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The thermodynamics of the equilibria between aqueous ribose, ribulose, and arabinose were investigated using high-pressure 
liquid chromatography and microcalorimetry. The reactions were carried out in aqueous phosphate buffer over the pH range 
6.8-7.4 and over the temperature range 313.15-343.75 K using solubilized glucose isomerase with either Mg(NO,), or MgSO, 
as cofactors. The equilibrium constants (K) and the standard state Gibbs energy (AG”) and enthalpy (A Ho) changes at 298.15 
K for the three equilibria investigated were found to be: 

ribose(aq) = ribulose(aq) K - 0.317, AGO -2.85fO.l4kJmol-‘, AH0=11.0~1.5kJmo1~‘; 

ribose( aq) = arabinose( aq) K = 4.00, AGO=-3.44~0.30kJmoll’,AH0=-9.8+3.0kJmol ‘; 

ribulose( aq) = arabinose( aq) K = 12.6, AGo= -6.29f0.34kJmol-‘, AH”= -20.75k3.4 kJmol_‘. 
Information on rates of the above reactions was also obtained. The temperature dependencies of the equilibrium constants are 
conveniently expressed as R In K = - AG,Os.,,/ 298.15+ AH,0,,,,[(1/298.15)-(l/T)] h w ere R is the gas constant (8.31441 J 

mall’ K-r) and T the thermodynamic temperature. 

1. Introduction 

This investigation was undertaken as a con- 
tinuation of earlier research [1,2] on the thermody- 
namics of the reactions catalyzed by glucose iso- 
merase (EC 5.3.1.5). Here, the aim was to study 
the conversion of aqueous ribose to ribulose and 
to gain additional insight into the reactions cata- 
lyzed by glucose isomerase. However, during the 
course of the study, it was found that arabinose 
was also formed in solution, a fact which ap- 
parently had not been previously reported. The 
investigation was then extended to include the 
equilibria involving all three carbohydrates: 

ribose( aq) = ribulose( aq) (A) 

ribose( aq) = arabinose( aq) (B) 

ribulose( aq) = arabinose( aq) (C> 

We report herein the results of high-pressure 
liquid chromatography (HPLC) measurements 
which lead to values of the equilibrium constants 
(K ), and standard Gibbs energy (AGO) and en- 
thalpy (AH”) changes for the above processes. 
Microcalorimetric measurements were also per- 
formed which lead to a value of AH” for process 
A. The interpretation of the microcalorimetric 
measurements also necessitated a study of the 
rates of conversion of ribose to ribulose and to 
arabinose. 

2. Experimental 

The materials used in this investigation and 
their sources * were: crystalline D-ribose from 
Pfanstiehl Laboratories; crystalline D-( - )-arabi- 



198 Y. B. Twari. R.N. Goldberg/Ribose, ribulose, and arabinose equilibria 

nose and u-ribulose (a viscous syrup) from Sigma; 
Mg(NO,), and MgSO, from Fisher Scientific; 
and KH, PO, and Na2HP0, were Standard Refer- 
ence Materials Nos. 186-I-c and 186-11-c from the 
National Bureau of Standards. The solubilized glu- 
cose isomerase was from Streptomyces oliuoch- 

romogenes and was provided by Corn Products. 
Analytical information on the enzyme preparation 
has been reported in an earlier paper [2]. 

The water contents of ribose, arabinose and 
ribulose were determined by Karl Fischer titration 
and found to be 0.14, 0.03 and 8.5 mass percent, 
respectively. The moisture contents of ribose and 
arabinose were applied as corrections to both the 
HPLC and heat measurements. 

Heat measurements were performed [1,2] by 
mixing two separate solutions, designated as en- 
zyme and substrate solutions, respectively, in the 
microcalorimeters. Heats of mixing of enzyme 
solutions with a (blank) ‘substrate’ solution con- 
taining zero substrate were also determined at 
each temperature at which measurements were 
performed [2] and applied as corrections to the 
measured heats, 

The HPLC techniques have been described [ 1,2]. 
In these measurements the flow rate of the mobile 
phase (water) was 0.5 ml mini ‘. The retention 
times of arabinose, ribulose and ribose were 17.2, 
24.1 and 26.3 min, respectively. The samples of 
arabinose and ribose were analyzed by HPLC and 
showed no detectable impurities. However, HPLC 
analysis of the ribulose sample indicated the pres- 
ence of significant amounts of both arabinose and 
ribose. 

The response factors for arabinose and ribose 
were determined each day in separate control ex- 
periments. Since ribulose was not available in suf- 
ficiently pure form, a mass balance method was 
used to determine the response factor for the 
ribulose. Thus, the response factor was calculated 
from the ratio of the ribulose concentration, as 
determined from the starting substrate concentra- 

-- 

* Certain commercial materials and products are identified in 
this paper to specify adequately the experimental procedures. 
Such identification does not imply recommendation or en- 
dorsement by the National Bureau of Standards. 

tion after adjusting for the concentration of ribose 
and arabinose, and the area corresponding to the 
ribulose peak. The average of the ribulose response 
factors calculated from the first eight measure- 
ments taken at 30 min intervals was used for the 
calculation of the concentrations of ribulose. 

3. Results and discussion 

3.1. HPLC results 

The results * of the HPLC experiments are 
given in table 1. Independent experiments were 
performed at all but the lowest temperature (313.15 
K) starting with either ribose or arabinose in solu- 
tion. At 313.15 K, even after a 13 day equilibra- 
tion, and at 325.25 K after a 7 day equilibration, 
equilibrium was not obtained for those processes 
which involve arabinose. The average of the values 
of K, and Kc at 325.25 K starting from both 
ribose and arabinose was found to be very nearly 
in agreement with the data at the other tempera- 
tures where the attainment of equilibrium was 
clearly demonstrated; consequently, the results at 
325.25 K were utilized in the final treatment of the 
data. 

Fitting the values of KA, K, and Kc to the 
model of Clarke and Glew [3] leads to the follow- 
ing values at 298.15 K: for process A, AC” = 2852 
k 143 J mol- ’ and AH”= 11971 f 1496 J mol-‘; 
for process B, AG” = - 3436 f 303 J mol-’ and 
AH” = - 9753 & 2981 J mol-‘; and for process C, 
AGo= -6200f506 Jmol-‘and AH”= -20866 

+ 4979 J mol-‘. The uncertainties given here and 
throughout this paper refer to 95% confidence 
limits. The equilibrium data were not precise 
enough to justify the calculation of values of the 
standard heat capacity change (AC’) for any of 
the processes of interest. Thus, AC,” and its tem- 
perature derivatives were taken as equal to zero in 
performing these calculations. In the model of 
Clarke and Glew, the temperature dependence of 

* Detailed tables giving the results of individual measurements 
are available from the authors. 
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Table 1 

Equilibrium constants for the interconversion of ribose, ribulose, and arabinose: K, = (ribulose)/(ribose). K, = (arabinose)/(ribose) 
and K, = (arabinose)/ribulose) 

All measurements were performed in phosphate buffer at pH 7.4. The concentration of the buffer was 8.7 and 30.3 mmol I-’ for 
KH,PO., and Na,HPO,, respectively. The concentration of M&NO,), was in the range lo-16 mmol I ‘. Substrate concentrations 

were in the range 70-126 mmol (kg solution)-‘. The enzyme concentration was in the range 96-345 g (kg solution))‘. All 
uncertainties refer to 95% confidence limits. 

T W Equilibrium 
time 
(days) 

Number of 
measurements 

K* KB KC 

313.15 13” 

320.25 ;: 

325.25 7’ 
7b 

328.15 8” 
x6 

331.95 ;: 

338.15 ;: 

343.75 

6 0.3908 f 0.043 

5 0.4461 rt 0.0040 
5 0.4461 c 0.0038 
5 0.4846 & 0.0024 
5 0.4832 + 0.0069 
4 0.4880& 0.1194 
3 0.4890 * 0.0306 
5 0.5206 k 0.0026 
5 0.5207 * 0.0705 
4 0.5599 + 0.0139 
4 0.5650?~0.0213 
4 0.5936 f 0.0153 
4 0.5885 f 0.0081 

3.041 f 0.066 
3.059 f. 0.050 
2.651 _I 0.071 
3.040 * 0.103 
2.860+ 0.166 
2.913 5 0.089 
2.615 k 0.046 
2.623 + 0.042 
2.495 f 0.049 
2.472 & 0.085 
2.401 kO.038 
2.394 + 0.051 

6.81650.133 
6.857 + 0.105 
5.470+0.165 
6.291 kO.187 
5.863 + 0.426 
5.940 i 0.635 
5.024 k 0.093 
5.038 + 0.032 
4.457io.141 
4.375 * 0.139 
4.045 * 0.145 
4.069 f 0.034 

a Starting substrate: ribose. 
b Starting substrate: arabinose. 

the equilibrium constant is 

R In K = - AG”/298.15 

+A~Y~[(1/298.15)-(l/T)] 

+AC;[(298.15/T) - 1 + ln(Z-/298.15)] 

(1) 

where AC”, AH” and ACp” refer to a reference 

temperature of 298.15 K, R is the gas constant 

(8.31441 J mol-’ K-‘) and T the absolute tem- 
perature. As in our earlier investigations [1,2], the 

standard state is the hypothetical ideal solution of 

unit molality, and we have assumed ideal behavior 

for the three carbohydrates in solution on the basis 

of isopiestic data for similar nonelectrolytes [4,5]. 
Izatt et al. [6] report pK values for ribose and 
arabinose of 12.22 and 12.54, respectively, at 298.15 
K. On the basis of structural similarity, ribulose 
should have a similar pK value. Thus, if equi- 
librium or heat measurements are performed at 
pH values less than 9, ionization corrections be- 
come negligible (less than 0.1%). 

3.2. Rates of conversion of ribose to ribulose and to 

arabinose 

The treatment of the calorimetric data (section 
3.3) required a knowledge of the rates of conver- 
sion of ribose to ribulose and to arabinose. Thus, 
HPLC was used to determine amounts of ribose, 
ribulose and arabinose in solution as a function of 
time under conditions very similar to those used in 

the calorimetric experiments (see table 2). The rate 
data showed that equilibrium was achieved be- 
tween ribose and ribulose within 1 h at tempera- 
tures from 320.25 to 338.15 K. At 313.15 K, 3 h 
were required to attain this equilibrium. The per- 
cent conversion of ribose to arabinose as a func- 
tion of time is shown in fig, 1. 

3.3. Calorimetric meusurements 

At the initiation of the calorimetric measure- 
ments only ribose was present in solution. Due to 
the long. equilibration times needed, it was not 
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io 30 
t,’ hours 

Fig. 1. Percent conversion of ribose to arabinose as a function 
of time and at the temperatures 313.15 K (o), 320.25 K (0), 
325.25 K (A), 331.95 K (+) and 338.25 K (x). 

possible to perform experiments where equilibrium 
was achieved for the formation of arabinose. 
Therefore, it was necessary to use the rate of 
conversion data (fig. 1) in order to obtain a correc- 
tion for the amount of arabinose formed during an 
experiment to calculate a value AH: from the 
calorimetric data. The treatment of the calorimet- 
ric data is now described. 

There are n, moles of ribose present in solution 
at the start of an experiment. At the time at which 
an experiment is concluded there are (n, - 6,) 
moles of ribose, (5, - c2) moles of ribulose and ,$Y2 
moles of arabinose present in solution. The extent 

of reaction variables (I, and t2 ) can be calculated 
from the percent conversion data and from the 
value of K, at the temperature of interest. Thus 

c2 = [X(arabinose)/lOO] n, (2) 

and 

The enthalpy of the solution at the start of an 
experiment is 

Hs = “sHribose +( CniHi) s (4) 

50 320.0 325 0 330 0 335 0 

T,/K 
00 

Fig. 2. Measured enthalpies of reaction for process A as a 
function of temperature. 

where (Cn,H,)~ represents the contribution to the 
enthalpy from the water, buffer, cofactor, and 
enzyme at the start of an experiment. At the 
conclusion of an experiment, the enthalpy of the 
solution is 

(5) 
Previous experiments [l] have demonstrated that 
glucose isomerase makes a negligible contribution 
to the enthalpy of conversion of glucose to fruc- 
tose. Since this is a very similar reaction and since 
the water, buffer and cofactors are essentially un- 
affected by the conversion of ribose to ribulose 
and arabinose, (IGr,H,), is taken equal to (Xn,H,)r. 
Eqs. 4 and 5 can then be combined to yield 

AH=H,-H,=(,AH;+&AH; (6) 

Thus, A Hz can be calculated from the calorimetric 
data, values of 5, and Sr calculated from eqs. 2 
and 3 and the percent conversion data, and the 
value of AH: of - 20.9 + 5.0 kJ mol-’ determined 
from the HPLC data. The calorimetric data, 
calculated values of 6, and [z, and enthalpy change 
for process A are given in table 2. 
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Table 3 

Summary of HPLC and microcalorimetric results 

HPLC results Microcalorimetric results 

T W) K, K0 Kc T (W AH; (Jmol-‘) 

313.15 0.3908 _ _ 313.15 _ 

320.25 0.4461 3.050 6.837 320.15 10968k164 
325.25 0.4839 2.846 5.881 325.35 11382+807 
328.15 0.4885 2.887 5.902 331.65 12109f 125 
331.95 0.5207 2.619 5.031 338.15 12249 zb 105 
338.15 0.5625 2.484 4.416 
343.75 0.5911 2.398 4.057 average AH: = 11677 f 713 

ForprocessA: AG~=2852+143Jmol-‘; AH~=11971f1496Jmol-’ 
For process B: AG; = - 3436 f 303 J mol-‘; A ffz = - 9753 + 2981 J mot- ’ 
ForproccssC: AGF=-6200+506Jmolw’; AH:=-20866+4979Jmol-’ 

The uncertainties given in table 2 refer to 95% 
confidence limits but do not include any possible 
systematic errors which might arise from the cor- 
rections applied using eqs. 2-6. We estimate that 
these 95% confidence limits should be increased by 
at least 300 J mol-’ to reflect these possible 
errors. These enthalpies and their associated un- 

Fig. 3. The equilibrium constant for process A, the conversion 
of ribose to ribulose, as a function of temperature. (0) Mea- 
sured values; ( -) calculated using eq. 1 with AC“ = 2.85 
kJ mol-’ and AH”=ll.O kJ mol-t; (- --) calculated 
using AGo = 2.85 kJ mol-’ and A Ho = 12.0 kJ mol-‘. 

certainties are shown in table 3. From the temper- 
ature derivative of these enthalpies the following 
values are calculated at 298.15 K: AH; = 9.37 _+ 
1.86 kJ mol-’ and AC;= 75 & 59 J mol-’ K-‘. 
An average of the enthalpies at the four different 
temperatures leads to AH: = 11.68 k 0.71 kJ 
mol-’ while the value of AH; calculated from the 
HPLC data was 11.97 + 1.5 kJ mol- ‘. For a final 
value of AHi we adopt an average value of 11.0 + 
1.5 kJ mol-‘. This value, with its uncertainty 
interval, overlaps all of the aforementioned values 
of A Hi and their associated uncertainty intervals. 

3.4. Summary of results 

For process A, the conversion of ribose to ribu- 
lose, we have determined AGO = 2.85 IL- 0.14 k.I 
mol-’ and AH0 = 11.0 f 1.5 kJ mol-’ at 298.15 K. 
For process B, the conversion of ribose to 
arabinose, the HPLC data led to AC’ = - 3.44 f 
0.30 kJ mol-’ and AH” = -9.75 + 3.0 kJ mol-’ 
at 298.15 K. Combination of these results for 
processes A and B led to the following values for 
process C at 298.15 K: AC” = -6.29 f 0.34 J 
mol-’ and AH0 = -20.75 f-3.4 kJ mol-‘. Note 
that these latter values are slightly different from 
those determined directly from the HPLC data 
and that the uncertainties are also smaller. The 
corresponding values of the equilibrium constants 
are 0.317, 4.00 and 12.6 for processes A, B and C, 
respectively, at 298.15 K. 
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Fig. 4. The equilibrium constant for process B, the conversion 
of ribose to arabinose, as a function of temperature. (0) Mea- 
sured values; ( -) calculated using eq. 1 with AC” = - 3.44 
kJ mol-’ and AHO= -9.8 kJ mol-‘. 

Fig. 5. The equilibrium constant for process C, the conversion 
of ribulose to arabinose, as a function of temperature. (0) 
Measured values; (- ) calculated using eq. 1 with AC0 = 
- 6.29 kJ mol-’ and AH“ = -20.75 kJ mol-‘; (- - -) 
calculated using AGo = -6.20 kJ mol-’ and A Ho = - 20.87 kJ 
lll01-1. 

Values of the equilibrium constants calculated 
using the above results are shown as solid lines in 
figs. 3-5 together with the experimentally 
determined equilibrium constants. A summary of 
the results is given in table 4. 

3.5. Comparisons with literature data 

The enthalpy of formation data for D-arabi- 
nose(c) and D-ribose(c) quoted in the review by 
Domalski [7] together with the enthalpies of solu- 
tion of these compounds in water determined by 
Jasra and Ahluwalia [8] lead to a value of AHi = 
- 6.8 kJ mol-‘. We estimate it to be uncertain by 
at least 3 k.J mol-‘. Colbert (National Bureau of 
Standards, personal communication, Jan. 1985) 
has recently performed heat of combustion experi- 
ments which lead to an enthalpy of formation of 
- 1046.44 + 0.83 kJ mol-’ for crystalline ribose at 
298.15 K. Use of this value in the thermochemical 
cycle calculation instead of the value given in 
Domalski’s earlier review leads to a value of AU: 
= -11.2 kJ mol-‘. Both of these values are in 
agreement with the value of - 9.75 rf: 3.0 kJ mol-’ 
determined in this investigation. 

Jasra and Ahluwalia also measured enthalpies 
of solution of D-ribose and D-arabinose in water as 
a function of temperature and calculated values of 
AC; for the solution process. They then used heat 
capacity data on the solids to calculate values of 
the standard state partial molar heat capacities of 
the aqueous solutes. Use of these values leads to 
AC; = 24 J mol-’ K-’ for process B which we 
estimate to be uncertain by at least 20 J mol-’ 
K-‘. Thus, the value of 0 J mol-’ K-’ for process 
B which we implicitly used to treat the HPLC data 
is not unreasonable. 

The only other available data on ribose and 
arabinose are the Gibbs energy and cnthalpy of 
ionization data of Izatt et al. [6]. We are aware of 
no other thermodynamic information in the litera- 
ture on ribulose. 

Acknowledgements 

We thank Dr. Henry Zobel of Corn Products 
Co. (Summit-Argo, IL) for supplying the glucose 



204 Y. B. Tewari, R.N. Goldberg/R&we, rihdose, and arabinose equihbria 

isomerase and Mrs. Jennifer C. Colbert for access 3 

to her unpublished data. 
4 

5 

References 
6 

1 Y.B. Tewari and R.N. Goldberg, J. Solution Chem. 13 (1984) 
523. 7 

2 Y.B. Tewari, D.S. Steckler and R.N. Goldberg, Biophys. 8 

Chem. 22 (1985) 175. 

E.C.W. Clarke and D.N. Glew, Trans. Faraday Sot. 62 
(1966) 539. 
J.B. Taylor and J.S. Rowlinson, Trans. Faraday Sot. 51 
(1955) 1183. 
H. Uedaira and H. Uedaira, Bull. Chem. Sot. Jap. 42 (1969) 
2137. 

R.M. Izatt, J.H. Rytting, L.D. Hansen and J.J. Christensen, 
J. Am. Chem. Sot. 88 (1966) 2641. 
ES. Domalski, J. Phys. Chem. Ref. Data 1 (1972) 221. 
R.V. Jasra and J.C. Ahluwalia, J. Solution Chem. 11 (1982) 
325. 


