 KM. Rhamdokinase activity was measured photo 

metrically by coupling ADP formation to consumption of NADH by using pyruvate kinase+hosphoenolpyru- 

vate and lactate dehydtogenase.22 1 Unit is defined as the amountofenzymerequimdtorelease 1 WlofADP 

per minute at 25T. Activity of aldolases was determined photometrically by an assay coupled to glycerophos- 

phate dehydrogenase catalyzed NADH oxidation.8 1 Unit catalyzes the cleavage of 1 pm01 of L-ketose l-phos- 

phate per minute at 25’C. 

L-Fuculose I-phosphate (1) from L-fucose. An aqueous solution (500 mL) containing L-Fucose (3, 

1.64 g, 10 mmol) and ATP (Naz salt trihydrate, 6.05 g, 10 mmol) was adjusted to pH 8.0 with 2 M NaOH. 

After addition of FucI (300 U) and RhuR (150 U). the solution was allowed to stand at room temperamre. 

Conversion was monitored by t.1.c. (Rf(3) = 0.51; Rf(l) = 0.30). After complete consumption of 3 (ca. 24 h), 

the mixture was filtered through charcoal and passed through an anion exchange column (Dowex AGl-X8, 

HC03- form, 100 mL). The column was washed with water (200 mL). and the product was eluted with 0.2 M 

triethylammonium hydrogencarbonate buffer. Repeated concentration from water (3 x 50 mL). ion exchange to 

the free acid (Dowex AG50W-X8, H+ form, 100 mL), and neutralization with cyclohexylamine followed by 

crystallization from 90% aqueous ethanol provided the colorless bis(cyclohexylammonium) salt of l(3.45 g, 

78%); mp 146T (dec), [a]~ + 0.5 (c 2, H20); 1H NMR (400 MHz. D20): 6 1.23 (d. 6-Ha). 1.29 (d, 6-HP), 

3.71-3.83 (m, 1-Hau, l-H& l-H&, 3.95 (dd. I-Haa), 4.10-4.19 (m, 4-HP, 5-HP), 4.22-4.27 (m, 3-Ha, 

4-H@, 4.30 (d, 3-HP), 4.38 (dq. 5-H@, Jta,p = 7.4, Jlaa,tha = 12.0, J3o,4o = 5.3, J3g.4~ = 4.5, J4o,5o = 

3.7. Jsu,60 = 6.7, J5g,6g = 6.1 Hz; l3C NMR (100.6 MHz, D20): 6 14.4 (C-6@, 14.8 (C-6a), 65.7 (d, 

C-la), 66.4 (C-lp), 72.4 (C-3& 72.8 (C-3a,-4P), 75.9 (C-4@, 76.5 (C-5p), 78.5 (C-5a), 102.1 (d, 

C-Zp), 104.6 (d, C-2@; Jc-top = 3.5, Jc-zu,p = 6.6, Jc.lg,p = 4.5, Jc_zg,p = 8.2 Hz; 3tP-NMR (80 MHz, 

D20): 6 4.03 (p), 4.41 (a). Integration showed the ratio of Q and p anomers to be 2 : 5. Anal. Calcd for 

CIaH39N208P (442.15): C, 48.36; H, 8.81; N, 6.31. Found: C, 48.89; H, 8.82; N, 6.33. 

L-Fuculose Z-phosphate (1)from L-lactaldehyde. An aqueous solution (40 mL) of DHAP and L-lactakle- 

hyde27 (1 mm01 each) was adjusted to pH 6.8 with 1 M NaOH, and FucA (30 U) was added. After complete 

conversion of DHAP (8) determined by t.1.c. (Rr(s) = 0.39; Rf(1) = 0.30), the mixture was worked up as 

above to furnish 1 as the bis(cyclohexylammonium) salt (380 mg, 86%). 

L-Fuculose I -phosphate (1) from DL-kactaldehyde. DL-Lactaklehyde dimethylacetals (6.0 g, 50 mmol) in 

50 mL of water was hydrolyzed by treatment with cation exchange resin (Dowex AG!iOW-X8. H+ form) at 

60°C for 8 h. After filtration. an aqueous solution of DHAP (80 mL, 10 mmol) was added. The mixture was 

adjusted to pH 6.8 with 1 M NaOH and incubated with FucA (300 U) at room tempemmre. After complete 

conversion (t.1.c. and enzymic assay for DHAP), the product was isolated as above to yield 3.76 g of 1(85%). 



1190 W.-D. FFSSNER et al. 

L-Rhamnulose Z-phosphate (2)fiom L-rhamnose (small scale). A solution (100 mL) of L-Rhamnose (5, 

1.82 g, 10.0 mmol) in Tris buffer (20 mM, pH 8.0) containing mercaptoethanol(20 mM) and MgCl2 (5 mM) 

was deoxygenated with a stream of nitrogen and was incubated with rhamnose isomerase (200 U) at 37OC. After 

2 h. ca. 30% of ketose had been formed (HPLC). A solution of ATP (3.03 g; 5.0 mmol) in the same solvent (50 

mL) and rhamnulokinase (200 U) were added and the mixture was further incubated for 3 h after which t.1.c. 

showed complete consumption of ATP. The solution was diluted to 400 mL and passed down au anion 

exchange column (Dowex AGl-X8, HC!@-, 30 mL). After washing with water (150 mL), the sugar containing 

eluates were neutralized by addition of Dowex AG5OW-X8 (I-l+) and concentrated to recycle unconverted 5. 

Product was eluted with 0.2 M triethylammonium hydrogencarbonate buffer (300 mL). After repeated concen- 

tration from water (3 x 50 mL), ion exchange to the free acid (Dowex AG50W-X8, H+ form, 100 mL), and 

neutralization with cyclohexylamine, the product was crystallized from 80% aqueous ethanol to yield the bis- 

(cyclohexylammonium) salt of 2 as fine colorless needles (1.75 g; 79%); mp 165°C (dec), [a]~ + 2 (c 1, H20); 

*H NMR (400 MHz, &O): 6 1.33 (d, 6-HP), 1.33 (d. 6-H@, 3.92-3.72 and 4.16-4.02 (2 m, rel. iutegr. 1:3, 

5 H), J5a,6a = J5~,6p = 6.1 Hz: 13C NMR (100.6 MHz, D20): 8 18.1 (s. C-6@. 19.2 (s. C-6p). 65.2 (s, 

C-la), 66.5 (s, C-lp), 76.4 (s, 2 Cp). 78.0 (s. 1 Ca), 79.5 (s, 1 Cp), 81.2 (s, 1 Ca). 82.7 (s, 1 Cu), 101.0 

(d, C-2p), 104.5 (d, C-2@; Jc_ta,p = 3.9, Jc_lp,p = 3.8, Jc_2~ = 6.2, Jc+s = 7.4 Hz, 31P NMR (8OMHz, 

D20) 6 4.15 (p), 4.74 (0~). Integration showed the ratio of a and fl anomers to be 1 : 2.6. Anal. Calcd for 

CtgH39N2GgP (442.15): C, 48.36; H, 8.81; N, 6.31. Found: C, 48.42; H, 8.85; N, 6.30. 

L-Rhamnulose Z-phosphate (2) from L-rhamnose (large scale). A solution of 5 (19.0 g, 104 mmol) in 

Tris buffer (1 L, as above) was incubated with rhamnose isomerase (2000 U) at 21’C overnight after which ca. 

25% of ketose had been formed (HPLC). After addition of a solution of ATP (600 mg. 1.0 mmol) and 

phosphoenol pyruvate (K salt,30 20.6 g, 100 mmol) in the same buffer (500 mL, adjusted to pH 8 by addition 

of 2 M KOH), rhamnulokinase (1400 U) and pymvate kinase (loo0 U) were added. After standing at room 

temperature for 8 h, t.1.c. showed complete consumption of ATP. At this point, the solution was separated into 

unequal parts for separate work-up procedures. One tenth of the volume was processed by anion exchange 

chromatography (Dowex AGl-X8, HCOJ-, elution with stepwise gradients of &250 mM in steps of 50 mM) in 

a futile attempt to separate pyruvate. The combined eluates were incubated with pyruvate decarboxylase (20 U 

total, added in portions of 5 U every 12 h) for 48 h. after which enzymic assay indicated SO% cleavage of 

pyruvate. After ion exchange into the cyclohexylammonium form, crystallization of the remainder from 90% 

aqueous ethanol provided pure 2 (4.1 g, 93%). - The remaining nine tenth of the product solution were filtered 

through charcoal and converted into the cyclohexylammonium form by ion exchange. After concentration, the 

semi-solid residue was dissolved in water (250 mL), ethanol (750 mL) was added, and the mixture was allowed 

to crystallize at O°C to give a first crop of product (13.8 g). Further crystallization from 90% ethanol pmvided a 

second and third crop (7.6 g and 2.4 g; total yield 23.8 g, 60%). 

L-Rhamnulose Z-phosphate (2)from L-lactaldehyde. Solutions of DHAP (Li salt, 115 mg, 0.5 mmol, 

5 mL) and L-lactaldehyde27 (100 mM, 10 mL) were combined and the pH was adjusted to 6.8. After addition 

of RhuA (50 U) the reaction mixture was allowed to stand at room temperature until t1.c. showed complete con- 

version of DHAP (1 h). Work-up was performed by ion-exchange techniques as above to furnish colorless 

needles of 2 (215 mg, 96%). 
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LRhamnulose Z-phosphate (2)fiom DL-ktakkhyde. DL-Laccaldehyde dimethylacetal29 (960 mg, 8 mmol) 

was hydrolyzed by stirring an aqueous solution (50 mL) with ion exchange resin (Dowex AGSOW-X8, H+ 

form, 5 mL) at 5oOC for 8 h. After filtration, DHAP (Li salt, 460 mg. 2 mmol) was added and the pH adjusted 

to 6.8 with 1 N NaOH. RhuA (100 U) was added and the solution was allowed to stand at mom temperature 

until t.1.c. and enzymic assay for DHAP showed complete conversion (1.5 h). Filtration through chatcoal and 

usual work-up gave pure 2 (811 mg, 91%). 

Fuculose (4) and rhamnulose (6). An aqueous solution of sugar phosphate l(300 mg, 0.7 mmol, 40 mL) 

or 2 (500 mg, 1.1 mmol, 50 mL) was adjusted to pH 6.0 by adding a small quantity of acidic ion exchange 

resin. After filtration, the solution was incubated overnight with acid phosphatase (200 and 300 U) at room 

temperature. When hydrolysis was complete (t.l.c., ca 15 h), the solution was neutrahzed. Silica gel (2 g) was 

added, the slurry was concentrated to dryness, and the residue was placed on top of a chromatography column 

containing silica gel. Elution with CHC&methanol(2: 1) provided pure ketoses 4 (66 mg, 69%) or 6 (178 mg, 

96%) as a colorless semisolid or syrup, respectively, whose physical data were in accordance with literature 

values. l4 
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