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ABSTRACT 

The binding of D-xylose and of a series of n-alkyl j?-D-xylopyranosides and 
their 1-thio analogues to fl-D-xylosidase from B. purnilus PRL B12 has been in- 
vestigated. The binding constants and thermodynamic equilibrium parameters AH’ 
and AS0 have been determined. The enzyme does not distinguish between a- and 
B-D-xylopyranose. Although the enthalpy of binding of D-xylose is very favourable, 
the overall free-energy is small, due to a large decrease in entropy. Furthermore, all 
of the evidence available suggests that the aglycon group is bound by unspecific, 
hydrophobic forces. However, simple correlations between the binding parameters 
and the relative hydrophobicity of the compounds could not be found. Unexpectedly, 
no parallelism between binding of n-alkyl B-D-xylopyranosides and the corresponding 
1-thio derivatives was found. 

INTRODUCTION 

In a previous paper’, we reported on the binding of phenyl b-D-xylopyranosides 
and their I-thio homologues to B-D-xylosidase (8-D-xyloside xylohydrolase, EC 
3.2.1.37) from Bacilluspumilus PRL B 12. This study indicated that the aglycon group 
binds by rather unspecific, hydrophobic forces, and that the influence of substituents 
on the phenyl ring is small and unpredictable. We now report on the binding of 
n-alkyl /3-D-xylopyranosides and their l-thio analogues to the same enzyme. These 
xylose derivatives are not hydrolysed by the enzyme and behave as competitive 
inhibitors. Since the aglycon group is very simple and can interact with the enzyme 
through hydrophobic forces only, it was hoped to gain more insight into the process 
by which this group is bound. In addition, the contribution of the glycon part of the 
substrate to the binding process was studied by determining the thermodynamic 
binding parameters for D-xylose. 

EXPJZLMENTAL 

The following substrates and inhibitors were synthesised by literature proce- 
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dures:p-nitrophenyl j%D-xylopyranoside’S, a-D-xylose’“, alkyl j&D-xylopyranosidesl’, 
alkyl l-thio-/?-D-xylopyranosides ‘* The isolation, purification, and standardisation . 
of the p-D-xylosidase from B. pumihs have been described1’v2’. Hydtolysis of p- 

nitrophenyl D-D-xylopyranoside was followed continuodsly at 400 nm. All experi- 
ments were performed in IO~M phosphate buffer @H 7.15); containing mM EDTA 
(to prevent spontaneous denaturation of the enzyme). As the enzymic reaction followed 
formal Michaelis-Menten kinetics, classical methods3*4 for the calculation of the 
maxima1 rate Y and the Michaelis-Menten constant K, (or K, = l/K,,,) could be 
used. For at least ten concentrations of the substrate (p-nitrophenyl B-D-xylopyrano- 
side), the initial velocity (vi) was measured, and V and K, were then calculated by 
the method of WiIkinson21 on a Wang 2200-S table-computer. Each value of Y and 
K, is the arithmetical means of 3-5 determinations. All values of V were calculated 
on the same enzyme-activity basis (1 unit). Throughout the text, all values of binding 
constants (reaI or apparent) are expressed as association constants (l/K,). 

The inhibition constants Ki were determined by measuring V and the apparent 
K,’ for p-nitrophenyl B-D-xylopyranoside, in the presence of a constant concentration 
of inhibitor. As all xylopyranosides tested behaved as competitive inhibitors, the 
inhibition constant Ki could be calculated from the classical formula3*” for competi- 
tive inhibition: K, = K,‘[l + (I)&], with K,’ the value of l/K, with, and &the value 
of l/K, without, inhibitor. The process was then repeated with a different concentra- 
tion of inhibitor. The Ki values given are the arithmetical mean of at least three 
determinations_ When D-xylose is used as an inhibitor, Ki itself may be an apparent 
constant (see Text). The standard enthalpy of binding dH” was calculated from the 
Ki values at five different temperatures by the method of least squares; dS” was then 
calculated from dG” = dU” - TdS’. 

RESULTS AND DISCUSSION 

In aqueous solution, D-xylose occurs as an equilibrium mixture2 of a (- 36 %) 
and j? (N 63 %) pyranoid forms [K, s (x,)/(X,)]. If B-D-xylosidase can distinguish 
between these two forms, two different enzyme-xylose complexes will be formed, 
according to the equilibria, 

E + X, + EX,; with K, = [EXcr]/[E][X,J, and 
E + X, + EXs; with K, = [EX,&[E][XJ. 

If one of the binding constants is small enough compared to the other, one of the 
complexes may even become undetectabie. When D-XylOSe is used as a competitive 
inhibitor, the classical equation3*4 for competitive inhibition becomes 
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TBLE I 

BINDING CONSTANTS AND EQUILU3RlUM P- FOR D-JWLOSE” 

Temperature Kt Equilibrium parameters 
(degrees) (M-l) 

15 
20 
25 
28 

40.0 f 4.0 
31.5 & 0.8 AH” = - 51 f 3 kJ.mol-l 
22.5 _c 1.0 AS” (25”) = - I42 f 10 J.K-l.mol-1 
i9.0 f 1.1 dG” (25O) = - 7.7 f 1 kJ.mol-1 

=pH 7.15. 

TABLE II 

Aglycon Kr (M-l) --dG" (25”) --dH” -S” (25”) 
group IO” 15” 20” 25’ 28” (kJ.mol-1) (kJ.mol-1) (J-K-‘.mol-1) 

1 Methyl 
2 Ethyl 
3 ROPYl 
4 Butyl 
5 Pentyl 
6 Hexyl 
7 Heptyl 
8 Octyl 
9 Isopropyl 

10 MethyI (a) 

40 
70 

435 
1650 
1400 
640 
817 

1380 
- 
- 

33 
58 

345 
1250 
1120 

564 
720 

1095 
- 
- 

26 
48 

285 
964 
923 
498 
580 
956 

- 
- 

23 
42 

235 
784 
779 
437 
505 
854 

18 
38 

19 
36 

198 
667 
701 
393 
468 
713 

- 
- 

7.74 
9.25 

13.5 
16.5 
16.5 
15.1 
15.4 
16.7 
7.15 
9.01 

27.9 ;1.8 67 &6 
25.6 11.0 54 *4 
30.1 il.1 54 +4 
35.2 10.8 63 13 
27.1 10.6 36 52 
18.9 f0.8 13 f3 
22.7 f1.2 24 -F_4 
24.0 f2.0 25 +6 
- - 

of the initial velocities on the concentration of PNPX, a maximal rate V = (7.2 4-0.2) x 
IO-’ moI.min-l.u-l and an apparent constant (see Experimental) K,’ = 400 +22~-l 
were calculated. Under identical conditions, but without addition of D-xylose, 
V = (7.0 kO.2) x lo-’ mol.min-l.u-’ and K, = 800 ~80~~~. Thus, the apparent 

(experimental) inhibition constant (K; = (& - K,’ )/[K,l(I)] is 40 55~~‘. 
The measurements were repeated under the same conditions, except that D- 

xylose was added as an equilibrium mixture. The same value of &‘(40 +4~-') was 
calculated. The above findings strongly indicate that the enzyme does not distinguish 

between a- and /3-D-xylose, and that K, = & = Ki = MM-’ is the true association 
constant of the enzyme-xylose complex. That the axial position of the hydroxyl 

(or other) group on C-l of the D-xylopyranose moiety does not prevent binding is 

further evidenced by the fact that methyl a-D-xylopyranoside binds even better than 
the corresponding #I anomer (TabIe D). However, the axial position of the aglycon 
group does prevent the catalytic effect of the enzyme, since neither alkyi nor aryl 
a-D-xylopyranosides are hydrolysed. 
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Using an equilibrium mixture of D-xylose, the binding constant Ki was deter- 
mined at four temperatures. The mean values from three determinations, the estimated 
standard deviations, and the thermodynamic equilibrium parameters, as calculated by 

weighted regression analysis, are given in Table I. Although the estimated errors are 

large, it is nevertheless clear that the favourable enthalpy of binding of the xylose 
molecule is partly neutralised by the decrease in entropy resulting from the formation 
of the enzyme-xylose complex. According to Jencks ‘, the loss of entropy required to 
bring two molecules to the proper position to form a product amounts to 142 
J.K-‘.mol-l and thus agrees with dS” for D-xylose. It may also be noted that the 

free energy of binding for D-galactose, binding to D-D-galactosidase from E. coli6, is 
-9.4 kJ.mol-l. 

Bitzding of n-alkyl &D-xylopyrartosides 
With PNPX as substrate, eight n-alkyl #?-D-xylopyranosides were used as fully 

competitive inhibitors at pH 7.5 and at five temperatures. The inhibition constant 
Ki (association) is thus the equilibrium constant for the process E + I + EL As the 
plots of log Ki verms l/T were always linear up to 28 O, the thermodynamic equilibrium 
parameters AHo, AS’, and AGO couid be calculated (Table II). 

At 25’, the value of Ki (-AGO) f or methyl B-D-xylopyranoside equals that for 
D-xylose. Replacement of the H-atom at HO-l by a methyl group thus had no effect 
on the overall free-energy of binding. However, if AH0 and AS0 are compared, it 
follows that, whereas the enthalpy becomes less negative (AAH’ - +23 kJ.mol-‘), 
the entropy becomes more favourable (AAS’ -75 J.K-l. mol-‘). Both effects cancel 
each other, so that AAG’ -0. 

These findings suggest a hydrophobic effect of the methyl group. When this 

group is transferred from the aqueous phase to a more hydrophobic, enzyme phase, 
at least part of the highly structured water molecules around the methyl group 
return to the less-structured bulk-water phase. This process is characterised7 by 

positive values for both dH(CH,) and AS(CH,). Consequently, the contribution 
of the methyl group will make the c-;erall AHO and ASo of binding less 
negative. 

However, if the effect of the methyl group were purely hydrophobic, methyl 

j?-D-xylopyranoside should bind more strongly [AAGO at least -3.4 kJ.mol-‘I, 
since AAG’ (hydrophobic) for a CH, group’ is -3.4-4.2 kJ.mol-I. For the transfer 
of alkyl glycosides from water to an inert organic phase, values of dN” and dS” 
are not available for comparison. For the transfer of a methane molecule from water 
to an inert phase*, AGO = -11.7 kJ.mol I-‘, AH0 = f11.3 kJ.mol-r, and AS0 = 
+75 J.K-l.mol-l. Introduction of the methyl group into D-xylose yielded AdHo = 
+23 kJ.mol-l and AdSo = 75 J-K-‘.mol- ‘. Whereas the AAS’ values are 
comparable, AAH’ = +23 kJ.mol-’ is too large to be accounted for by hydrophobic 
effects. Replacement of the H-atom of HO-l of xylose by a methyl group seems to 
cause some sort of “hindrance” , resulting in an extra, unfavourable (positive) enthalpy 
term. It is noteworthy that isopropyl 8-Dxylopyranoside, although its relative 
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, -AGO(kJ.mol-‘1 , -A H?kJ. mol-‘1 

I t 

2 4 6 6 

22- 

14 - 

2 4 6 6 

-A.?(J.K? mol-‘1 

Fig. 1. Thermodynamic pararIeters AC”, dH”, and AS” versus the number of carbon atoms (N): 
0, n-alkyl D-D-xylopyranosides; 0, n-alkyl l-thio-B-D-xylopyranosides. 

intrinsic hydrophobicity is higher, has a lower binding-constant (or AGO) than the 
methyl derivative. The exact nature of this “hindrance” is unknown, but it is probably 
not steric (see below). A hypothetical explanation would be that the positioning of the 
methyl group on the enzyme surface would require the breaking up of a layer of 
highly structured water molecules around a hydrophobic group (or in a hydrophobic 
cleft) of the protein. This would result in an extra, positive enthalpy term. 

The data in Table II and Fig. 1 illustrate the complex influence of elongation 
of the aglycon chain upon the binding parameters. The same pattern (cf. Ki) is found 
at each temperature, and thus the complexity is not due to experimental errors. 
Log Ki (or AGO( is not a linear function of the number of carbon atoms in the 
chain. Consequently, linear free-energy relationships between AGO and the 
classical hydrophobicity parameters [IZ, log P (alcohols), etc.] will not be demonstrable_ 

Up to the butyl derivative, the decrease in AGO( although not linearly 
related to the number of carbon atoms, is rather regular. In model systems, the de- 
crease in free energy of transfer (&Go) is -3.4 to -4.2 kJ.mol-’ per CH2 group’ 
(up to at least 8 carbon atoms). However, AAGO between the ethyl and methyl 
xyloside is - - 1.5 kJ.mol-’ and thus too small. For the transfer of alkanes from 
water to a hydrocarbon phaseg, AdH”(CH2) is - -3.4 kJ.mol-‘; for transfer to an 
organic micelle ‘, ddH’(CH,) is --4-l kJ.mol-‘. In each case, the enthalpy of 
transfer becomes more negative (or less positive) with increasing length of the chain. 

However, AH’(&) for the ethyl derivative is less negative than AHO for the 
methyl xyfoside. Thus, the second carbon atom of the aglycon chain also causes an 
unfavourable enthalpy effect. The effect of the second carbon atom on the entropy of 
binding is favourable [ddSO(Ki) - + 12 J-K-’ .moI-l]. For the transfer of alkanesg 
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from water to the hydrocarbon phase, &IS0 is +4-l J-K-‘.mol-’ per CHI group. 
However, the transfer of propanolg from water to the pure alcohol is characterised 
by a AS0 value that is 11.3 J.K-l.mol-l more positive than that for the transfer of 
ethanol. Thus, AAS’(CH,) strongly depends on the nature of the hydrophilic group 
attached to the alkane chain. It may therefore be purely fortuitous that AAS’ is 
of the same order of magnitude (- + 12 J.K-‘.mol-I). However, the positive sign 
of AAS’ (ethyl/methyl) and the order of magnitude are in accordance with a hydro- 
phobic binding of the aglycon group. Moreover, both the positive AAH’ and 
positive AAS’ suggest that the binding of the first two carbon atoms of the 
aglycon chain is rather loose and unspecific, occurring mainly through the return 
of water molecules to the bulk-water phase. Therefore, the above-mentioned “hin- 
drance” is believed not to be of steric nature. 

For the propyl and butyl /3-D-xylosides, AAGO per CH, is -4.25 and 
-3.0 kJ.mol-‘, respectively, and AAH’ - -5 kJ.mol-‘. These values are in accord- 
ance with the expected, normal hydrophobic contribution of a CHt group. No 

further “hindrance” is observed. 
For the four higher members of the series, AAG”(CH2) is small and very 

irregular. When AH’(&) and ASO values are compared, it becomes clear that 
elongation of the chain has a significant effect on both AHo and ASO( but that 
these effects partially cancel each other. The result is a small and irregular overall 
effect on AGO( For n-aikyl B-D-galactopyranosides6 in water-octanol, it was 
found that the relative hydrophobic&y of these compounds increased linearly with 
increasing chain-length [AAG”(CH2) -3.35 kJ.mol-‘]‘” up to at least eight carbon 
atoms. Consequently, the complex influence of the length of the chain on AGO(&) 

is not due to some peculiar behaviour of long alkane chains in aqueous solutions, 
but to the fact that the chain binds to a system far more complex than the water- 
octanol model-system. 

At present, further analysis of the binding parameters seems impossible, be- 
cause too many unknown factors can be involved. However, the experimental ob- 
servation that the complex pattern starts when a fifth carbon atom is added to the 
chain is perhaps noteworthy. It seems logical to assume that xylobiose is the natural 
substrate of the enzyme”. In this substrate, the aglycon group is in fact the second 
xylopyranose ring, and the active site of the enzyme must be built up in such a way 
that it can accept this ring structure. If, during the process of binding, the carbon 
atoms of the alkyl chain try to occupy the positions normally occupied by the carbon 
atoms of the second xylopyranose ring, the carbon atoms of a chain up to butyl can 
do this in a simple way, since short alkyl chains in glycosides do not coil6 or form 
dimers” in aqueous solution. Fig. 1 shows that, up to the butyl derivative, the effect 
of lengthening the chain is indeed rather regular. However, major conformational 
changes will be necessary to bring the fifth and sixth carbon atoms into the required 
position. Fig. 1 shows that AGO, and especially AH’, increase (become less favourable) 
when the fifth and sixth carbon atoms are added. When still more carbon atoms (which 
are no part of the ring structure) are added, both AGO and dH” decrease again. 
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Another possibility would be that the binding site for the alkyl chain is built 
up from two binding areas, as suggested by Rodrigues De Miranda13 for albumin. 
However, no evidence in favour of this possibility is available. 

n-Alkyd I-thio-/I-D-xylopyranosides 

In Table III, the Ki values and thermodynamic binding parameters for a series 

of alkyl l-thio-j&D-xylopyranosides have been collected. From a previous study6, it is 
known that the relative intrinsic hydrophobicity of alkyl I-thiogalactopyranosides 

is higher than that of their oxygen analogues. It was further demonstrated6 that 
n-a&y1 B-D-galactopyranosides and their I-thio analogues bind to j?-D-gafactosidase 
from E_ coli in essentially the same way, the better binding of the thio derivatives 

being caused merely by their higher intrinsic hydrophobic@. Inspection of Fig. 1 
reveals that, for alkyl P-D-xylopyranosides, there is no parallelism between the thio 
and oxygen series, and no constant difference between AGo values for corre- 
sponding thio and oxygen derivatives. Some oxygen derivatives bind even better 
than their thio analogues. 

With the exception of the ethyl derivative, the influence of the chain length 
is more regular. Highly significant correlations with the Hansch14 n-parameter and 
the free ener_w of transfer for the corresponding alkyl j?-D-galactopyranosides in 
water-octano16 can be calculated. However, these equations are not linear free- 
energy relationships: 

(I) dGO(Ki) = -il.5 - 1.62(n), with standard error of the estimate sy_= = 
0.69, correlation coefficient r = 0.95, and confidence limits CL 599.5; 

(2) AGO(&) = -!5.3 + 0.22 AGO (octanol), with sYmX = 0.71, r = 0.95, and 
CL >99.5. 

The contribution of the hydrophobic forces to the binding of thioxylosides is much 

TABLE III 

ALKYL l-THIO-&Xk’LOPYR4NOSIDES: BINDING CONSTANTS AND EQUILIBRIUM PABAhiETEBS 

Aglycon Kr (M-‘) --dG” [ZY) --dH” AS a (2.5 “) 
group zoo ISO zoo 2s0 280 (kJ.mol-l) IkJ.moF) CJ.K-l.mol-l) 

Methyl 242 187 
Ethyl 669 524 
PropyI 439 382 
Butyl 623 522 
Pentyl 523 504 
Hexyl 774 708 
Heptyl 1409 1241 
octyi 2367 2172 
Isopropyl 

147 
428 
318 
442 
452 

.629 
1063 
1979 

116 102 11.8 
336 303 14.4 
284 266 14.0 
391 376 14.8 
421 372 15.0 
601 541 15.9 
989 891 16.8 

1853 1699 18.9 
202 13.1 

34.1 f0.4 -71 fl 
31.3 f0.6 -58 &2 
20.1 f0.9 -21 f3 
20.3 hl.4 -17 &4 
13.0 Al.8 -I- 6f3 
13.4 rtl.1 + 8 zt3 
17.6 fl.O - 2 *3 
12.6 f0.8 +21 f3 
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smaller than could be expected from their normal octanol-hydrophobicity. AdGO 
between the octyl and methyl I-thio derivative is -6.9 kJ.mol:l, whereas ddGo 
in water-octanol is -25 kJ.mol’ ‘, as measured for the corresponding l-thiogalacto- 
pyranosides6. For the latter derivatives, binding to /?-D-galactosidase from E. coli, 
&Go (octyl/methyl)6 is -11 kJ.mol-‘. The most simple explanation is that the 
alkyl chain is only partially desolvated, so that the decrease in free energy per CH, 
group is only a fraction of the value for the model octanol-water system. Because of 
the rather regular character (Fig. 1) of the decrease in dG”(Ki), steric factors and/or 
conformational changes are less probable. 

The effect of the chain length on LIH’(K~) and dSO(K,) is more regular in the 
thio than in the oxygen series (Fig. 1). Comparison of the two series shows that, 
for the lower members, the patterns are different, whereas they are somewhat ana- 
logous for the higher members. Again the parameters dH” and &So partially compen- 
sate each other. 

The most important conclusion is that n-alkyl I-thio-fi-D-xylopyranosides (and 
especially the lower members of the series) bind to P-D-xylosidase in a way that differs 
significantly from that of their oxygen analogues. By replacing the glycosidic oxygen 
atom by a sulfur atom, bond angles and bond lengths are altered. The position of the 
carbon atoms next to the glycosidic bond will thus be different in the two series. These 
differences are small, but nevertheless they are sufficient to alter significantly the 
interactions of the alkyl chain with the protein. It is noteworthy that isopropyl l-thio- 
B-D-xylopyranoside, in contrast to its oxygen analogue, has a binding constant in 
agreement with its relative hydrophobicity,.and that the “hindrance” is not observ- 
able in the thio series. Although further explanation of these observations cannot be 
given, all experimental data indicate that it is the structure of the micro-region around 
the glycosidic bond (containing the catalytically active groups) which is responsible 
for the unexpected and subtle effects of the alkyl chain on the binding. Further 
investigations, with xylosides having branched chain and cyclic aglycon groups, are 
now in progress. 

CONCLUSIONS 

It may be concluded that the aglycon moiety of n-alkyl j?-D-xylopyranosides 
binds to the active site of j?-D-xylosidase by hydrophobic forces. However, the in- 
fluence of the chain length on the binding is far more complex than can be accounted 
for by physical-organic hydrophobicity parameters. Furthermore, replacement of 
the exocyclic oxygen atom of the inhibitor molecule by a sulfur atom seems sufficient 
to induce a different way of binding of the inhibitor. These observations clearly 
indicate that even small changes in the aglycon group may have such large and un- 
expected effects on the binding parameters as to make further analysis of these 
effects very difficult. The reason is, of course, the very specific structure of the active 
site of the enzyme. 
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