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ABSTRACT 

A comparative study has been made of the abdlty of metal Ions to catalyze the 
Lobry de Bruyn-Alberda van Ekenstem transformatlon An analqt,cal enzymlc assay 
system, whch 1s highly sensmve and selective, was developed to momtor the rates of 
lsomerlzatlon of hexose and trlose phosphates The metal ions catalyze the Isomenza- 
tion of hexose phosphates by virtue of their Lewis acid character with the first transl- 
tlon series being most effective The metal Ions also appear to have no ability to 
direct the course of the reactions Ammo acids also catalyze the lsomenzatlon 
apparently by virtue of the free carboxylate amon 

INTRODUCTION 

One of the earliest recogmzed reactions of carbohydrates was the mterconver- 
soon of aldoses and ketoses, known as the Lobry de Bruyn-Alberda van Ekenstem 
transformation’ These transformations have been demonstrated for a variety of 
aldehydes and ketones, but perhaps the best known IS the mterconverslon of D- 
glucose, D-fructose, and D-mannose 

Early studres of these transformations were handicapped by the lack of con- 
venient, quantltatlve techniques for momtormg the course of the reactlons Usually, 
the products of these reactions were determmed by lsolatlon of derlvatlves such as 
the phenylhydrazones With the avallablhty of the hydrogen Isotopes came the first 
advances m the elucldatlon of the mechamsms of these transformations Smce that 
trme, much effort has gone mto estabhshmg the vahdlty of the enedlol mechanism 
first proposed by Wohl and Neuberg2 (see review by Speck3) 

Although Lobry de;Bruyn-Alberda van Ekenstem transformations have usually 
been carried out m baslc”medla, enohzation is SubJect to general acid base catalysis, 
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and, Indeed, catalysis by acid was reported4 as early as 1905 Interest in the effect of 
metal 10n.s on the transformation was also estabhshed early, dating back to the ongmal 
work by Lobry de Bruyn and Alberda van Ekenstem’. Later it became clear that 
certam alkahne earth metals were capable of catalyzmg the transformation and, 
when a basic species such as acetate was present, the reaction was of the first order 
with respect to the metal Ion 

Blologlcal systems catalyze the mterconverslon of the hexose 6-phosphates by 
vu-tue of two very specrfic enzymes, glucosephosphate (EC 5 3 1 9, D-glucose-6- 
phosphate aldo-ketolsomerase) and mannosephosphate (EC 5 3 1 8, D-mannose-6- 
phosphate aldo-ketolsomerase) lsomerases Whereas glucosephosphate lsomerase 
shows no reqmrement for a metal Ion, we have previously shown mannosephosphate 

’ lsomerase to be a zmc metalloprotem The metal may be removed from the enzyme 
and replaced by certam other metals and stall yield an active enzyme Similarly, 
Mn2’ , MS+, and Co2+ have been reported to be essential or to activate several 
other aldo-ketolsomerases6 Thus, It would appear that the aldose-ketose lsomerases 
may be divided mto two classes those which utilize a metal m the catalytic mechamsm 
and those whch do not The present study was conducted to provide mformatlon 
relatmg to the mechamsms of aldose-ketose lsomenzatlons, with hopes of better 
understandmg the role of the metal ions 

EXPERIMFZNTAL 

Reactzon condztzons - AU metal Ion solutions were prepared by dlssolvmg the 
chlonde salts m acetate buffers The reactlons were conducted m specially constructed, 
sealed-glass ampules having only a small area above the surface of the solution and 
deslgned to allow adjustment of the pH with a small combmatlon electrode In all 
expenments the reactlon solutions (1 0 ml) had a 50mhi concentration of metal ron, 
30mhf of sugar phosphate, and 1OmM of acetate with a constant lomc strength bemg 
mamtamed by addltlon of sodmm chonde The pH was adjusted and the ampules 
were sealed wth rubber septums and flushed with mtrogen for 60 set through 2- 
syringe needles inserted mto the septum_ The ampuIes were placed m a thermostatically 
regulated water-bath at 50” and covered with a heavy black cloth Ahquots (lOO@) 
were removed at various time intervals with a syrmge and added to a measured amount 
of cation-exchange resm (Dowex 5OW-X8, 200-400 mesh, H+) to remove the metal 
Ions This step was required since the metal lolls Interfere with the assay either by 
mactlvatmg the enzymes used m the assay (v z ) or by their absorbance at the wave- 
length bemg momtored * Ahquots of this solution were then assayed as described m 
the followmg paragraphs 

Pzrrzficatzon of D-mannose 5-phospizate - Most commercial sugar phosphates 
contam a slgmficant amount (I e , l-6%) of the contammatmg eplmenc hexose 

*It should be noted that a small proportlon of A13+ can Interfere with the enzyme assay by dxectIy 
oxldlnng mcotmanudeadenme dmucleotlde, reduced (NADH) and rucotmamld+adenme dl- 
nucleotlde phosphate, reduced (NADPH) 
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phosphates, and thus punficatron was necessary. The followmg me’thod was developed 
for punfymg D-mannose 6-phosphate from contammatmg D-glucose and D-fructose 
6-phosphates The banum salt of D-mannose 6-phosphate (500 mg) was treated w&h 
Dowex 50 (8X, 2 g, H+) catron-exchange resm to remove the barmm Ions. The pH 
of the resultmg solutron was adjusted to 8 0 wrth M sodmm hydroxrde. Glucose-6- 
phosphate dehydrogenase (EC 1 1 1.49, D-glucose-&phosphate NADP oxrdoreduc- 
tase) and glucosephosphate rsomerase (50 urnts of each) were added to the solutron 
along wrth a shght excess of mcotmamrde-ademne dmucleotIde phosphate, oxrdrzed 
(NADP+) necessary for removal of the contammants Thus solutron was strrred for 
1 h at room temperature wrth the pH being mamtamed between 7 5 and 8 0 The pH 
was then adjusted to l-2 wrth M hydrochlonc aced, and the solutron stnred for 2 mm 
to denature and precrprtate the enzymes After the pH had been readjusted to 6-7, 
actrvated charcoal (0 5 g) was added, and the mrxture stn-red for 2 mm and filtered 
The resultmg solutron was free of NADPt, NADPH, enzyme actrvrty, and contamed 
less than 0 2% of D-glucose and D-fructose 6-phosphates as contammants 

RESULTS AND DISCLSSION 

The hexose phosphate assay - The nonenzymrc rsomenzatron of D-mannose 
6-phosphate was studied as follows (Scheme 1) After removal of the metal Ions from 

Metal Metal 
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the ahquot to be assayed (Dowex 50), the solution (50 ~1) was added. m a 1 O-ml 
quartz cell, to an assay solution (0 8 ml) contammg tnethanolamme [tn(2-hydroxy- 
ethyl)amme, 10Om~, pH 9 0] and 0 5mM NADPf After the basehne absorbance at 
340 nm had been estabhshed, a lo-$ ahquot (1 0 umt) of D-glucose-6-phosphate 
dehydrogenase was added Thus enzyme converts D-glucose 6-phosphate present into 
D-ghcon~c acid 6-phosphate with the stolctiometnc reduction of one mole of NADP+ 

Thus, the concentration of D-glucose 6-phosphate was determmed from the Increase 
m absorbance at 340 MI A molar absorbance coefficient of 6 22 x 103~-’ cm-’ for 
NADPH was used’ The concentration of D-fructose 6-phosphate was then deter- 
mined by the addltlon of glucose phosphate lsomerase (one unit) Fmally, the con- 
centration of D-mannose 6-phosphate was obtained by the addltton of marmose- 
phosphate lsomerase* 

In the study of the lsomerlzatlon of D-glucose 6-phosphate a shght modrficatlon 
of the assay procedure was necessary to measure the concentration of D-fructose and 
D-mannose 6-phosphates After removal of the metal, a SO-,4 ahquot was added to 
tnethanolamme (200 ,ul, 0 IM, pH 11 0) and NADPf (100 ~1, 1 7 pmoles) Glucose-6- 
phosphate dehydrogenase (2 units m 25 ~1) was added, the reactlon allowed to proceed 
for 20 mm, and then passed through a pad of activated charcoal (50 mg) on a Swmny 
filter The filtrate was assayed for the concentrations of D-fructose and D-mannose 
phosphates as Just described 

The tnose phosphates were assayed by a method slmllar to that for the hexose 
phosphates the 1,3-dlhydroxyacetone l-phosphate concentration was determined 
by the NADH-dependent glycerol-phosphate dehydrogenase (EC 1 1 1 8, L-glycerol- 
3-phosphate NAD oxldoreductase), and the resulting D-glyceraldehyde 3-phosphate 
by the subsequent addltlon of tnose phosphate lsomerase (EC 5 3 1 1, D-glyceralde- 
hyde3-phosphate aldo-ketolsomerase) 

The enzymlc assays Just described provide a rapld, simple, and quantltatlve 
techmque for the study of these reactlons Although g 1 c was lmtlally utlhzed to 
analyze these solutions, several problems and dlfficultles made this techmque less 
desirable It 1s inherently slower and less quantitative than the enzymlc method since a 
volatde derivative must be prepared prior to analysis When the trlmethylsllyl ether 
glycosldes were prepared with IV, O-b~s(tnmethylsllyl)acetamlde8 and the denvatlves 
chromatographed (Chromosorb W H P , 100-120 mesh, 3% OV-17), the anomers of 
the mdlvldual sugars were resolved However, D m 1 c of a mixture of the per(trlmethyl- 
sllylated) hexose phosphates showed overlappmg peaks whch could not be resolved 
Although preparation of the aldltol acetate derivatives9 would overcome the problem 
of anomenzatlon, D-manmtol IS produced from both D-mannose and D-fructose 
upon reduction with sodium borohydnde 

Catai’yszs by metal ZOIZS -Although the monovalent cations exhibited essentially 
no catalytic effect m the nonenzymlc lsomerlzatlon of D-mannose 6-phosphate at 

*A smaller ahquot of the reactlon nuxture was usually necessary m order to obtam a smtable change 
of absorbance for D-mannose dphosphate 
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pH 6.0, most of the dlvalent cations were capable of catalyzmg the lsomenzatlons 
(Fig 1) This capablhty, however, vaned over an order of magmtude The hneanty 
of these data mdlcates the quantltatlve nature and reproduclbUy of the assay OnI3 
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Fig 1 Effect of metal ions on the nonenzymlc lsomerlzatlon of D-mannose 6-phosphate at pH 6 0 
In each solutlon, the concentration of metal ion was 5hTIM, of D-mannose 6-phosphate 3On~, of 
acetate IOmhr The reactions were carried out at SO”, under mtrogen, and m the dark 

extremely small proportions of D-glucose 6-phosphate were produced (Table I) It IS 
also clear that essentially no side reactlons occurred under these condltlons, since the 
amount of D-glucose and D-fructose 6-phosphates formed equals the amount of 
D-mannose 6-phosphate that dlsappeared It 1s not clear whether the dlvalent metals 
prevent the side reactlons normally observed m the nonmetal-catalyzed transforma- 
trons’ or the shorter reactron times and milder condltlons preclude their formatlon 

Metal ran Products formed (mhl) 

D-Fructose 6-phosphate D-Glucose 6-phosphate Orherb 

Na+ 0 10 0 03 0 17 
co2+ 064 0 04 0 06 
Zn2+ 081 0 05 005 
Nl*+ 140 0 05 0 02 

“ReactIon condmons 95 h, 50”, pH 6 0, with mltxd concentration of D-mannose 6-phosphate 
30 OHM The concentration of metal 10x1s was 50mM *Other, side reactlons were estimated from the 
difference m the mltlal concentration of D-mannose 6-phosphate and the sum of the concentrations 
of D-mannose, D-glucose and D-fructose (j-phosphates after 95 h 
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When the Isomenzatlon of D-glucose (j-phosphate was studled under condltlons 

Identical to those used for D-mannose 6-phosphate (Fig l), only trace amounts of 

D-mannose 6-phosphate were formed durmg the first 100 h On the other hand, 

D-fructose (i-phosphate appeared at a rate comparable to that of its production from 
D-mannose 6-phosphate (e g 11 0 x IO-’ moles of D-fiXICtOSe 6-phosphate h-’ In 

the Zn” catalyzed reaction from D-glucose 6-phosphate US 13 7 x lo-’ moles of 
D-fructose 6-phosphate h-’ in the Zn*’ catalyzed isomerrzation from D-mannose 
6-phosphate) Thus, under these conditions, the metals do not show a specScity for 
either of the two epimenc aldohexoses, smce only the more stable product (D-fructose 
6-phosphate) is formed Therefore, it appears that no “directive umqueness” is 
afforded to mannosephosphate rsomerase by its metal Ion alone, but rather that the 
enzyme has taken advantage of the natural catalytic ability of the metal ion as a 
super acrd catalyst m these isomenzations A second group of metal ions, which 
mcludes some of the metals from the group studied at pH 6 0 for comparison, were 
studred at pH 3 5 because of then hunted soIubihty at higher pH ranges (Table II) 

TABLE II 

EFFECT OF km~~ IONS ON mu ISO~RIZATION 0~ D-M.~NNOSE ~-PH~SPHMP 

Metal zon Rate (mpmoles h-l) 

Fe’-+ 90 
Cr3+ 90 
A13* 74 
CU= 61 
NlZ+ 31 
Fez+ 15 
Na+ 13 

PThe reactlon condltlons were Identical to those described m Table I, except that all reactlons were 
performed at pH 3 5 The rate reflects the sum of the D-glucose and D-fructose phosphates produced 

The ability of metal eons to catalyze the isomenzation appears dependent on 
their Lewis acid character, the tnvaIent ions bemg especially effective catalysts 
(Table II) It also appears that larger xons are not as effective mcatalyzmg the Isomenza- 

tion as smaller Ions within the same group It IS undoubtedly the influence of several 
additIonal properties (e g electronegativity, coordmation number, and symmetry 
of the coordmatron sphere) which endows each metal wrth some degree of umqueness 
Although the relative catalytic abrhties of NiZf, Co’+, and &In=+ correlate well 
with their size to charge ratio, no smgle parameter exlbrts correlation with the 
catalytrc ability of all the metals This IS to be expected from such a variety of transi- 
tron and nontransition metals 

In the study of the effect of metals on the nonenzymic isomenzation of the 
trrose phosphates (Table III), httle or no catalysis was observed for the conversron 
of D-glyceraldehyde 3-phosphate mto 1,3-drhydroxyacetone l-phosphate Even under 
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the mild condltlons employed, side reactions occured as mdlcated by the decrease m 
concentration of the aldehyde 

TABLE III 

EFFECT OF METAL IONS ON TRXOSE PHOSIWAl-ES= 

Metal IOR zrnrraz cum.? (rm) Fmal cone (nm) 

G3Pb DHAi== G3Pb DHAP= 

Na+ 9 28 0331 601 0300 
co*+ 9 12 0364 6 13 0364 
Nl*+ 9 57 0464 4 73 0 381 
Mn2+ 9 05 0464 7 33 0 331 

“D-Glyceraldehyde 3-phosphate was Incubated for 50 h at 25”, under mtrogen, m the dark, and at 
pH 6 0 ‘Abbrevlatlon G3P, D-glyceraldehyde 3-phosphate =Abbrewation DHAP, 1,3-dlhydroxy- 
acetone i-phosphate 

Catalyszs by amznu aczds - Since m enzymes one ammo acid fultilis the func- 
tion of the base cataIyst m the Isomenzatlons, we have studled the effect of free ammo 
acids on the nonenzymlc lsomenzation of D-mannose 6-phosphate (Table IV) A 
small catalytic effect was observed when a free carboxylate Ion was present At 
neutral pH, the zwittenon form predommates and charge*harge mteractlon between 
the a carboxyl and a ammo groups render the ammo acid catalytically mactlve Upon 
mcrease of the pH to a pomt where the zwlttenon IS dlsrupted, the catalysis by 
hydroxide Ions swamps out the effect of the ammo acid However, blockmg of the 
x ammo group afforded catalysis by vn-tue of the baslclty of the carboxylate Ion 
Esterlficatlon or amldatlon destroyed the catalytic effect of the ammo acrds In the 
hexosephosphate lsomerases the lmldazole mtrogen atom of hlstidme” and the y 
carboxyl group of glutamlc acid l1 have been proposed to function as the base catalyst 
m promotmg proton abstractlon In trlosephosphate lsomerase a y carboxylate 
group 1s believed to fulfill this role’* It IS mterestmg to note that although the catalec 
effect of ammo acids on the nonenzymlc reactlon IS small, no additIona catalysis 
could be attributed to the lmldazole mtrogen of hlstldme, and yet the carboxylate 
group of the glutamate amon does stimulate the rate of reactlon 

TABLE I\’ 

EFFECT OF AMINO ACIDS ON MANNOSE ~-PHOSPHATE ISO~ERIZATION” 

Anmo acid Rate (tnpnoles h- ‘) 

Control 
Glycm 
Glycmmde 
N-Acetylglycme 
Hlst&ne 
Glutanuc acid 

1 34 
1 34 

I 33 
2 35 
1 34 
2 15 

“The condltlons were ldentlcal to those described m Fig 1 
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Mechanzsm - Mechamsms consldermg the mvolvement of metal Ions m 
aldose-ketose Isomenzatlons3 I3 l4 ha ve deplcted the carbonyl oxygen atom and 

another hydroxyl group of the monosaccharide molecule as formmg a cheIate with 
the metal Ion, which results m lablhzatlon of the 01 proton and subsequent stablhza- 

tlon of the enedlolate Ion Whde the present studies provide no direct mechamstic 

ewdence, they are m accord with this proposed role It may also be sqglficant that 
those dlvalent Ions which best cataiyze tis lsomematlon (NI, Zn, Co) favor tetra- 
hedra1 coordmatlon Furthermore, two of these metal ions (Co”’ and Zn’+) have 

been shown to function m the enzymlc mterconverslon of D-mannose 6-phosphate 
and D-fructose 6-phosphate’ Thus, It would appear that a number of analoDes of 
the nonenzynuc and enzymrc systems exist, and that studies of this model system 
may provide additIonal mslght mto the enzymlc Isomenzations 
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