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ABSTRACT 

A punficatton method for a-D-galactosrdase from Cofia canephora IS described 
Two enzymes, a-D-galactosidases I and II, havmg molecular weights of 28,000 and 
36,500, respectively, were found and extensively punfied The reactron mechamsm of 
a-D-galactosidase II was studied The enzyme hydrolyzed aryl and alkyl a-D-galacto- 
pyranosrdes and was severely inhibited by excess of these substrates No mhrbrtron 
occurred wuh ra&ose The mfhrence of para substttuents on the reaction rate of 
phenyl E-D-galactopyranosides, the effect of added alcohols, and the non-competrtrve 
mhtbrtron by methyl a-D-galactopyranoside were mvestrgated A two-step mechanism 
with the formatron of an enzyme-galactosyl complex IS proposed With aryl galacto- 
pyranosrdes, the reaction of the enzyme-galactosyl complex with water IS rate- 
hmrtmg Influences of the substrtuents on the mhrbrhon constant were mvestrgated by 
hnear free-energy relatronshrps, and slgnticant correlatrons between thus constant 
and electronrc parameters could be calculated The mfluence of pH on the reaction IS 
complex 

INTRODUCTION 

Although a-D-galactosidases (a-D-galactoside galactohydrolases [EC 3 2 1 221) 
have been reported to occur widely m animal tissue, mcro-orgamsms, and plants, 
relatively few kinetic studies have been undertaken Detarled kmetrc mvestrgations 
have been camed out with highly purrfied preparations from Vrcza fabal and sweet- 
almond emu1sin2*3 Further detarls on U-D-galactondases may be found m a recent 
revrew by Dey and Pndham4 The present paper deals with the purmcatron of 
a-D-galactosidase from Co&a canephora It is also an attempt, by kmetic measure- 
ments, to obtain more mformatron about the mechanism of action of thrs enzyme 

-UJLTS AND DISCUSSION 

Enzyme purzfcat zon - The punficatron procedure is an adaptation of the 
method of Courto~s~ Beans (500 g) of Coffea canephora var. “Santos” were ground, 
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washed with benzene (3 1), and air-dned The coarse powder was then homogemsed 
m 0 9% NzCl(2 5 1) and further stn-red for 24 h at 4” The slurry was filtered through 
glass-wool and washed \Nlfh cold water Thus yielded 2,580 ml of extract, contammg 

920 umts of E-D-galactosldase activity Several other glycosldases were present m the 
extract (rmlhunits in parentheses) B-D-galactoadase (5,506), cr-D-glucosldase (1,207), 
j?-D-glucosldase (6,748), U-D-mannosldase (53,437), /k%xylosldase (5,562), and 
N-acetyl-j?-D-glucosamlmdase (426,000) In order to test the efficiency of the pun- 
fication procedure, the remammg actlvlty of these glycosldases was measured after 
each step All further operations were performed between 0” and 4”, unless otherwlse 
specified The results of each step of the procedure are summansed m Table I 

TABLE I 
PURIFICATION OF CC-D-GALACTOSIDASE 

Frac:zon a-D-Galactostdase Specrfic Total Purrficatron 
actrvlty actmty ywld (-fowl 
(unzts) (u.mg- ‘) C%) 

Raw extract 920 095 100 - 

Step 1 
Step 2 
Step 3 
Step 4 
S:ep 5 

Step 6 

Step 7 

(NH&SO.+ fraction 736 
Acetone fraction 513 
pH fractionation 468 
(NH&SOb fraction 460 
ALoxide fraction 
pK45 9 
pH5l(I) 120 
pH62(II) 238 
F1rs.t Sephadex G-75 (I) 101 

@I) 201 
Second Sephadex G-75 (I) 86 

m 170 

19 80 2 
22 8 56 24 

153 51 161 
229 50 241 

59 1 
489 13 
915 26 
733 11 

1,830 22 
806 9 

2,200 19 

<15 
963 
771 

1,926 
848 

2,311 

Step I Ammonzum sulplzate preczpztatzon The extract (2,580 ml) was made 
90% saturated by slow adchtion of 1,708 g of solrd (NH&SO4 The preclpltate was 
Isolated by centiugation (30 mm, S,OOOg), suspended m, and lalyzed agamst, 
chstllled water for A8 h An msoluble residue was Isolated by centnfugatron (10 nun, 
30,ooOg) and dlscarded 

Step 2 Acetone preczpztatzon Acetone (1,038 ml, at - 18’) was slowly added to 
1,038 ml of the ice-cold extract of step 1, with constant stlmng The preclpltate was 
Isolated by centiugation (15 mm, 3O,OOOg), suspended m, and dialyzed against, 
water for 24 h Insoluble matenal was collected by centifugatlon (10 mm, 30,OOOg) 
and chscarded 

Step 3 pH Fractionatzon To the above enzyme solution (487 ml), McIlvame 
buffer (0 lo, pH 3 2, 487 ml) was added slowly, mth constant shmng, during 24 h 
by means of a penstalk pump Insoluble matenal was removed by centtiugatlon 

(10 mm, 3O,OOOg] The supernatant was then brought to pH 5.1 by ad&tion of the 
alkahne buffer component. 
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Step 4 Second ammomum sulphate preczprtation The above extract (1,034 ml) 
was made 95% saturated by slow ad&tion of 736 g of sohd (NH&SO, The pre- 
cipitate was Isolated by centrfiugation (10 mm, 30,0009), redissolved m, and dialyzed 
agamst, 50mM McIlvame buffer @H 4 05) for 24 h 

Step 5 Chromatography on alumznzum oxzde The extract (100 ml) was applied 
(10 ml/h) to a column (30 x 3 cm) of alumma equilibrated wth 5Om~ McIlvame 
buffer (pH 4 05) The column was first eluted with 5Om~ McIlvame buffer (pH 4 5) 
at 60 ml/h, and fractions of 10 ml were collected The first 1130 ml contamed only a 
small amount (9 umts or 2%) of a-D-gaiactosidase activity and were discarded 
EIutlon was contmued with 5Om1 McIivame buffer @H 5 1) until no more protein 
could be detected The combined fractions contamed 120 umts of a-D-galactoadase I 
actlvlty Elutlon was then contmued with 5Om~ McIlvame buffer (pH 6 2) This 
fraction (1,190 ml) contained 235 umts (52%) of a-D-galactosldase Ii acttvity 

Step 6 Sephadex G-75 chromatography of a-D-galactosrdase I The a-r+ 
galactosldase I solution was concentrated on a Dlaflo PM-10 membrane and &alyzed 
agamst 50mM McIlvame buffer (pH 5 1) After thus step, 112 units (94%) were 
recovered and apphed to a column (93 x 3 cm) of Sephadex G-75 Eqmhbration and 
elutlon (15 ml/h) were performed with the same buffer Fractions contauung the 
a-D-galactosidase activity were combmed (83 ml, 101 uruts or 90%), concentrated on 
a Dlaflo PM-10 membrane (4 ml, 95 units), and rechromatographed on the same 
column Fmal yieId 86 units (90%) of a-D-galactosidase I After this step, other 
carbohydrases could no longer be detected 

Step 7 Sephadex G-75 chromatography of a-D-galactoszdase II In the same way, 
the solution of a-D-galactosldase II was twice chromatographed on Sephadex G-75 
Fmal yield 170 umts (89%) of a-D-galactosldase II Other glycosldases were no 
longer detectable In all further experiments, this solution of a-D-galactosldase II was 
used The second enzyme havmg a-D-galactosldase activity (I) was not further 
investigated, except for an estlmatlon of Its molecular weight_ 

The whole punficatlon-procedure results m a 2,300-fold puticatlon, a specific 
actlvlty of 2,200, and an overall yield of 19% The polyacrylarmde &SC-gel electro- 
phoresls pattern of the punfied a-D-galactowdase II showed only one sharp band, 
correspondmg to the enzyme actlvlty, n-respective of whether the stammg was 
performed with Anudoblack lOB, or with the enzyme substrates p-mtrophenyl or 
4-methylumbelhferyl a-D-galactopyranoslde 

Enzyme stabzlzty - Whereas raw extracts could be stored at 4” for several 
months without loss of actlvlty, the enzyme became less stable after punficatlon 
Therefore, the relative enzynuc a&v@ of purified a-D-galactosldase II was determmed 
after various Incubation (25”) periods m buffers pH 2 7 to 8 6 The enzyme was most 
stable at pH 5 0 to 5 2 Above and below tlus pH, denaturation occurred rapidly 
When stored at 4” m 50InM McIlvaine buffer @H 5 2), the enzyme showed no 
sign&ant loss of activity for several months 

Efict of zonzc envzronmerzt -The activity at 25” and pH 6 1 of a-D-gaiactosldase 
II was determmed m the presence of mcreasmg concentration of buffer salts (lO- 
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10Om~ McIlvaine buffer) Optrmal actrvrty was found at a concentration of 5Om~ 
Above and below thrs concentratron, the actrvrty decreased only shghtly (maximum, 
10%). The use of a Trrs-HCl buf3ier havmg the same pH drd not alter the enzyrmc 
actrvrty. 

When metal ions were added (1Om~) under standard condrtrons (-IO-mm 
assay), it was found that Mgzi and Cu2+ had no effect, that Ba2+ shghtly (-8%) 
mhrbrted, and Zn*+ shghtly (- 10%) actrvated, the enzyme However, Hg2+ 
completely mactrvated the enzyme Smce several methods for the syntheses of 
glycosrdes use mercury salts as catalysts, severe mhrbrtron can occur if HgZt IS not 
carefully removed 

I?.$uence of pH - Using p-mtrophenyl a-D-galactopyranosrde (mM) as 
substrate, the actrvrty of the enzyme (rmtral rate of phenol release) was measured at 
25” in 5Om~ Mcllvame buffers of drfferent pH From the data m Table II, rt follows 
that maxrmal actrvrty was found at pH 6 04 Therefore, the standardlzatron of the 
enzyme solutions was always performed at pH 6 04 (see Experrmental) Above thus 
pH, the actrvrty decreased sharply and finally became zero. Below pH 6 04, the rate 
decreased at first, but then Increased It was proved expenmentally that the increased 
actrvrty at low pH was not due to an acrd-catalysed hydrolyses of the substrate Below 
pH 3, the rrreversrble denaturatron of the enzyme precluded rehable measurements of 
the rate Consequently, rt remams unknown whether the mcrease of the rate between 
pH 4 and 3 would lead to a kmetrcally srgnficant, second optimum or rather to a 
constant value 

TABLE ii 

EFFECT OF nH ON CZ-D-GALACTOSIDASE ACTIVITY (25O) 

PH Actrcdty PH Actrvlry 
bmole mm-’ u-3 @mole mm-’ u-l) 

3 00 0 51 5 35 0 71 
3 20 0 53 5 60 0 85 
3 35 0 51 5 75 0 91 
3 55 047 5 93 095 
3 75 043 604 100 

4 10 041 6 13 0 99 
4 55 043 620 097 
4 85 049 6 50 0 92 
500 057 705 0 38 
520 0 62 7 30 0 11 

Smce tbe enzyme IS severely mhrbrted by excess substrate (see below) and thrs 
mhrbrtion is also a fucctron6 of pH, the expenmental pH-optnnum depends on the 
initial concentration of the substrate The mfluence of pH on the actrvrty of the 
enzyme I~ thus complex, and further explanatron m the present state of knowledge 
must be s_peculatrve and awaits further expenmental facts These mvestrgatrons are 
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now in progress The pEGdependence described m this work can only be used to 
choose suitable workmg con&tions 

Molecular wezght - The molecular weights of a-D-galactosldases I and II were 
determmed by gel chromatography’*’ on Blogel P-150 The elutlon volume of the 
two a-D-galactosrdases was compared with the elutron volumes of standard proteins 
(see Expenmental) on the same column. The data are presented in F:g 1 The 
molecular weight of a-D-galactosldase I was 28,000 (+900) and that of CL-D- 

galactosidase II was 36,500 (L-600) 

150 200 

Fraction number 

Fig 1 Determmatlon of molecular wexght of a-n-galactosxdases I and II by gel Eltratlon (SC% 

Expenmental) 

Hydrolyszs of gara-substrtuted phenyl a-D-galactopyranoszdes - The enzynuc 
hydrolysis of eight para-substituted phenyl a-D-galactopyranoades was followed at 
25” m 5Om~ McIIvame buffer @H 6 04) by determmation of the hberated phenol 
Smce, m each case, severe substrate inhibition was observed, K,,, and V could not be 
calculated by the usual lmear transformatrons of the formal Mrchaehs-Menten 
equation Rough, graphrcal estimations of these parameters could be mdde by using 
only the data at low concentrations of substrate It appeared, however, that this type 
of mmbition could be explsmed by presummg that, at higher concentrations of 
substrate, some sort of mactive or dead-end complex of the type ESS was formed9 
The rmtral rate (v,) could then be correlated with the substrate concentration by means 
of the formal equatron 

v, = 
VK iIS1 

1 +K[S] -I-K. K.CS12 

In a simple model, V, K, and K, would have an exact meaning, namely, theoretical 
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maximum rate (without mhrbrtron), eqmhbnum or steady-state constant of the 
Michaehs-Menten complex, and equihbnum (associatron) constant for the reactron 
ES + S G ESS, respertrvely 

However, smce the proposed reactron scheme will not be simple (see further), 
these parameters wrll be complex functrons of several rate and equrhbnum constants 
The calculatrons of the parameters V, K, and K, were then performed wrth the ard of 
an rteratrve computer programme, designed to compute the most probable values of 
these parameters, in such a manner that the sum of squares (v,__,-vrccnlJ2 was 
numrmzed V, K, and KI were then used to recalculate the rate (v,) at any gven 
concentratron (S) Table III shows two examples of expenmental and recalculated 
values of v,, together wrth the percentage error As can be seen, the agreement IS 
excellent and no systematrc devratrons are observed The same agreement was found 
for the other galactosrdes The fact that, even at the hrghest concentratrons @On@ of 
substrate, the experimental rate still decreased and drd not devrate from the calculated 
rate seems to corroborate the assumption that ESS IS a dead-end complex In no case 
drd the rate become constant at a fimte value, Independent of the substrate concen- 
tratron 

TABLE III 

EFFECT OF SUBSTRATE CONCENTRATION ON V, (25”, pH 6 04) 

p-Chlorophenyla-D-galactopyranosrde p-Methylphenyla-mgalactopyranosrde 

LM, CsmM) 
v&V v?WlC Devlatton 
(pmole mm- 1 u- ‘) (%) 

01 0 1873 01765 61 03 02683 02672 04 
02 02124 02115 04 05 04519 04318 -37 
03 03694 0 3493 58 07 05400 05411 -02 

04 04309 04436 -29 IO 06234 06174 10 
05 04846 05105 -51 12 06711 06723 -02 
06 05783 05590 34 15 07143 07128 02 
07 05935 05946 -02 18 07557 07430 17 
09 06140 06209 -11 20 07869 07658 28 
10 06299 06404 -16 25 07970 07958 02 
12 06662 06648 02 30 08006 08120 -14 
15 06812 06765 07 35 08179 08179 -02 
18 06945 06802 21 40 08071 08217 -18 
20 06731 06788 -08 45 08095 08198 -13 
25 06694 06668 04 50 08006 08153 -18 
30 06511 06486 04 75 07949 07739 27 
35 06236 06278 -07 100 07273 07236 05 
40 06094 06062 -03 12 5 06731 06752 -03 
45 05895 0 5848 08 150 06392 06308 13 

50 05586 05640 -10 200 05592 05554 07 
55 05592 05441 28 250 04912 04949 -08 
60 05203 05251 -09 300 04469 04458 02 

70 04894 04902 -02 350 OS963 04054 -22 
80 04547 04590 -09 
90 04263 04312 -11 
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The calculated values of K, K,, and V for e&t para-substrtuted phenyl 
a-D-galactopyranosrdes are collected m Table IV. For a grven amount of enzyme, 
saturated wrth substrate, V (expressed per umt of enzyme activity) represents the 
m-urn, attainable rate of phenol release, assummg, of course, that no mhrbrtron 
took place From the data, rt follows that the substltuent group, wrth the possrble 
exception of the mtro group, has no effect on V The same, small mfiuence of the 
aglycon group was found for the cr-D-galactosldases from sweet almonds2 3 and 
ficzafaba’, although, in the f?rst case, a correlatron between log V and the Hammett 
substrtuent constant 0 for electron-releasing groups, but not for electron-wlthdrawmg 
groups, was suggested No such relatronshrp exrsts between our log V values and c. 

TABLE IV 

SUB- PHENYL CL-D-GALACTOPYRANOSIDES 

ENZYME PARAMETE RSAT25°ANDpH60‘% 

zo= v x z ZO6V ir 
(moles mm-l 14~ ‘) (M-l) (hl- ‘) (l “Un-’ U-l) 

zo-6~~l v 
(I mm u mole.Cz) 

None 0 805 929 60 747 744 
p-Chloro 1 059 2,006 156 2,124 147 3 
p-Bromo 1 126 2,433 143 2,740 127 0 
g-Iodo 1 113 2,152 154 2,396 138 3 
p-Methyl 1 169 1,190 53 1,391 45 3 
p-Ethyl 1 022 1,234 67 1,262 65 5 
p-Ethoxy 1 094 2,093 85 2,291 777 
p-Nltro 1 694 4,031 430 6,827 253 9 

Smce V IS independent of the substrtuent wrthm thrs series of para-substrtuted 
phenyl galactopyranosldes, it seems improbable that the release of the phenyl aglycon 
group constitutes the rate-hmrtmg step of the enzymlc reactron mechamsm There- 
fore, we propose that the hydrolysis proceeds by a pathway mvolvmg at least two 
mtermedrates, accordmg to the nunimal scheme- 

kl 
E -I- S -_ ES 

k-1 
--f?- ES’ “‘O> - E + P2 

it 

K/ 

SCHEME 1 
ES’ S 

After the formation of the Mlchaehs-Menten complex (ES), the aglycon group (PI) 
IS released with the srmultaneous for-matron (glycosylatron step) of an enzyme- 
galactosyl complex (EB’), whxch then reacts with water, yleldmg galactose (P2) and 
free enzyme (deglycosylatron) The k,-step may eventually involve the bmdmg of the 
acceptor molecule (water or another nucleophle) pnor to the reaction &self At 
hrgher concentrations of substrate, a second molecule adds to ES’ with the formation 
of the tibrtory complex ES’S Theoretically, rt IS concervable that an mhrbitory 
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complex ESS would be formed from the Mrchaehs-Menten complex ES However, 
the experimental evidence (see below, methyl cr-D-galactopyranonde) suggests that the 
second substrate-molecule binds to ES’ In the above scheme, all retro-reactrons 
(k_-2, k-,) are omrtted, as only lmtlal velocrtres were measured 

Assummg steady-state condmons for ES and ES’, and eqmhbnum for ES’S, 
equation I may be calculated 

v, = Etkat~CSl 
1+R[s-J+R.R‘[s]2 

Formally, this is the same equation as was used for the calculatxons of V, K, and K,, 
but now the calculated parameters are, m fact, complex functions of rate and 

eqmhbnum constants 

kc,, = kzk; 
k2+k;’ 

wrth k; = kz CfWl, 

% =K=, wuh K= kJ(k,+k_,), 
kj 

E, =Klkl 
kz+k;’ 

ulth K, = true assocratron constant 

If it IS assumed that, for phenyl E-D-galactopyranosxdes or substrates mth a good- 
leaving aglycon group, the deglycosylation reaction IS rate-hrmting (k; <kz and thus 

k3 6% k,,, suzphfies to kcnt- k; and V-E,k; . Consequently, the experimental 
value of V will be Independent of the aglycon group, and no mformation about the 
k,-step wrll be available Secondly, m our model, the mhrbluon by the substrate will 
be experimentally detectable, as it then occurs before the rate-lnmtmg step If 
k2 <ki, E,- Klk2/k3 and KR,[S12 will be neghgible compared to K[S], whereas. If 
k,%k;, then RX-K, 

Infuence of added nucleophries - If alcohols are added to an enzynuc reactron 
mixture m which an enzyme-glycosyl complex 1s formed, these alcohols can react 
competitively” l1 wrth water for the ES’ complex, with the formation of alkyl 
galactosrdes (P3). accordmg to the scheme 

Experimentally, it was found by t 1 c. that the add&on of methanol or l- 
propanol to an enzynuc reactron mixture contaimng p-mtrophenyl cr-n-galacto- 
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pyranosrde as substrate resulted m the formatron of the correspondmg alkyl galacto- 
pyranosrdes No alkyl galactosrde was formed when the enzyme was onutted, or when 
the enzyme was incubated wrth a mixture of D-galactose and the alcohol. Thrs mdt- 
cated that the alkyl galactosrde was formed by nucleophrhc competrtron, durmg the 
hydrolyses of a substrate molecule 

Table V shows the relatrve, imtral reactron rates (release of p-mtrophenol) 
at 25” [McIlvame buffer (pH 6 04), p-mtrophenyl a-D-galactopyranosrde (1mM) as 
substrate], as a function of Increasing concentrations of the alcohols In both cases, 
the rate was a hnear functron of the alcohol concentratron The values of the slope and 
of the correlatron coefficrent, calculated by the method of least-squares, are, respec- 
trvely methanol, 0 253 x lo- 6 1 min- ’ u- ‘, r = 0 995, 1-propanol, 0 376 x 10m6 
1 mm-’ u-l, r = 0 999 The increase of the rate by added alcohols indrcates that the 
galactosyl-enzyme intermediate reacts faster urlth alcohols than unth water At the 
same trme, it proves that the aglycon-releasing step (k,) cannot be rate-lxmtmg If 
thrs were the case, the effect of the alcohols on dP,/dt would not be observable 

TABLE V 

INFLUENCE OF ALCOHOLS AND hIETHYL 05D-GALACTOPYR4NOSIDE ON THE HYDROLYSIS OF 

$MaTROPHENYL CZ-D-GALACTOPYRANOSIDE (25”, pH 6 04) 

Methanol vi0 I-Propanol 
(I~@ (mu) 

Methyl 
a-D-galactopyranoslde 
w4 

Vi’ 

0 1 0 1 0 1 
9 91 1006 50 1017 01 0 997 

49 5 10163 100 1038 1 0 866 
99 1 1 0237 150 I 056 2 0 756 

148 6 10389 200 1 075 4 0 566 
6 0 483 
8 04437 

10 0346 

‘Sntlal rate of phenol release &noles mm-’ u-l) M ean value from five deterrmnations (standard 
deviation < 1%) 

Nydroiyzs of rafinose and methyi a-D-galaCtOpyranOSZde -- No substrate 
mhrbrtron could be detected wrth these two substrates, and thus V and K, (25”, 
pH 6 04) were calculated by the method of Wrlkmson’2 (Table VI) For rafhnose, 
K = l/K, = 135Mr- l and V = 0 305 ,umole 111111-l u- l, for methyl cc-D-galacto- 

pyranosrde, K = 218~~ ’ and V=O0116pmole nun-’ u-l Both substrates, 
especrally methyl galactosrde, were hydrolysed at a lower rate than phenyl galactosides 
Our results can be compared wrth those for other a-D-galactosrdases The enzyme 
from sweet-almond2 l 3 showed substrate mhrbttron wrth phenyl and alkyl a-D- 
galactopyranosrdes, but not with rafhnose RatEnose and alkyl galactosrdes were 
hydrolysed at a lower rate than the phenyl galactosrdes The a-D-galactosrdases I and 
II from ?Gcra fabal are mhrbrted by alkyl and aryl a-D-galactopyranosides 
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TABLE VI 

ENZYMIC HYDROLYSIS OF RAFFINOSE AND METHYL CL-D-GALACTOPYRANOSWE (25”, pH 6 04) 

Rafinose Methyl a-D-galactopyranosrde 

GXP S 0-P 
t$moIe mm-’ u-l) Cm@ bmole nwil u-l) 

0 002 0 0645 0 005 0 ooa 

0004 0 1049 0 010 0 0078 
0 006 0 1368 0 030 0 0101 

0308 0 1575 0 050 0 0108 

0 010 0 1772 0 070 0 0109 
0 015 0 2027 0 090 0 0110 
0 020 0 2219 
0 025 0 2345 

The reason why rafhnose does not show substrate inhrbrtron 1s unknown, but 
probably hes m the large structural drfferences between aryl galactosrdes and ohgo- 
saccharides For methyl U-D-galactopyranosrde, however, rt remamed possrble 
that the absence of substrate mhrbrtron was only apparent, due to the fact that it 
occurred after the rate-hnutmg step For tins substrate, the deglycosylatron step 
cannot be rate-hnutmg (CT V) unless the reactron mechanism IS drfferent, whrch IS 
lughly mprobable On the contrary, it seems more plausrble that the glycosylation 
step becomes rate-linuting (k,<k;) due to the poor-leaving alkyl group If a second 
substrate molecule bmds to ES’ wrth the formatron of ES’S, tins type of mhrbltron 
will not be detectable when the release of P, IS followed, as the mhrbrtron then occurs 
after the rate-hmrtmg step Lf the second substrate molecule binds to ES wrth the 
formatron of ESS, then the mhrbrhon should be expermrentally detectable by fohowmg 
P, _ No mhrbltion could be detected even at a conccntratlon of 0 1~ methyl galactoside 
whereas for p-nitrophenyl cr-D-galactopyranoside, a marked mhrbrtron was notrceable 
at concentratrons as low as mM 

If methyl a-D-galactopyranoside bmds to ES’, it must do so regardless of the 
ongm of ES’ Consequently, when the methyl galactoslde (S,) IS added to a reactron 
mrxture contammg p-mtrophenyl cr-D-galactopyranosrde (S,) as substrate, two types 
of mhrbruon must be detectable full-competrtrve wrth the free enzyme (ES,), and 
non-competttive wrth ES’, according to the scheme. 

E-4. 

E -I- 

S, 

s, 

kl ~ 

A-1 

k 
G==== 

k' -1 
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where PI = nitrophenol, ES’S1 = mhrbrtory complex wrth Sr , Pz = galactose, 
ES’S2 = mhrbrtory complex wrth Sz, Pa = methanol, ES’ = galactosyl-enzyme 
complex, and K, and K; are assocratron constants 
Under the experunental condrtrons used, the hydrolyses of the methyl galactosrde 1s 
neghgrble compared to that of p-nitrophenyl a-c-galactopyranosrde (0 8% at the 
highest concentration of S, used) Ass ummg steady-state concht~ons for ES,, ES,, 

and ES’, and equrhbrmm condltrons for ES’S, and ES’S+, the imtral velocrty 
v, = dP,/dt IS gwen by Equation 2 

v, = Etkat~CW 
l+~[S,l+~,~[S,12+K’[S2]+~:~[S,~[S,] 

Equatron 2 IS of the same general form as equatron I, but with the add&on of two 
correctron terms K’[S,] for the full-competrtrve, and K,’ K[S,][S,] for the non- 
competuive -bitron From the hydrolyses of S1 (wIthout S,), kc,,, R, and K, can 
be calculated (Table IV) K’ = k;/(kL 1 + ki) and refers to ES2, R: = qk,/(k, + kj) 

and refers to ES’S, 
When the release of P, IS measured m a reactron series with constant S, and 

various concentratrons of S,, l/v, must be a lmear functron of [S2], accordmg to the 

equation 

1 l+R[S,]+R,R[S,]2 -_= 
Etk,,~CW 

+ K’+R:R[SJ 
x cs21 

VI Wc,,~CW 

For [S,] = IIWI, the value of “Lhe mtercept must be 9 9 x 10’ moles-’ mm u If no 
mhrbrtory complex ES’S 1s formed, K; = 0 and the slope equals K’/E,k-,,,R[S,] 

From the hydrolysis of methyl a-D-galactopyranosrde, it IS known that R = 

K’(k; + k;)/k; = 218~~ ’ and, since k, <k; (alkyd galactosldes), K’NR’ If It IS 
assumed that for phenyl galactosldes k,,, -k3, and for alkyl galactosldes kCBt- k,, 

then k2/K3 = V(alkyl)/V(phenyl) = 0 0116/l 69 = 0 00686, and K’ = 216~-l With 
K: = 0 and K’ = 216~~‘, the slope must be 31 6 x lo6 mm u 1 moles-’ 

In Table V, the values of v, and l/v, (pH 6 04, 25”, S, = 11~1) as a functron of 
mcreasmg concentratxons of S2 are collected Graphrcal analysis showed that l/v, 
was a hnear fnnctron of [S2] Calculations by the method of least squares ylelded 

mtercept, 9 7 x lo5 moles- ’ mm u, slope, (189 + 3)x lo6 mm u l.moles-’ The 
calculated and expenmental values of the intercept do agree, whereas the experunental 

value of the slope IS SIX tunes the expected one Consequently, R: must dtier from 

zero, which means that the complex ES’S IS formed From the value of the slope, 

R: can be calculated as 266~-l, and from R: = Kk,l(k, t-k:), with k,b k:, it 
follows that K: must be of the same order of magmtude as K The assocratron con- 
stant of the ES’S complex CK:) IS thus very smular to the constant (K’) of the ES 
complex (216~~ ‘) Thrs smularrty was also found for the a-D-galactosrdase from 
Vzcza fabal Smce the constant K: for methyl galactosrde IS even higher than K, for 
the phenyl galactosrdes, sull stronger substrate-mhrbltron should occur with the 
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former substrate The reason why It IS not found expe~mentally must then reside m 

the fact that it occurs after the rate-hnutmg step If, for hydrolyses of methyl CC-D- 

galactopyraaowde, k, <k3, R, will be small even If K, itself is relatrvely large In 
equation I, the term R R,[S]’ ~111 be small compared to R[S] and the equation wxll 
approach the .slIcple Mlchaehs-Menten form Only when [S] 1s very large, will the 
term in [S]’ become rmportant For phenyl galactosldes, k, S-k; , K, -K,, and R, ~111 
not be small Consequently, the term K R,[S12 may become rmportant at much 
lower concentrations of S 

Influence of the mbstments on K, - Accordmg to Scheme 1, K, = 
K,k,l(k,+k~) and V= E,k,k;/(k,+k~), h ence K,fV = K,/k;E, and log KJV = 
log &-log k$ E, Smce log k; E, IS independent of the aglycon group, the experr- 
mentally avarlable value of log&/V can be used to calculate linear free-energy 
relations (LFER) between K, and substltuent parameters Of the many possible 

combmations, the highest correlation was found with cI1 3 and oR14 (oR = o,- GJ 

Usmg the values of R, m Table IV, regression analysrs ylelded the equation 

log 1o-6 R,/v = 1 836+0 784urf0 301 o,, with a standard error of the 
estrmate sr/, = 0 057, multrple correlatron coefficient R = 0 977, par&al cor- 
relatron product of err, PCP(o3 = 0 91, PCP(a& = 0 04, confidence level 

CL >99 5. 

Although the specrfic bindmg of the substrate to ES’ ~111 be through the glycon part 
of the molecule, the above equation shows that the substrtuent on the aglycon group 
also affects the bmdmg through electrical factors Electron-wrthdrawmg substnuents 
increase the a&nty, through their mductlve, as well as through then- resonance, effect, 

although the latter IS not very significant When log K, itself 1s correlated wnh rr, and 
o,, a srmllar equatron can be calculated 

log K, = 1 834+0 998a,+O 376o,, with sY,= = 0 044, R = 0 978, PCP(a,) = 

0 940, PCP (OR) = 0 04, CL > 99 5 

Accordmg to our scheme, log K, = log K, + log k, -log (kk2 + k;) The smularrty 
between the two equations suggests that K, approaches the values of the association 
constant (KJ, which agam indicates that k;-gk, 

One of the possible reasons for the electromc effect of the substltuent on K, 

could be an interaction between a charged group on the enzyme and a permanent 
&pole of the aglycon group By analogy with Tute’ 5, we tned to correlate 
log 10d6 KJV with some parameters charactenstrc for chpole moments The kghest 

correlation was found wrth pv, the vertmal component (through the glycosrdrc oxygen 
atom and the para-substrtuent) As calculated by Tute, ,uL, IS treated as of negatrve 
sign m the du-ection 0 to the substttuent Using the jllv values of Tute’ 5, regresslon 
analysrs yielded the equatrons 

log 10-6 RJV = 1 858-O 147/I”, Wltil Sylx = 008,r=O95,andCL >999,and 
log&=1.865-0191~,,w~ths,,,=008,r=097,andCL >999 

Includmg a term m on (horrzontal component at 90” to the py axrs) or m a (electronic 

polarrzabrhty) drd not improve the correlatron The negatrve agn of the slope mdrcates 
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that a partral, negahve charge on the substttuent increases the relative afhnity of the 
aglycon group for the enzyme, suggestmg an mteractton with a posrttvely charged 
enzyme-group However, the exact nature of thts mteractron IS not known 

I$Iuence of the mbstltuent on R and VK - The most stgmficant correlatron 
between log K or log VR and substttuent parameters was found wtth cI Regresston 
analysis yrelded the equattons 

log R = 3.074+0 644a,, with s,,= =0067, r=O975, and CL >995, and 
log lo6 VK = 3 061 +O 877a,, wtth s,,,, = 0 126, r = 0 912, and CL >99 5 

Includmg a term m CR dtd not Improve the correlatton, and no stgmficant LFER 
could be calculated with k 

Although both correlattons are srgmficant, therr performance as a summary of 
the data IS less so, especrally for the eyuatton wtth VK (cf s&, probably because R 
and VYK stdl remam complex parameters Accordmg to Scheme 1, KV =E, k, k2/ 

(k2+k_-1), only d k_,<k2, KVmE,kr and thus becomes a measure of the single 
rate-constant k, for the formatton of the ES complex However, no expertmental 
evidence IS avarlable to substantrate the assumption that k- 1 <kz On the other hand 
If k2 gk_ 1 and K approaches the true assoctatron constant of ES, VK=E,k, K, and 
thus remams complex In thus case, however, the LFER with log VK wrll be a measure 
of the relatrve free-energy difference between the free enzyme/substrate and the 
transttron state of the kz-step Accordmg to Scheme 1, the experimental parameter R 
Itself IS gtven by K = K(k, + k;)/k; , and If k; <k, , it reduces to K = Kk,/k; If 

k_,gk2, It slmphfies to R-k,/k:, and d kz<k_,, it reduces to R= K,k,/k; 

Except for the substrtuent-Independent constant k;, both VK and K must yield the 
same LFER (regardless of the ratio k,/k_ 1), If k; <k, Expenmentally, tt was found 
that both LFER are Indeed very smnlar However, the mechamsttc mterpretatton of 
the LFER does depend on the ratto k,/k_ 1, and smce thus ratro IS unknown, the 
mterpretatton remams speculatrve From the LFER, tt follows that an electron- 
wrthdrawmg substrtuent mcreases K and K V If K and KV approach k, (I e , 

k_ 1 4k,), the LFER mdrcates that an electron-wtthdrawmg substltuent lowers the 
energy of the transltron complex leadmg to ES If, durmg the formatton of ES, a 
hydrogen bridge is formed between an enzyme group and the glycosrdtc oxygen atom 
the reactton constant p m the LFER should have a negatrve srgn, as an electron- 
wnhdrawmg group decreases the electron densrty around thus oxygen atom and thus 
lowers the extent of proton transfer On the other hand, If the effect of the substnuent 
resrdes m an mteractton between a charged group and a drpole moment, a correlatron 
wrth ,U (or k) mrght be expected Smce neither the correlatton nor the negatrve 
reactton constant p were found expenmentahy, we beheve that the assumptton 
k_ 1 <k, 1s not true. Consequently, both KV and K remam complex parameters, 
composed of the eqmhbrmm constant K, and the rate constant k, Since the sub- 
stttuent may have an mfiuence on both constants, further analysts of the LFER seems 
too speculative 
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EXPERIMENTAL 

The synthesis of the cr-D-galactopyranosrdes used was described prevrously16. 
One umt (u) of enzyme actrvrty 1s defiued as the hydrolyses of 1 mole of substrate per 
mm under the following standard conchtions p-mtrophenyl E-D-galactopyranostde 
(mu) as sub&at+ 50m1~ McIlvame buffer @H 6 04), temperature 25” For the other 
glycosldases, the same standard condmons were used, except that the corresponding 
p-nitrophenyl glycopyranoslde was used and that the measurements were performed 
at the experimentally determmed pH optunum of the partrcular glycosrdase. B-D- 

galactosidase, /I-D-glucosrdase, /I-D-xylosldase, and N-acetyl-/I-D-glucosammrdase 
(5 15), a-D-glucosrdase (5.55), c+D-mannosrdase (4 50) Routme enzymrc assays were 
performed under standard conditions Release of p-mtrophenol was followed by 
addmg l-ml ahquots of the reaction rmxture to 3 ml of 10% (w/v) aqueous Na&03 
and measuring the absorbance at 400 run Hydrolyses of other phenyl galactosides 
was followed by measurmg the hberated phenol by the method of Folm-Crocalteu”, 
and hydrolysis of methyl cr-D-galactopyranoside and raffinose by measurmg reducmg 
sugar by the method of Somogyi-Nelson” Protein concentration was routinely 
measured according to Warburg and Chr~tnui’~ Spectic activrty was expressed as 
enzyme umts per mg of protein Polyacrylanude gel-electrophoreas was performed 
accordmg to the method of HJerten” Electrophoresis was camed out m 7.5% gel, 
1Om~ TUS-HCl buffer (pH 8 8) at room temperature, for 1 h at 3 mA per tube By 
incubating the unstamed gels m a solution of p-mtrophenyl or 4-methylumbellrferyl 
a-D-galactopyranoside, the enzyme was localized by the appearance of a yellow or 
fluorescent band Protems were stamed with Anudoblack 1OB (1% in 7% acetic acrd) 
For the determmation of the molecular weights by gel filtration, 4mg of U-D- 

galactosrdase I, 2 mg of a-D-galactowdase II, and 2 mg of the followmg protems 
(molecular werght m parentheses), (A) alcohol dehydrogenase (150,000), (B) glyceral- 
dehyde 3-phosphate dehydrogenase (120,000), (C) bovine serum albumm (68,000), 
(D) ovalbumm (43,000), (E) chymotrypsmogen (25,700), (F) myoglobm (17,300), 
were apphed to a column (1 x 100 cm) of Brogel P-150 eqmhbrated with 5Om~ 
phosphate buffer (pH 7 2) Elutron was performed with the same buffer at a flow rate 
of 10 ml/h Fractrons of 1 ml were collected 

The Draflo-Axmcon ultrafiltration system was used to concentrate solutrons of 
protein. The best results were obtamed wnh the filter PM-10 (-95% recovery) 

Enzyme solutxons were standardized each day, and all rmual reachon rates 
(mean value from three to five determmattons) were expressed per unit of enzyme 
actwrty At least 20 substrate concentratrons were used to detemune V, R, and R, 
with the ard of the lteratrve computer programme 
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