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THE STUDY OF THE MUTAROTATION OF D-GLUCOSE, 
D-FRUCTOSE, AND D-RIBOSE BY USE OF 
THEIR CIRCULAR DlCHROlShl* 

GEORGE D ~~AIER. 

(Rscel\ed .L\pr!l I-lrh. 1976; acceptsd for publicatwn, June Ih~h, 1976) 

MLer mutarotation, D-fructose, D-ribosz and, to a much smaller extent, D- 

glucose have c.d. maxima in the region 270-390 nm as well as below ‘iI0 nm. The 

ellrptlcities at the former wa\elengrhs can be attributed to an acyclic: form since 

compounds haiV~ng no cnrbonyl group, such as sucrose, D-gluc~~ol, methyl a- and 

B-D-giuco;ides. lack a maximum there whereas D-glyceraldehyde hss a maximum 

at 290 nm. The elllpticltlrs a~ rhe shorr \!akelengths are due, at kast in pan, tc ring 

structures, since all rhe model compounds absorb there. Sucrose has an espzcislly 

strong ellipticity Evidence is presented to indicate that both D-fructose and D-ribose 

hnbe the rc>slic form present in the original dry crystals before mutarotation. 

Elliptlcity changes of D-frucross show a single first-order step. The first-order kinetics 

at the acyclic maximum indicates a rate of formation con>iderably lobver than the 

rate of mutarotntion. The increase of D-ribose in ellipticity at this maximum indicates 

two simultaneous first-order reactions, one of them being much slower than the other. 

The mutarotation of a-D-glucose can be followed easily only at a short wavelength 

and g~\es a single first-order plot, the rats constant of which a_gezs with the polari- 

metric mutarotation constant, and in which the accumulation of acyclic intermediates 

is not observed to any significant extent. These observalions support the suggejtion 

that mutarotation of a sugar proceed3 through psezrdo-acyclic intermediaws which, 

thereafter, _give rise to either the acyclic form or another ring. 

WTRODUCllON 

The mutarotation of simple sugars is oilen assumed to include transformations 

of ring forms lia an ncqclic carbonyl structure, the concentration of which rapidly 
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attains a steady state. In the case of some monosaccharides. for instance D-fructose 
or D-ribose, this form has been rcporred to attain a relatively large concentration: 

Y I- 2% as estimated b> u-v. and circular dichroijm (c.d.) spectra, for the former,’ and 

8.5% determined by the dropping mercury elrcrrode for the latter’. In other cases, 

most notably that of D-_elucose. the concentration of the carbon>1 form is bare!) 

measurable, although in the biologically important phosphate esters of glucose it may 

be considerably increased3. Furthermore. the techniques that have been used with 

D-glucose disturb the steady-state concentration by the act of measurement. Using 

polsrogrsphic methods, Cantor and Peniston” have estimated a concentration of 

O.O34”/b of carbonyl groups, and Los et 01.~ 0.0026%. 

The circular dichromcter is able IO examine events in mutaroration without 

disturtmg equllibna. The region near 275 nm has been especially of interest with 
sugars containing a free carbonyl group. Listowsby et al.’ have described the 

ellipticity, in this region of equilibrium, of o-fructose and several of its phosphate 

derivatiixx, o-glyccraldehydr. as well as several other mono- and disaccharides. Totty 

et aL5 observed an ellipticitv near 290 nm for L-arabinose and reported it to be 

constant for at least 2-I h. 

In addition to their intrlnjic significance to understanding the mechanism of 

spontaneous mutarotation, our studies were initiated to provide a bask for further 

investigations into the mechanism of the biological catalysis of mutarotation by the 

enzyme mutarotase6’7. 

RESULTS AND DlSCUSSlON 

Tbe ellipticities of o-fructose and o-rlbose have been measured at their wave- 

length maxima (Table I). In addition, we have found a weak signal for D-glucose at 

290 nm (Table 1) in 3~ solution. 

TABLE I 

C.D. hlAXl3lA OF D-RIBOSE, D-FRUCTOiE, AND D-GLUCOSE” 

Compound 
. 
A,,, (nm) WI appb c ) 

o-Ribosc 

o-Fructose 

D-Glucose 

283 
721 
l95C 

z-i:! 
‘0.5 
l95C 

790 
195’ 

- 2.4 
-2.9 

- 240.7- 

+ 25.2 
- 28.0 
+81.9 

- 0.033 
+ 134.8 

“All exveme val3es for eihplk3t~es. whether poswve or negauvc, are reported iis maxim. ‘See 
Experrmenlal sewon for dsfinmon. 7he elllpticlty co~,tmues lo mcrense below this wovelen@h but 
the DV IS > 0.7 kV. 
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That the 270-290-om ellipticity represents the acyclic form of these sugars has 

been suggested by theorrllcal considerations for a carbon-J n --t IT* transititin’. These 

bands are absent in the c.d. spectr a of compounds that lack an acyclic carbonyl 

form. such as sucrose. D-glucitol. and methyl z- and P-D-glucopyrnnoslde, as observed 

by ourselves (Table II) and, earlier, by L isrowskj and Englnrdh with Lte methyl 

glucosides. 

TABLE II 

C.D hWUhlA oi SUCROSE, D-GLL’CITOL, METH’t I. *X-D-GLIJCOP\ RA?.0SlDE, 

AhD XIETH: L /j-D-r,LUCOPI’RA~OSIDE’ 

Sucrose 

D-Glucirol 
hle~hyl z-o-glucop>ranosldz 
hlelhyi f-u-gIucop> reooskle 

135’ f .iOO 

193.5 $51.3 
195’ f2l.l 
710 -30 
195c + 50.8 

“All extreme values for elllpticlIie;. whether positive or q elratwr. are reporiecl as maxlma. bThe 
CIII~IISII~ for all oilhe>c compounds IS 2 0 ;LI wavelengths > __ 710 nm. Ihe poslrkr: ellIptici& conlmucs 
lo lncreass hclow rhls wavclcogth, IJUI the DV IS ~0.7 bV. 

Additional evidence tbat tbz acyclic form absorbs at 270-190 nm is the presence 
of these bands in the spectrum of D-glyceraldehyde. At 290 nm, we have observed 

glyceraldehyde to have a [Q,,, -76.9’ at 1 h after addition to water. Feeley et ~1.~ 

have reported temperature (25” to 78”) enhancement of the elliptlclry of glyceraldehyde 

from d;x IO3 -42.8” to - 291’ at this lvavelength and also a small, somewhat 

delayed, positive increase at 330 nm, neither ot’ which completely reverts upon coolin@. 

These authors also noted that the apparent mol. I! t. decreases by aln~ost half during 

several days at 37’ until it nears that of C3H603 . Mthough they have not included 

cllipticity measurements of solutions aged at 37”, they attribute rhe dichroic changes 

to increased amounts of the two products of the slowly equilibrating system: 

Glyceraldehyde duner t’ hydrated acyclic mcnomrr (presumably aldehydrol) t acyclic 

carhonyl group. This scheme would require a diol at C-l to absorb rather strongly at 

long wavelengths where other hydrolyl groups do not. Swenson and Barker” found 

for D-glyceraldehgde a [e],,, -46” to -47‘ before and after purification by charcoal, 

but did not mention the age of the solutions. They also presented i.r. data IodicaLing 

the absence of an acyclic carbony form in these solutions. By contrast, n.m.r. 

studies have shown’ ’ that the acyclic carbonyl form is predominant in some ketose 

phosphates. The form of giyceraldehjde monomer remains an open question but. 

at least at present, the elliptlcity at 290 nm can be attributed to some kind of acyclic 

form. 

Tables I and II also show ellipticlties near 200 nm. Bands have previously been 

reported in this region for D-galacrose’*’ ‘, D-glucoses” ‘, and D-xylose’ ‘. The spectra 



4 C. D. MAER. J. b’. KUSMK, J. hl. BAILEY 

of the methyl D-glucosides, especially \vheo evaluated in conjunction with that of 

sucrose, implicak ring structures as the absorbing species. Picket1 et al.'" report u.\. 

absorbance at this \vavelength for oxygen-containing 5- and 6-membered heterocycllc 

compounds. Ho\ie\er. the c.d. speclrum ofnqciic D-, olucitol. as ~vell as those of other 

compounds containing hydroxyl groups, implies a role for the latter funcrional group. 

Harrison CI al. " support this point with ;heir study of the U.V. absorbance of simple 

alcohols. Possibly both ring structures and hydrovyl groups contribute to the c.d. 

spectra. 

\Ye have also studied the c.d. spectra of some of the sugars as a function of 

time at a fixed wovclcngrh. The extremely lore signal of D-.!_ZIUCOSe at 290 nm makes 

kinetic measurements impossible at this wavelcn,otb. but mutarotation of this sugar 
can be observed at the low wavelengths. The change at I95 nm as a function of time, 

after the sample is dissolved In \\ater, is a continuous Increase in poslti\e rllipticity. 

This change cannot be extrapolated back to zero ellipticiry at zero time but rather to 

[O],,, +69.5”, which indicates an ellipticity attributable to the wpyranose form of the 
sugar present in the original crystalline state. The absorption of ihe pyranose ring 

in the c.d. range suggests that other rin, 0 forms absorb In this range. At I95 nm, the 

ellipticity becomes more positive until a limltlng value of [d),,, + 134 3. is reached. 

These large changes, coupled i+ith the negligible ellipticiry at 290 nm, imply the 

opening of the original ring form as n slow kinetic step, follourld by ths rapid closing 

to a second nng form \rirhout the accumulation of an intermediaic acyclic species. 

The overall positive ellipticity of D-glUCOSe at 195 nm approximately doubles during 

the course of the entlre reaction. If one assumes (a) a transformation from an initial 

ring form to a second nng form, (b) a very minor accumulation of a carbonyl form, 

and (cl the second nng form presenr in tliiice the concentration of the first at equiii- 

brium. the molar ellipticity of the second ring form may be estimated at -3.5 times 

greater than that of ihe first form, resultin, 0 in a doubling of the initial to the final 

ellipticity value. Table II indicates that, at 195 nm. methyl /3Dglucopyranoside has 

a positlie [O] 2.5 times as -meat as the [O] of methyl a-D-glucopyranoside, and the known 

concentrations of /3- and a-pyranose forms in a solution of D-glucose at equilibrium 

indicate that the p form is present at abour rwice the concentration of the Q form. It 

is, of course, possible that the acyclic form may be present and shows considerably 

more ellipricity at 195 nm than it has si 390 nm, but the model compound, D-glycer- 

aldehyde, has at its 290 nm maximum at least 2.3 times the molar ellipticity that it 

has at 195 nm. In addition, dimeric D-glyccraldehydr: may absorb at 19.5 nm, 

thereby increasing this ratio for the acyclic D-glyczraldebyde present. 

The relationship between log d (see Experimental section) at 195 nm ~‘5. time 

after dissolution for D-glucose is an integrated first-order kinetic plot (Fig. 1). The 

slope between 0 and -MI min is 0.0143 min - I and the regression coefficient (r) of the 

points is 0.999. The linearity of the plot supports the contention that the rate-limiling 

step in the mutarotation of D-_elucoSe is &he opening of rhe initial ring form with any 
carbonyl form in rapid cqullibrium with the second ring form. The slope, when 

multiplied by the ln-log conversion factor 0.X43, gives a value (0.0062 min- ‘) that 
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is in accord wth the mutarotation constant (0.0063 min- *) 

earlier1 5. 

The behavior of D-fructose is more striking rhan 

5 

for r-~-glucose reported 

that of D-glucose. The 

incrcnse in positive elliptlcity of the ketone form at 277 nm ds 8 function of rime m3j 

be easily observed. In contrast, at 300 nm, after ;L sharp decrease in positive elliptlcicy. 

3 passage through zero ellipticlty is foiloMed by a slow increase In negstive cllipticity. 
In this case again, the observation that rhe ellipticlty at 200 nm does nor proceed from 

a null value toward another positive or negative value, or L’ICC wrw, supgests that at 

lrast two forms of tk sugar absorb, one of them being a ring form. The overall 

change in cllipticity at 200 nm throughout the experiment is not great. Ai both 195 nm 

. 

TIME AFTER MIXING (mln) 
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and 205 nm, no detectable chan_ge in the cd. signals with change in time took place, 

even at the greatest scale-expansion. The significant ellipticity at 272 nm indicates a 

measurable increase of the acyclic form of o-fructose. which in turn may contribute 

some ellipucity, less positive than that of the original, crystalline ring-form, to the 

ellipricity and its chsnges at 200 nm. At 272 nm, eltrrapolation to zero time gives nn 

elllptrcrty greater than zero, which would indicate that tbe orlglnal, dry crystals 

already contained the acyclic form of D-frUCtOSe to an extent of roughly 5-I”~ of the 

total amount :hat is present in solution at equilibrium. Preliminary observations in 

this laboratory have shown that D-galactose and t_-arabinose have ellipticities that 

increase with time In this region: upon extrapolation to zero time. they also imply the 
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presence of acyclic structures in the ongiDal crystalhne material. lshell Eind Pigmao 

have reported ’ 6 sugar transformations in the solid state, but [heir brief statement 

discussed only D-phcose and D-lyxose. 

In Ihe plot of log L1 z-s. time for 8 D-fructose solution (F1.g. 2), first-order kmetxs 

are obxned for the fir51 9 min at both 272 nm (slope = 0.054 min- ’ ; r = 0.996) and 

200 am (slope = 0.096 min - ’ : r = 0.990). After this initial period, the data scatter 

and fall away somewhat from the initial, straigh! line. Even up to 20 min, linear 

regression curves \vith r-values 10.9 can be found at both !\avelengths with similar, 

althou_gh not identical slopes. The behaviors at both wakelengths are related and 

imply the appearance of a measurable acyclic form, from a prior ring. by a first-order 

o-RIBOSE AT 293 nm 

0 

: -r--j::;.::: 
o - RIQOSE AT IQSnm 

0 f[ . 

. 

, , , , 
1 IO 20 

TIME AFTER30MtXtRG 
40 so . 

(mln I 

FIN. 3. Log d PS. rime slier dwolullon, for B soluilon or o-rlbosr: at 283 (-_c?-_O-) and 01 195 nm 
(-e--e-). 
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re~&~. ne sfapes (Fig. 2) multiplied by 0.4343 generate values (0.0365 min- ’ and 
0.~917 min- I) that are lower than the vaIue obtainedI from the mutarolation 
@XWzInt ( r 0.115 min ‘-‘I for a solutian of a-fructose of pH 6S at 20”. The formation 
of 3 true acyclic structuret, by a collateral reaction, from a transient gseu&-acyclic 
~~tg;rmc&ate of the ~+pe described by Isbell and Pigman’ 6 is suggested by these results. 
Jrs &is model, a p-w&-acyck form results from the slow-step disruption of the 
momejc sqni-acezal bond of one ring form, without considerable conformational 
&hange. anb then a&s to another transient form which resembles and rapidly closes 
to +e a second ring form: A completely open-chain, acyclic conformation. results 
f?m ei&cr ~.~-&+aqclic intermediate by a reaction that is the slowest of all. Such 
;zw interpretation is consistent with the presence of a /?-D-furanose ring’ ‘. 

D-Ribose pnqressively exhibits at 283 nm a more negative ellipticity with time. 
IFfa& change is only X-cry small overall, As in the case of D-fiuCtOSe, the zero time value 
of @8&p? is above zero elliptkity and indicates tl;e existence of an acyclic form in the 
&y cqzalu to the extent of about 70% of the amount that is present in the solution 
31 equilibtieam. At the _-test scale-expansion of the circular dichrorneter, some 
rn~~~ro~~tisn may be detected at 220 nm, 215 nm, and 205 nm, but the changes are 
ELW sm~all PO be measured. At 200 nm and 195 nm, small but measurable changes in 
[0’& are observed with time, those at 195 nm being the larger; at both wavelengths, 
e*k ini&k~ negaiivc eIlipii&Q becomes less negative but not zero, indicating at least 
ittio fosmras of the sugar. At 195 nm as well as at 283 nm, an abrupt, apparently linear 
inrkl ch::lnge takes place. 

For solutions of ~ribose, the plots of log d vs. time (Fig. 3) give linear fits at 
kth 33 nm and 915 nm for the first 7 min (at 283 nm, slope = 0.124 min- I, 
p-O.SSI: at 195 nm, slope=O.IISmin”, P = 0.952). These slopes, corrected by a 
&tior of 0.4JM. give 0.0539 min- ’ and 0.0512 min- ‘, respectively. After the first 
7 i~?rn. thr ~cr~tttr of the data makes the fitting of large segments with linear curves 
d&kuFr: and. after 50 min, impossible. Between IO and 50 min, however, the plots 
3re kear Q$II ra&er low re_gresssion<oe$cients at 283 nm (r ~0.617) and 195 nm 
g .a = 0.631B. The dopes x 0.4343 are 0.00352 min- ’ and 0.00430 min- I, respectively. 
T”k ma~ar&ation conmnh of L-ribose for the fast and slow reaction were reported1 5 
85 O__rZF min * 1 and 0.0492 tin- 1T respectively. 

T&e ~e&known variation of the optical rotation of D-ribose shows the present 
of 85 kz,st *&WE form5”. Our data indicate that during the first 50 mk a minimum of 
0~ land more likely three) forms of D-ribose are present, at least one of which is 
~?dk. 0n &e basis of the previously described spectrum of D-giyceraldehydeg, we 
WGIK that or& one acyck form is absorbing near 283 nm. 

The itid k; reaction is f&owed by a slow reaction that increases the con- 
+~~ii~;t’Lion sf aq~lic &tibose (Fig. 3). Both apparent rate constants are. smaller than 
:Fe i~y~g~r&je rn?J?‘3 .+.x~~ation consrant reported earlier”, altiough the fast-reaction 
r3T.e OzvEAznl ikE*lhated in Fig s is similar in magnitude to the slow-reaction mutaro- 
E=X~ W:G~W& @ecau~ of the IOW r-value for the slow reaction illustrated in Fig. 3, 
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we have not corrected the apparent rate-constant of the fast reaction for the presence 
of the slow one). 

The magnitude of the rate constants ihustrated in Fig. 3 renders it unlikely that 
the acyciic form is an obhgatary intermediate in the conversion of the original crystai- 
line ring form into a rapidly-appearing, second ring form. The observation that the 
concentration of acyclic n-ribase (Fig. 3) increases after the initiat reaction also rules 
against the role of an intermediate for this form since such role would require this 
form either to increase to a steady state, or to increase and then decrease. IIt is mare 
likely that the acyclic’ form arises from the complete opening (at different rates) from 
pseurlo-acyclic forms that are intermediates to various ring transformations. Thus, the 
fast reaction illustrated in Fig. 3 may be significant for the interpretation of the 
polarirnetric mutarotation in that it generates a terminal product rather than an 
intermediate. 

Mahdds. - Sucrose (lot 712447) and ~-a-glucose wdre obtained from Fisher 
Scientific Co., Pittsburgh, PA 152!9; a-fructose (control 2059) and D-glucitol 
(lot 6436) from ICN Life Sciences Group, Cleveland, Ohio $4126; D-ribase and 
methyl a-a-glucopyranoside (lot 9301460) from Sigma Chemical Co., St. Louis, 
MO 63178; and methyl fl+glucopyranoside (lot 45352) from Calbiochem, La Jolla, 
CA 92037. All these compounds had [xl;’ in agreement with literature values. 
u-Glyceraldehyde (lot x4004, [r] k” + J 6.06”), obtained from Schwarz/Mann, 
Orangeburg, NY 10962, was an oil containing about 10% of HZO. 

Cirrulur dichoisrn dekw&utinrrs. - All measurements were made in H,O 
(all pH values in the range 6.P-6.8) at 21+ 1” with a Gary ModcI 61 circular dichrom- 
eter, with a dynode voltage (DV) not >0.7 kV. A higher DV resulted in un- 
manageably small signal-to-noise ratios. The instrument had been calibrated at 
240 nm with (d) IO-camphorsulfonic acid in HzO. Spectra of solutions of D-ribose 
(IOOmM, 350-210 nm; 25mM, 210-195 nm), D-fructose (lOOmM, 350-205 nm; IOmM, 
205-195 nm), D-ghCOSe (3~ 350-260 nm; SOm& 255 nm and below), D-glyceral- 
dehyde (25m@, sucrose (100mM, 300-205 nm ; IOrn~~, 200 nm and below), methyl 
cN+ghrcopyrlinaside (100nz~, 350 nm-200 nm; 20mM, 195 nm and below), methyl 
B-D-glucopyranoside (SOmM), and II-glucitol hydrate (IOOmM, 350-200 nm ; IOmM, 
195 nm and b&iv) wcrc recorded 1 h after mixing, except for the first three com- 
pounds observed at equilibrium. 

A4utntnfafioml kiwric nttmtwctm~ts. -- These measurements were made with 
the dichrometer for solutions of a-n-glucose (at 195 nm, scale expansion 0.10, 
DV - 0.46 kV, 501n~), o-fructose (272 nm, 0.10, 0.32 kV, 10Om~; 200 nm, 0.02, 
0.69 kV, 5OmM j, and u-tibose (253 nm, “.., . , n*l Ci.35 kVj IOOmM: 195 nm. 0.2, 0.67 kV, 
iambi). l-be soluticns were prepared from frncly ground, dry crystalline materia! that 
was stirred rapidly with a magnetic mixer as water (10.0 ml), kept at 21 -t I”, was 
rapidly added, Zero time, at which point the chart timing-device on the instrument 
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was started, was the time at which the solvenr entered into contact with the dry 

matzrisl. Rapid stIrring for additional mixing was continued for several set (for 

D-glucose, a minimum of 50 3X; D-fructose. 20 set; and D-ribose, 5 set), after which 

the solution \v;1s transferred to the cell. The pen recording was begun after a period of 

time equivalent to the pen period of the experiment. A blank experiment with water 

was performed later in the same cell under the same conditions. The effect of pen noise 

:vas minimized (after rhe completion of the measurement) by treating the priman 

trscing on the cl-art in the following manner: Within sequential intervals, the highest 

pen fluctuations were connected by hand-drawn lines as well as the lowest fluctuations. 

and at timed spacings, printed on the chart, the means of the two lines were taken. 

To a large extent, the scatter of data to the right in Figs. 2 and 3 is a consequence of a 

small increase in signal within moderately noisy tracing. 

Calcuiarions - The molar ellipticity [0] is defined by the equation: [Et] = 

O,,,, x mol. wt./( 10 x I x c), where Oobs is the experimental ellipticity (in depees), I the 

length of path (I cm), and c the concentration in g/ml. The apparent molar ellipticlty 

I%,, is defined similarI>. except that in expressin, 0 ihe concentration He hole used the 

overall concentration of the sugar, with no effort to correct for lhe amounts of the 

various isomeric forms that may be present. 

To evaluate the kinetic data, preliminary plots (not included in [his report) of 

lo.!? W,, 1.3. tune \+ere made for each compound at a given wavclengrth. These plots 

could be fitted in their early parts \viih linear tunes that, in turn, could be extrapolated 

fo zero time to retrieve a Lalue of [f?],,,,, = 0; ultimately the plots approached Iimitmg 

values from \\hich [HI,,,., = ~ could be derived.. Subsequestly, the actual kinetic’ 

parameters were derived from plots of an alternate form of the Inrc,orsted first-order 

rate equation, log A KY. time, where: 

d = wl3,,,l:o -v%,,.,= ,)/![el,,,,l=,-[Ol.,,,,,= .x 1. 

The values for [O],pP,r=,, and [Q,,,,= I, respectively, are: ~-glucose (195 nm) 

;69.5 and + 134.3’; o-fructose (372 nm) + 13.7’ and +25.2’: D-fructose (700 urn) 

+ 15.8’ and - 2 9”; o-riboje (253 nm) - 1.6” and -2.3’; and D-ribose (195 nm) 
- 272.9’ and -297.1G. D-Ribose did not approach. at I95 nm. a fixed limiting value. 

and so an extreme value at about 50 min \vas used for [0],,,,,=, ; after 50 min, the 

PI _,p al thrs wavelength began gzradually to become slightly more negative again. 
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