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D-GALACTOSE &PHOSPHATE: ANOiMERtC DISTRIBUTION AND ANALY- 
SIS OF ITS SYNTHESIS FROM D-GALACTOSE AND POLYPHOSPHORIC 
ACID 

ABSTRACT 

u-Galactose 6-phosphate as synthesized by direct phosphorylation of D- 
galactose with polyphosphoric acid is contaminated with two of its positional isomers. 

These were separated from o-gnlactose 6-phosphate and from each other. and identi- 

fied as D-galactose 3- and 5phosphatc by cnzymic, chromatographic, and mass- 

spectral analysis. The previous niisidcntiiication of these isomers as furanosc forms 

of D-galactose 6-phosphate has led to erroneous reports concerning the anomcric 
distribution of D-galactose 6-phosphate. The anomeric distribution of D-@actosc 
6-phosphate in a purified preparation was dctermincd by gas-liquid chromatography 

and 13C-n_m.r. spectroscopy to be 32’,!i, z-pyranosc, 649; /I-pyranosc. and no more 
than 4 7,; furanose anomers. 

ISTRODUCTION 

D-Galactose 6-phosphate is now rccognizcd as a mctabolite or component of a 

wide spectrum of organisms. In S~~~~/z~*/oco~c~~.s NLII.PII.S’-~ and Group N strepto- 
cocci4, it is an intermediate of lactose and D-salactose metabolism. It has been dctcctcd 
in extracts of the algae Clrlot-ellcr wlgm-i.s and S~~~t~c~~f~~.sm~r.s ohliqrrm:‘, was idcn t i FIed 

as a hydrolytic product from the cell wall of the fungus Fusicoamm mn_rgdu/i”, and 
was a reported product of a hexokinase purified from A .spcvgilfus pcwmic icrrs ‘_ In 

animal systems, D-galactose 6-phosphate has been found in galactosemic erythro- 
cytes 8, in the brains of D-galactose-intoxicated chicks’, and in rat hearts perfused with 

D-galactose’. 
Although the biochemical importance of galactose 6-phosphate is now estab- 

lished, information on its anomeric distribution is contradictory. Based on ga- 

liquid-chromatographic (g.1.c.) analyses, Zinbo and Sherman I0 reported that two 
pyranose and two furanose forms of galactose 6-phosphate exhibited peaks of nearly 
equal size, whereas Musick and Wells’ reported that the four forms gave peaks of 
differing size, and Harvey and Horning” reported two pyranose forms and two to 
three peaks for furanoses, some of which were designated “probably an impurity”. 

Determination of anomeric distribution requires samples of dctincd purity. 
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D-Galactose 6-phosphate offered by commercial suppliers, including those used 
in the cited investigations’- ’ *, is generally obtained by chemical synthesis from 
galactose and polyphosphoric acid (Sigma Chemical Co., personal communication)_ 

The synthesis of a hexose monophosphate by direct phosphotylation of a sugar with 
polyphosphoric acid” is attractive because of the utilization of readily available, 

inexpensive precursors and the avoidance of time-consuming, site-blocking processes_ 

However, the purity of D-Salactose 6-phosphate from such a synthesis has not been 
unequivocally established. 

We report here that the synthesis of D-galactose 6-phosphate from o-galactose 
and polyphosphoric acid gives positional isomers of D-galactose 6-phosphate as 
by-products. The isomers were separated from o-galactose 6-phosphate and from 
each other, and identified as Salactose 3-phosphate and D-galactose 5-phosphate. 
Their misidentification by others as furanose anomers of D-_galactose 6-phosphate 
has contributed to the contradictory reports of the anomeric distribution of D- 

galactose 6-phosphate. We have determined the anomeric distribution of o-galactose 
6-phosphate in a purified preparation by g.I_c. analysis and by ‘3C-n.m.r. spectroscopy_ 

RESULTS AND DISCUSSION 

Swtk~is mri mxrl_l~si.s of D-gaktctose 6-pltosphnte. - D-Galactose 6-phosphate 

Retention time ( min) Retention time (min) 

Fig. 1. Chromatogram (g.1.c.) of the product synthesized from o-galactose and polyphosphoric 
acid. Trimethylsilyl derivatives of commercial o-galactose 6-phosphate labeled 98-1000,0 pure (A) 
and the product synthesized in this laboratory (see text) (Bj were analyzed on a Hewlett-Packard gas 
chromatograph, model 5S3OA, equipped with an integrator_ The column (1.8 m x 2 mm) was packed 
with 304 OV-7 on Gas-chrom Q (80-100 mesh). Temperatures were as Follows: injector port, 250”; 
column, 220”; flame-ionization detector, 320’. Carrier gas: nitrogen at a flow rate of 23 mL/min_ 
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was prepared from o-galactose and polyphosphoric acid by the procedure used by 
See miller and Horecker” for the synthesis of D-glucose 6-phosphate, and was g 
obtained in similar yield (9 mol ‘i=). Based on g.1.c. analysis, the product was identical 
to D-galactose 6-phosphate obtained from a commercial source and labeled 9S- 100 ‘x, 

pure (Fig-. 1). However, only 77-SO:/, of the total carbohydrate in the product, as 

Retention time (m!nJ 

I 
Retention time (mln) 

Retention time Cm in 1 

Fig. 2. Chromatogram (g.1.c.) of the Me&i-O-methyloximc derivatives formed from the chemiwlly 
synthesized D-galactose 6-phosphate preparation. Instrument and conditions were identical to those 
described in the legend for Fig. 1, except that the coiumn packing was 3% OV-17 on Gas-chrom Q 
(SO-100 mesh), the column temperature was 190”, and the flow rate of the carrier gas was 25 mljmin. 
The peak at 7.39 min was identified as the derivative of o-galactose 6-phosphate, whereas peaks at 
5.03 min and 5.91 min were subsequently identified as positional isomers of D-galactose 6-phosphate 
(refer to text). 

Fig. 3. Enzymic removal of o-galactose B-phosphate from a standard preparation. The preparation 
of n-galactose 6-phosphate was analyzed by g.1.c. before (A) and after(B) incubation with D-gaklctosc 

dphosphate isomerase. The assay mixture (total volume, 0.4 mL) contained 64 /tmol of Bicino butfcr 
(pH 8.2), 12 [cmol of magnesium chloride, 6 [cmol of ATP, 4 icmol of the o-galactose 6-phosphate 
preparation, and 60 milliunits of the isomerase. In addition, o-fructose 6-phosphate kinase was 
included to catalyze the phosphorylation of o-tagatose 6-phosphate”, the product of the isomerase, 
thereby ahowing the isomedzation reaction to proceed to completion. Lyophilized samples were 
analyzed as their MesSi derivatives. Instrument and conditions were as described in the legend of 
Fig. 1, except that the column packing was 3% XE-60 on Gas-chrom Q (SO-100 mesh) and the 
column temperature was 175”. 
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we11 as in the commercial sample, was D-galactose 6-phosphate, as determined by a 
specific enzymic assay (see Experimental section). 

The D-gahC~OSe 6-phosphate preparation formed multiple 0-methyloxime 
derivatives (Fig. 2), indicating that it contained sugar phosphate impurities_ On some 
g.1.c. packings, the ~~71, anti, or cyclic forms of the Me,Si-0-methyl-oxime derivative 
might be expected to be partially resolved”*‘3- Is, resulting in a peak with a following 
shoulder or small peak, but such was not the case in our investigation. The major 
peak in Fig. 3, which comprised SOO/O of the total peak area, gave a mass spectrum 

identical to that reported for the Me,Si-0-methyloxime derivative of galactose 
6-phosphate’ ‘_ The estimation of purity (SO 7:) was the same as that obtained by the 

enzymic analysis_ 
In reports by other investigators”“: the initial two large peaks on gas-liquid 

chromatograms of o-galactose 6-phosphate preparations (for instance, see Fig. 1 
or 3A) have been ascribed to furanose anomers. However, when we selectively 
removed D-galactose 6-phosphate from standard preparations by a coupled enzymic 
reaction initiated by D-galactose 6-phosphate isomerase: the initial two peaks re- 
mained (Fig. 3)_ Although isomerases may exhibit anomeric specificity, the rapid 

mutarotation of sugar phosphates’ ’ would preclude the selective removal of only 
certain anomers by the isomerase. Therefore, the initial two peaks could not have 
been anomers of D-galactose 6-phosphate. 

The probability that the initial two peaks on gas-liquid chromatograms con- 
stituted by-products of the chemical synthesis of o-galactose 6-phosphate was 
suggested by analyses of D-galactose 6-phosphate derived from biological sources. 
The bacterium S. ant-errs GD29, a mutant of S. ~IWUS NCTC S.511 deficient in D- 

galactose 6-phosphate isomerase’, was grown in the presence of D-galactose. Under 
these conditions. this strain accumulates D-galactose 6-phosphate, the further metab- 
olism of which is blocked by the absence of the isomerase’. o-Galactose 6-phosphate 
extracted from these cells, as well as galactose 6-phosphate synthesized from tagatose 
6-phosphate by purified D-galactose 6-phosphate isomerase3, was subjected to g.1.c. 

analysis_ In neither case were substances observed having retention times corresponding 

to those of the initial two peaks of chemically synthesized D-galactose 6-phosphate. 
The initial two peaks in gas-liquid chromatograms of chemically synthesized 

D-galactose 6-phosphate were nevertheless identified as galactose monophosphates 
as follows: (i) they were present in the monophosphate fractionI obtained after 
application to a Dowex I-XS hydrogencarbonate column and elution in a stepwise 
gradient of 0.15, 0.30, and 0.4% potassium hydrogencarbonate; (ii> they reacted 
quantitatively with alkaline phosphatase and the resulting free carbohydrate moieties 
reacted > 99 oA with B-D-galactose dehydrogenase. B-D-Galactose dehydrogenase is 
specific for D-galactose and L-arabinose ‘. Galactose and arabinose are effectively 
resolved in g.1.c. by using 3% OV-1 column packing (160”), and may be identified 
by their characteristic retention-times (peaks at 4.07 and 4.63 min for arabinose and 
11.13, 13.05, and 16.04 min for galactose). Subsequent g.1.c. analysis confirmed that 

galactose was the sole carbohydrate product of the phosphatase treatment and that, 
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in particular, arabinose was absent. It must, therefore, be concluded that the initial 
two peaks on the chromatograms were positional isomers ofgalactose monophosphate. 

Icientt3ccttiotl of the positional isomers of D-gchctose 6-phosphcrte. - As the 
initial two peaks did not serve as substrates for D-galactose 6-phosphate isomerase 
(see foregoing), they could not have been D-galactosc 6-phosphate. The 4-phosphate 
is also ruled out because it would presumably be structurally unstable because of the 
sterically unfavorable, axial position of the bulky, polar phosphate group; studies 
of esterification reactions have confirmed that the 4-hydroxyl group of galactose 

exhibits low reactivity ” The 2-phosphate is ruled out because of the presence of . 
ions )X/Z 160 and 561 in the mass spectra of the trimethylsilyl-O-methyloxime deriva- 
tives of the positional isomers (Fig. 4). The presence of these ions indicates that 

C-2-C-3 cleavage had occurred. In particular, ion III/Z 160 incorporates C-l and C-2 

of the carbon chain’3, and would not be present had the sugar contained a phosphate 

group at the 2-position. With regard to the l-phosphate, it forms stable trimethyl- 
silyl (Me,Si) derivatives only under specially defined conditions” not used in this 

study. We have shown that the positional isomers present in the product misturc 
consistently formed stable Me,Si derivatives (Figs. I, 3, 5). Furthermore, the I- 
phosphate is acid-labile”’ and would not have survived the harsh acidic conditions 
inherent in the synthetic procedure of Secgmilier and Horcckcr”. The positional 

isomers in question have been shown to be acid-stable: they were isolated as their 
barium salts after being subjected to hydrolysis in 1.6:~ hydrobromic acid for 24 h 
at 100” (Fig. l)- By hydrolyzing the mixture of positional isomers under the foregoing 
conditions for prolonged periods (up to 45 h) and analyzing the hydrolyzatcs by 
g.l.c., we determined that the two isomers exhibited a similar high dcgrcc of acid- 
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Fig. 4. hlass-spectral fragmentation patterns of derivatized, positional isomers found in preparations 
of galactose &phosphate. Mass-spectral data wcrc obtained with an LKB model 9000 combined 
g.l.c.-mass spectrometer equipped with a column (1.8 m x 3 mm) of 3% OV-17 on Gas-chrom Q 
(SO-100 mesh). Instrument conditions were as follows: ionizing energy. 70 eV; repetitive scanning- 
range, 50-650 nz/r; molecular separator, 250”; ion source, 290”; injector port, 250”; and column, 
190“. Data from the mass spectra are noted in parentheses and are expressed as percent intensity, 
relative to nz/z 73 = 100%. The structures depict the Me&i-O-mcthyloxime derivatives of (n) IJ- 
galactose 5-phosphate: nz/z 618 (0.51, 561 (7.9). 459 (3.9), 364 (O-3), 357 ! 13-S), 262 ( I_ 1 ), 160 ( 10.1). 
and 103 (6.1); and (6) D-galactose 3-phosphate: /?I/= 618 (0.9, 561 (l-9), 516 (1.5),414 (2.6), 307 (2.0), 
205 (7.9), 160 (4.7), and 103 (11.9). 
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Fi g. 5. Chromatogram (g.1.c.) of the galactose 6-phosphate preparation before (A) and after (B) 
removal of the position& isomers by anion-exchange chromatography. Galactose 6-phosphate was 
separated from its positional isomers by anion-exchange (Do\\ex l-X4) chromatography using a 
triethylammonium tetraborate elution-gradient’“. Fractions (1.5 mL) were assayed for total carbo- 
hydrate; the contents of peak fractions were identified by g.1.c. after removal of borate. The isomers 
elured in non-overlapping peaks as follows: D-galactose 3-phosphate (peak at fraction 150); D- 

galacrose Z-phosphate (peak at fraction lS5); D-galactose 6-phosphate (peak at fraction 220). Me;lSi 
derivatives =ere analyzed by g.1.c. with the instrument and conditions identical to those described 
in the legend for Fig. I. except that the column packing was 30,; OV-17 on Gas-chrom Q (SO-100 
mesh). the column temperature was 190’, and the carrier-gas flow-rate was 15 mL/min. 

stability (about 60 ‘i;; as stable as D-galactose 6-phosphate). Besides D-galactose 6- 
phosphate, only D-galactose 3-phosphate” and possibly D-galactose 5-phosphate23 

have been shown to be acid-stable phosphates of galactose. From the foregoing 
considerations, it seems likely that the positional isomers present in preparations of 
D-galactose 6-phosphate are the 3- and the S-phosphates of D-galactose, a conclusion 
substantiated by the analyses described next. 

The major positiona isomer of D-,oalactose 6-phosphate (peak at 5.37 min in 
Fig. IA or 5.31 min in Fig. 1 B) is considered to be the S-phosphate, because its 
borate compIex was retained longer on an anion-exchange resin than was the borate 
complex of the minor isomer (peak at 6.05 or 6.11 min, Fig. 1) whereas, on all g.1.c. 
packings used (Figs. 1, 3, 5), the major isomer migrated ahead of the minor one. 

The longer retention-time of the major isomer in the presence of borate may be ex- 
plained as follows: because of the position of the phosphate group, galactose 5 
phosphate can only exist as a furanose. It is known that furanoses form stronger 
borate complexes than do pyranoses’1-‘6, and therefore would be retained longer 
on an anion-exchange resin. 

Consistent with the identification of the positional isomers as the 3- and the 
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5phosphates were results of combined g.l.c.-ms. of Me,Si-O-mcthyloxime dcriva- 
tives (Fig. 4). Such an analysis has been shown effective for locating the sites of 
substituents on non-phosphorylated sugars13. Although phosphate-group migra- 
tions and rearrangements ’ o-‘7-2* in the mass spectrometer complicate such an 
analysis when applied to sugar phosphates, we were still able to obtain useful informa- 
tion by examining the relative intensities of certain key ions. For each isomer, all 
eight predicted ions arising from cleavage along the carbon chain were present. 
Those ions @Z/I 205, 307, 414, and 516) predicted for the 3-phosphate, but not the 

5-phosphate, were of greater intensity for the isomer identified as u-galactosc 3- 
phosphate. That they were present at all in the spectrum of the 5-phosphate may be 
due to alternative fragmentation-pathways or to the lack of complete resolution of 
the isomers by g.1.c. (see Fig. 2). 

The lack of vicinal, alkoxyl groups impedes clcavnge along the carbon chain I’. 

By this criterion, one would predict less of ii?/: 103 and 61S, and more of III/: 160 
and 561 in the spectrum of the 5phosphate as compared to the 3-phosphate (see 
Fig. 4). This prediction held true except for nz/z 61s. an ion whose intensity W:EG so 

low that its use for comparison purposes is questionable. 

In light of these findings. we conclude that the substance identified by Zinbo 
and Sherman” as a-galactofuranosc 6-phosphate was primarily D-gahCtOSe 5-phos- 
phate. They contrasted its mass spectrum to that of galactopyranose 6-phosphate, 
drawing special reference to the mass-spectral dilrerenccs between furanose and 
pyranose forms of phosphorylated carbohydrates_ Fortuitously, since galactose 5- 
phosphate cannot exist as a pyranose, their assignments of fragmentation ions 
characteristic of furanoses remain valid. The reported presence of a relatively large 
g.1.c. peak thought to be z-D-galactofuranose 6-phosphate in brain cstracts of 
D-galactose-intoxicated chicks“ is dificult to evaluate, because a chromatogram of 
brain extracts of normal chicks was not presented. However, it may be that chick 
brain extracts contain some other sugar phosphate havin, ‘ 0 ‘t retention time similar 
to that of D-galactose 5phosphate. 

Detertzzizzcztiozz of the azzozzzcv-ic cfistrihrrtion of‘ D-gductose 6-plzosplzcztc~. - Chro- 
matographic profiles of D-galactose 6-phosphate before and after removal of the 
positional isomers by anion-exchange chromatography are shown in Figs. 5A and 
5B, respectively. D-Galactose 6-phosphate thus purified was used for the dctermina- 
tion of anomeric distribution. 

The anomeric distribution was determined by g.1.c. At anomeric equilibrium. 
967; of the galactose 6-phosphate existed in the pyranose forms (peaks at 6.37 and 
7.26 min, Fig. 5B). Mass-spectral analysis of these peaks yielded major ions having 
nr/z values of 204, 357, and 357, which are characteristically abundant for hcxopyra- 
nose 6-phosphates’ ‘*’ ’ . The components giving small peaks (4‘7” of the total) at 
4.12 and 4.77 min do serve as substrates for D-galactose 6-phosphate isomerase and, 
therefore, are probably the furanose forms of D-gahCtOSe 6-phosphate. Of the D- 

galactose 6-phosphate, 32”/0 exists as the z pyranose, and 64”/” as the .fi pyranose 
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Fig 6. Natural-abundance i3C-n.m.r_ spectrum of o-galactose 6-phosphate. The 0.5~ sample (total 
voiime, 0.3 mL) contained 140 mM Bicine buffer (pH 8.2). The instrument used was a Bruker WP-60, 
IS.08 hlHz Fourier-transform spectrometer equipped with quadrature detection. The spectrum was 
obtained at 23 “_ with 4000 spectral points, a spectral width of 3000 Hz_ and a filter setting of 2400 Hz. 
The spectrometer was locked to the resonance of DzO in a capillary. Chemical shifts are given relative 
to external tetramethylsilane and are accurate to within :zTO.I p.p.m. Resonances of the (x and p 
anomeric carbon atoms of o-gaiactopyranose 6-phosphate occur at -93.2 and -97.2 p.p_m_, 
respectively”“. 

(Fig. 5B). Confirmation ofthis distribution was achieved by ‘3C-n.m.r. spectroscopy: 
the ratio of/J’ pyranose to o[ pyranose was 2 to 1 (Fig. 6). 

EXPERIWZ?ZTAL 

Commercial D-galactose 6-phosphate (disodium and barium salts), D-galactose, 
polyphosphoric acid, r-arabinose, rabbit muscIe D-fructose 6-phosphate kinase, 
@-D-galaCtoSe dehydrogenase and EscJzericJGu coii alkaline phosphatase were pur- 
chased from Sigma Chemical Co., St. Louis, MO_ D-Tagatose 6-phosphate was 

synthesized from D-galacturonate, and D-galactose 6-phosphate isomerase was 

purified from D-galaCtoSe-grown S. aureus NCTC 8.511 as described by Bissett et aJ.3. 

The enzymic end-point assay for D-galactose 6-phosphate utilized D-galactose 

6-phosphate isomerase, which is specific for D-galactose 6-phosphate and D-tagatose 
6-phosphate3_ The absence of the ketohexose phosphate in all preparations analyzed 

was confirmed by the resorcinol method of Roe et a/.30 as described by Ashwel13’, 
and by g_l_c_ The enzymic end-point assay was as described by Bissett et aJ.3, except 
that limiting amounts of D-galactose 6-phosphate were added to the incubation 
mixtures. 

O-Trimethylsilyl derivatives of the sugars and sugar phosphates were prepared 
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according to the procedure of Bentley and Botlock3’. Me,Si-O-nwthyloxime deriva- 

tives were prepared as described by Laine and Sweeley*4. Prior to derivatizing 

samples in fractions from columns of Dowcs-1 (borate), the borate was removed by 

repeated evaporation of methanol”; we found that rigorous removal of borate 

was essential for prevention of interference with the silylation reaction_ The silylating 

reagents (chlorotrimethylsilanc and hexamethyldisilazane) were purchased from 

Regis Chemical Co., Morton Grove, IL. 
Total carbohydrate was determined by the phenol-sulfuric acid method of 

Dubois et 01.~~. 
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