exo-Poly-o-p-galacturonosidase 681

MODE OF ACTION AND PARTIAL PURIFICATION
OF THE ACTIVE CENTRE OF ex0-POLY-t-D-GALACTURONOSIDASE
FROM Selenomonas ruminantium

Kveta HEINRICHOVAY, Jilius HEINRICH?, Maria DZUROVA® and Alexander ZIOLECKI
“Institute of Chemistry,
Slovak Academy of Sciences, 842 38 Bratislava, The Slovak Republic
b Institute of Pharmacy,
Komensky University, 842 32 Bratislava, The Slovak Republic
Institute of Animal Physiology and Nutrition,
Polish Academy of Sciences, 03 110 Jablonna, Poland

Reccived October 21, 1991
Accepted June 13, 1992

In the presented paper are summarized results of the study of the mode of action, dimensions and arrange-
ment of the active centre of the exo-poly-a-b-galacturonosidase, (poly(1.4-a-n-galactosiduronate) diga-
lacturonohydrolase, 11.C. 3.2.1.82) produced by the bacteria Selenomonas ruminantium. With this aim we
determined experimentally values of Michaclis constants and limiting rates for the catalytic hydrolysis of
lincar oligo(p-galactosiduronates) of the degree of polymeration in the range of 3 to 8, at pH 7.0 and the
temperature 30 °C. We caleulated molecular activities kg and parameters ko/Ky, from these values. From
the dependence of log ko and log kg/K,,, on the degree of polymerization five subsites of the active centre
were determined, with the catalytic site being situated between the second and third one. Kinetic data were
used for the caleulation of the affinities of the fourth and [ifth subsites Ay and As in accordance with the
theory of IHiromi. Product analysis of non-labelled oligo(n-galactosiduronates) and compounds labelled
with (l—}ll] at the reducing end cnabled to ascertain approximately the value for the first subsite Ay of the
active centre and to study the mode of action of the ¢xo-poly-a-D-galacturonosidase from Selenomonas rumi-

nantium.

A characteristic property of glycanohydrolases is the specificity of their action' = 8. Its
detail study carricd out during the last few ycears resulted in the introduction of the term
“subsite of the active centre” into the scientific literature. In the casc of glyca-
nohydrolases it means that part of the active centre which binds the substrate glycosyle
unit. The quantitative measure of the specificity of the subsite is expressed by the
amount of the free cnergy change of the enzyme—substrate complex formation
corresponding to one subsite during binding of the monosaccharide segment of a
certain type (AG)). The subsites are arranged at both sides of the catalytic site and are
cvaluated on the basis of their position towards the catalytic site” = 1% The inde-
pendence of k;, (real rate constant of the hydrolysis of substrate bonds in the producti-

nt
ve complex) of the degree of substrate polymerization (1) and of the type of the binding
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cnzyme—substrate is the basic presumption for the validity of the theory of subsites,
confirmed also for several amylases'” ~ 23,

Two theories of the mode of action of glycanohydrolases based on the idca of sub-
sites have been presented in literature lately. Hiromi et al.™!2 suggested a method for
the calculation of affinities of subsites from the dependence of the degradation rate on
the degree of substrate polymerization. Thoma ct al.>!” proposed a method based on the
analysis ol terminal-labelled reaction products. For enzymes with terminal mode of
action which form usually a single simple productive complex, the method of Hiromi?*
seems 1o be more suitable. The exo-poly-a-D-galacturonosidase, (poly(1,4-«-D-galacto-
siduronate) digalacturonohydrolase, E.C. 3.2.1.82) produced by bacleria catalyzes
specifically the degradation of glycosidic a-(1 = 4) bonds of sodium pectane, resulting
in the production of a single disaccharide. The enzyme atiacks substrates from the non-
reducing end of the molecule. The rate of the cleavage of the bonds depends on the
polymerization degree of linear oligo(D-galactosiduronates)> . Based on the simi-
larity of basic characteristics of this enzyme and f-amylase, we applicd partially kinctic
process described by Kato et al.?” in our studies of the mode of action and active site of
the exo-poly-u-D-galacturonosidase. We also cmiployed the method based on the analy-
sis of labelled reaction products published by Suganuma ct al.®® for f-amylase from
corn bran.

EXPERIMENTAL

Matcrials

exo-Poly-a-p-galacturonosidase produced by the bacteria Selenomonas ruminantium, strain 777 (isolated
from bovine rumen) was purified by the method already described . The method consists of precipitation
with ammonium sulfate. centrifugation, dialysis. desalting of the crude product on a Sephadex (i-2S
column Medium, separation of the protein complex on a QAL Sephadex A-50, permeation chromatography
on Sephadex G-75 Fine. desalting of the purified enzyme on Sephadex GG-25 Fine and lyophilization. The
specific activity of the purified enzyme at the pll optimum 7.0 and 30 °C towards sodium pectane was 37
nkat/mg and its relative molecular weight was 26,000, The enzyme specificity was confirmed on the basis
of the analysis of degradation products formed from polymeric and oligomeric substrates and on the basis
of the frequency of the cleavage at the reducing end of [1-*1] labelled oligo(n-galactosiduronate) mole-
cules.

Oligo(n-galactosiduronates), a-p-(1 — 4) bound units of sodium salt of the n-galactopyranuronic acid,
with a polymerization degree (DP) of 3 to 8 were prepared by enzyme hydrolysis of sodium pectane
(poly(1 — 4)-a-b-galactosidpyranuronate) by resolution of the complex of oligo(n-galactosiduronates) on
Sephadex (i-25 Fine and subsequent desalting of the isolated products on Sephadex G-10 (ref.2%). Homo-
geneity of the oligo(b-galactosiduronates) was confirmed by chromatography on thin layer of silica gel
(Silufol plates, Czechoslovakia) using the system 1-butanol-formic acid—=water (2 : 3 : 1), on the basis of
values of log (R./(1 = K;)) lincary dependent on the polymerization degree of oligo(b-galactosid-
uronates)*®. The purity of substrates was determined from the ratios of the numbers of carboxylic and redu-
cing groups®!. [1-*H]oligo(n-galactosiduronates) labelled at the reducing end were prepared by means of
catalytic tritiation of non-labelled oligo(n-galactosiduronates) according to Evans et al.*2 Individual

oligo(b-galactosiduronates) were [1-3H] labelled at the substrate reducing unit at the Institute for the
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Investigation, Synthesis and Utilization of Radioisotopes in Prague. [1-*11] labelled oligo(p-galacto-
siduronates) were purified by means of gel chromatography on Scephadex G-25 Fine using the method
described for the isolation of non-labelled compounds. The purity of the radioactive labelled oligo(n-
galactosiduronates) was 96 — 98% after the procedure. Samples were stored at =20 °C and no free
radioactivity was detected in the course of three months. The specific activity of the purificd samples was
as follows: 7.44 . 107 MBq for di(n-galactosiduronate), 2.85 . 107 Mg for tri(p-galactosiduronate). 3.19 . 107
MBq for tetra(d-galactosiduronate) and 2.55 . 107 MBq for penta(b-galactosiduronate), related to 1 mol of

substrate.

Mecthods

Activity of exo-poly-t-n-galacturonosidase was determined on the basis of measurement of the increase in
the concentration of reducing groups according to S(\mngyi“. using a calibration curve for p-galacto-
pyranuronic acid. The solution of sodium pectane (0.5%) in phosphate buffer (0.1 mol/l. pH 7.0) served as
the substrate (relative molecular weight 27.000). A volume of 0.5 ml of the enzyme solution was incubated
with a same volume of substrate solutions at 30 °C.

The reaction with [1-'11] labeHed substrates was carried out in small test tubes. The non-labelled
substrate was dissolved in 50 pl of 0.05 mol/l phosphate buffer pll 7.0, then a constant amount of the
labelled oligo(b-galactosiduronate) (0.0S MBq) and an appropriate amount of the enzyme were added.
Aliquots were withdrawn from the reaction mixtures during the incubation at 30 °C and the cnzyme
reaction was stopped by 10 min boiling. For the kincetie studies, 1.5 pl samples of the reaction mixture
were subjected to TT.C chromatography on silica gel as described above. After the detection of reaction
products with aniline=phthalate reagens, the activity in the individual spots (cut out and cluted with water)
was determined in scintilation vessels with a scintillation solution SLD-31 (Chemapol. Spolana Nera-
tovice). The measurement was carried out on a liquid scintillation counter LKB WALLAC 1214 RACKBE:-
TA. Al the measured values were corrected towards the blank and backround. Frequency of the cleavage
of the [1-*H] oligo(n-gatactosiduronate) bonds was determined at concentrations 0.2 mmol/l of the tri(p-
galactosiduronate) and 0.025 mg/ml enzyme, 0.1 mmol/l of the tetra(b-galactosiduronate) and 0.005 mg/ml
cnzyme, 0.05 mmol/l of the penta(b-galactosiduronate) and 0.0025 my/ml enzyme, at pll 7.0 and incu-
bation temperature 30 °C. The initial formation of the products, i.c. the degree of degradation at the time
1 = 0 is cqual for this reaction to the frequency of the bond cleavage. It was determined according to Allen
and Thoma*'. The activity of the individual products formed from the [1-*H] oligo(n-galactosiduronates)
used as substrates was related 10 the total activity of the substrate and products. The activity of the
products related to the total activity is given by the formula:

X - 11 =1 GalpA) .

Si1- 1Y (GalpA);

‘

where [1-2H](GalpA), is the activity of the studied product.
RESULTS

Kinctic Data

In order to ascertain the kinetic parametres K, and V for the individual oligo(D-galacto-
siduronates) we determined the initial reaction rates v oat six to cight substrate
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concentrations within the range of 0.025 to 0.5 pmol/ml, at pH 7.0 and rcaction tempe-
rature 30 °C. Individual scts of experimental data v and s were submitted to the direct
non-lincar regression analysis with a regression functionv = Vs /(s + K;) on a personal
computer™, Table I summarizes results of these calculations: K, and V together with
standard deviations, correlation coefficients and standard deviations of the regression.
In the Table I are also the values of enzyme molar concentrations ¢, molccular acti-
vitics kg = V/e, and of the ratios kK.

From the dependencies of log k, and log ky/K,,, on the degree of polymerization,
graphically presented in Fig. 1, it follows that the rate constants increasc with the
increasing degree of polymerization if n < 5 and remain constant if 7 2 5. It was
ascertained that there are five subsites in the active centre of the exo-poly-a-D-galactu-
ronosidasc from Selenomonas ruminatum. From the mode of degradation of the poly-
meric and oligomeric substrates and on the basis of the determined frequency of
cleavage of [1-*H] oligo(D-galactosiduronate) bonds at low substrate concentrations
which cxclude the participation of bimolecular processes) presented in Fig. 2 it is
cvident that the catalytic site of the studied enzyme is located between the second and
third subsites.

TanLe |
Experimental values of kinetic parameters with standard deviations and regression analysis statistical char-
acteristies for exo-poly-a-D-galacturonosidase catalyzed hydrolysis of oligo(b-galactosiduronates) at the
temperature of 30 °C and pH 7.0. n degree of polymerization related to a galactopyranuronate unit. K,
Michaclis constant, V maximum rcaction rate and ky, molecular activity. For details sce Experimental

Standard
K,,. tmol/  Correlation  deviation ¢, mmol/l
Substrate " ko/K e 1 s
ubtrate " V.nmol/s  coceflicient  of regres- koo 1/s /K. Vmmol s
sion
Tri(p-galactosiduronate) 3 502 = 38 0998  1.68.107"° 865 0.0580 = 0.0071
254 =12 0.029 = 0.0021
Tetra(b-galactosiduronate) 4 262 + 16 0.997 1.34 . 107° 346 1.46 = (.13
132+ 4 0.382 = 0.0123
Penta(p-galactosiduronate) S 101 =8 0.993 212107 216 7.84 = 0.68
148 = 3 0.684 = 0.014
Hexa(p-galactosiduronate) 6 78.7 = 4.5 0.995 1.55. 107" 216 8.73 = 0.62
149 = 2 0.688 = 0.009
Octa(D-galactosiduronate) 8 76533 0000 933107 216 9.02 = 0.57
149 = 3 0.690 = 0.014
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Calculation of Subsite Affinitics

Calculation of the affinitics of subsites located at the reducing side from the catalytic
centre was carricd out on the basis of the theory and the algorithm dcerived from it,
which were described in the study of the catalytic action of B-amylase by Kato ct al.?’.
The following cquation expresses the reaction mechanism of the hydrolysis of
oligo(D-galactosiduronates) by exo-poly-a-D-galacturonosidase:

()

ES

ng

where E is the enzyme, P are products, ES,, [ is a symbol for the productive complex,
ES, , for the nonproductive complex, ki, is the rate constant of the hydrolysis in cach
productive complex. Symbols p and g represent the type of binding and arc cqual to the
subsite numbers towards which the non-reducing end of the monomer is situated during

T T T v T T
4L —0
2
A
0.01 099
02 mmolll
2 4
11 4
1.0
o0—0o——0—=- 01 mmolit
[ 4
«— 1 -
Th 1 10
o—O0O—O0O—~0—¢§ 0.05 mmalil
I 1 e A —1
6
3 4 5 n 8
Fia. 1 Fia. 2
Dependence of R on the degree of polymerization Frequeney of the cleavage of the bonds of tri(n-
of oligo(p-galactosiduronates) n. R means 1 log ko galactosiduronate). tetra(b-galactosiduronate) and
(molecular activity) of exo-poly-a-p-galactu- penta(b-galactosiduronate) under the conditions of
ronosidase and 2 log ko/K,, unimolecular hydrolysis. O galacturonate unit,

3 .
@ [1-'H] labelled galacturonate unit at the
substrate reducing end
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that certain binding. As the exo-poly-a-D-galacturonosidase is an enzyme with a typi-
cally terminal mode of action and during the hvdrolysis only a disaccharide is formed
from oligo(D-galactosiduronates) and sodium pectane, it is possible to presume a model
of the active site presented in Fig. 3. The active site has m = S subsites. The subsites are
numbered from left to right starting from the non-reducing unit of the substrate located
in the productive type of binding. The catalytic site where the bond is cleaved, is loca-
ted between the sccond and third subsites. Affinitics of subsites are designated by
symbols A, (i = 1, 2 ... m). From the mechanism of degradation of lincar oligo(D-
galactosiduronates) by this enzyme it follows that the productive type of binding j = 2
or p = 2 (Fig. 3) is negligible and the binding constant for the enzyme E and substrate
S, bound by the j type is given as follows:

k()/Km = k. K,; = ko K 1 (2)

int "oy it “in,

ky/K,,, representing only the expressions for the productive tvpe of binding,

In accordance with the theory of subsites™! the reaction rate constants kK, for
n-dimensional substrate are equal to the association constant for the productive type of
binding which is determined by the affinity of subsites occupicd by the substrate. This
relationship can be expressed by the equation

cov

(ko/Kpp) = ki Koy = 00186k exp (D A/RT), 3)
1

SUBSITE (/) m m=5

SUBSITE
AFFINITY " Al A A3 A, Ag

FiG. 3

Schematic model of the active site of exo-poly-u-p-galacturonosidase and binding of hexa(b-galacto-
siduronate). ‘The active site is composed of m = S subsites. Subsites are numbered from left to right,
starting from the non-reducing substrate unit situated in the productive type of binding. The catalytic
centre, where the substrate bond is cleaved, is marked by a gusset. Affinities of subsites are marked by
symbols A; (i = 1.2, 3 ... m). ES, ; is the enzyme—substrate complex of the n-dimensional substrate in the
j-type of binding which represents either the productive (IS, ) or the non-productive (IS, ) complex.
Indexes j. p. q are whole numbers which specify the type of binding and are cqual to the subsite number
at which the substrate non-reducing end is situated in the appropriate binding type. O represents the
galacturonate unit
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where &, is the actual reaction rate constant for the hydrolysis of the substrate bond in
the productive complex, K, represents the association constant for an n-dimensional

Cov

substrate which forms the productive complex ES. The expression EA‘ is a sum of all
1

subsites occupicd by the n-dimensional substrate and bind specifically. Factor 0.0186
represents the correlation for the free energy change of the reaction solution after the
binding of the enzyme and the substrate at 30 °C. Affinitics of subsites Ay and A can
be then calculated similarly as in the case of B-amylase®’ using ky/K,, values as follows:

An+ 1= R T“" (k()/Km):H»l - In (k()/Km)n . (4)

After the substitution with experimental data ky/K,,, from Table [ into the Eq. (4), we
oblained values for affinitics of subsites 1 = 5 and i = 4 cqual to:

As
Aq

3.98 kJ/mol
&.1 kJ/mol .

Mode of Action of the exo-Poly-u-D-galacturonosidase and Calculation
of the Approximate Affinity of the First Subsite of the Active Centre Aj

The mode of action of the exo-poly-a-D-galacturonosidase was studicd on the basis of
the formation of products during the interaction of the enzyme with oligo(D-galacto-
siduronates) with the degree of polymerization between 2 and 8. We found that di(D-
galactosiduronate) is not degraded within the concentration range of 0.3 to 4 mmol/l.
The prevailing product of the degradation of higher oligo(D-galactosiduronates) was a
disaccharide, in the whole course of the followed reaction. During the interaction of
exo-poly-u-D-galacturonosidase with oligo(D-galactosiduronates) labelled with [1-*H]
at the reducing end and with n = 2 — 5 (substrate concentrations lower than the K
value, at which biomolecule and multiple reactions do not take place), di(D-galacto-
siduronate) was not degraded by the enzyme under the conditions of first order reaction
kincetics. The second bond from the non-reducing end of the degraded molecule is
dominant, as was ascertained on the basis of the frequency of cleavage (Fig. 2).
During action of the enzyme on the [1-*H] labelled tri(D-galactosiduronate) under the
conditions of unimolecular hydrolysis, monomer (*GalpA),*, [1-*H] labelled at the
reducing end formed the major product of the reaction, accompanicd with a minimum
amount of a | 1-*H] labelled disaccharide (*GalpA),. The ratio (*GalpA), : (*GalpA),

Y (*GalpA), represents [1-H] labelling of the reducing unit of the oligosaccharide with a degree of

polymerization n.
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determined from the frequency of cleavage of bonds in [ 1-*H] tri(D-galactosiduronatce)
is 99 : 1. Thercfore, it is evident that the trisaccharide can be bound to the active centre
of exo-poly-a-D-galacturonosidase in a productive manner j =1, orp = land j =2, or
p = 2 (Fig. 3). From the cxperimental data it follows that the type of binding j=1orp
= 1 is the prevailing one. The relative rate of the formation of products in (*GalpA),
and (*GalpA), is given by the ratios between the probabilities of binding types p = 1
and p = 2 to enzymes with the terminal mode of action. According to Suganuma ct al.?®
it can be cxressed by the relation

V(sGalpA), d[*GalpA], d¢ _ i )
V(sGalpA), " d[*GalpAl,dt P, \

In accordance with the theory of subsites, the ratio of the products can be determined
from the difference of affinitics A; of two subsites which do not participate simulta-

neously in the bond formation in both possible types'!?

. In the case of exo-poly-a-D-
galacturonosidase subsites A, and A, come into the consideration (Fig. 4), resulting in
a relation

P—‘ = exp (A, -A)/RT]. (6)

The real reaction rate can be determined on the basis of the formation of [1-'H]
products under conditions of the unimolecular hydrolysis, by establishing the remaining

substrate which did not participate in the reaction and using the relation®® (which is
valid for [S] << K))):

k
S8 VL k)18t - Frels %)

KI“ + [SI m
0-0-0 =
0- p=2 FiG. 4
—‘0_0"0 p=1 Schematic design of the binding of two molecules of

. R tri(-galactosiduronate) to the active site of exo-
Subsite (/) {1 4 .
( -BB.B poly-«-b-galacturonosidase. It shows two possible

productive types of binding p = 1 and p =2
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Taking into account the Eq. (7) and the relative rate of product formation during
unimolecular hydrolysis, we obtain the following:

VsGiatpay,  d[*GalpA], dr k[S]
VisGalpA),  d[*GalpA], dt - K[S]

(%)

where k& and &' represent the reaction rate constants of first order of formation of
(*GalpA), and (*GalpA),, and thus

d[*GalpA],

— = K. 9
d[+GalpAl, K )

At [ = 0, the concentration of both products is zero and the form of the Eq. (9) is

[*GalpA], K [*GalpAl-, (10)

from which it follows:

Yedapa),  [*GalpA], an
V(stialpA), [*GalpA],

The relation for (A, = A,) can be obtained from Eqs (5) and (6) as follows:
(Aj-A) =RT In I"(:(;;.n,‘/\)l/"(*(;;.lp/\)_,l =

= R T In([*GalpA|,/|+GalpA],) = RT In(90/1), (12)

(A, -Ay = 11.58k)/mol. (13)
After substitution of the value for Ay (A4 = 8.10 kJ/mol) we obtain the result
A, = 19.68 kJ/mol . (14)
The calculated values A;, approximate affinity A, and values Ay and Ag are presented
in the histogram of the active site of the exo-poly-u-D-galacturonosidasce in Fig. 5.
DISCUSSION

The mode of action of exo-poly-u-D-galacturonosidase from Selenomonas ruminantium
was [ollowed on the basis of the analysis of products during the interaction of the
enzyme with lincar oligo(D-galactosiduronates) with a degree of polymerization be-
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tween 2 and 8, and with oligo(D-galactosiduronates) labelled with [1-*H] at the redu-
cing end (degree of polymerization 2 to 5). It was found that di(D-galactosiduronate) is
not degraded by the enzyme and higher oligosaccharides are cleaved only at the second
bond from the non-reducing end of the molecule. The substrate binding site of exo-
poly-a-D-galacturonosidase was studied on the basis of the Kinetics of degradation of
lincar oligo(D-galactosiduronates) with degrees of polvmerization n = 3 to 6 and 8,
under the conditions of unimolecular hydrolysis. With this aim we determined expe-
rimentally Michaclis constants and limiting reaction rate constants for individual
substrates. We employved these values for calculations of the rate constant &, and para-
meters ky/K,,,. From the logarithmic dependences of & and ky/K,,, on the degree of poly-
merization of substrates it was found that the active centre of exo-poly-a-D-galac-
turonosidase from Selenomonas ruminantium is tormed of five subsites, the catalytic
site being situated between the second and third subsites. The affinity of subsites at the
right side from the catalytic site was determined by means ol the Kinctic theory of
Hiromi ¢t al."!* using the method published for the caleulation of the affinity of sub-
sites of P-amvlase from corn bran”’.

It was ascertained that the affinity of the fourth subsite (counted from the non-redu-
cing end) is Ay = 8.10 kJ/mol, affinity of the fifth subsite A5 = 3.98 kJ/mol. The appro-
ximate value of the affinity of the first subsite (sccond subsite to the left from the
catalytic site), A} = 19.68 kl/mol, was calculated from the distribution of products of
degradation of [ 1-*H] trisaccharide, derived from the frequency of bond cleavage. Affi-
nities of the two subsites in the vicinity of the catalvtic site could not be ascertained by
means of the presented procedures. The product analysis of [1-*H] labelled and non-
labelled oligo(D-galactosiduronates) enabled to express a hypothesis on a relative affi-

20 |
A
kJ/mol
10 4 G, 5
— Histogram of the affinity A of the active site of exo-
poly-ce-p-galacturonosidase. The active  site s

composed of five subsites. The catalytic site is situa-
) ted between the second and third subsite (marked by
a gusset). Subsites are numbered from the non-redu-
o | cing end (from the left). The affinity of the first
SUBSITE 2#3 subsite A} = 19.68 kl/mol. Ay = 8.1 kl/mol. Ag =
3.08 kl'mol

-
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nity of these two subsites. Facts that di(D-galactosiduronate) is not degraded by the
enzyme and that in cach phase of the hydrolysis, the primary product of the hydrolysis
is a disaccharide regardless the chain length, indicate that the affinity of the second
subsite (first subsite from the catalvtic site at the non-reducing end) is negligible.
Contributions ol A, and Ay are essential for the productive binding of the substrate.
Therefore, we presume a substantially higher affinity of the third subsite A, (subsite at
the reducing end from the catalytic site) in comparison to A,. This presumption is also
supported by the finding that tri(D-galactosiduronate) is a relatively good substrate for
exo-poly-a-D-galacturonosidase. The reaction rate constant (ky); = 0.029/s for the
hvdrolysis of the trisaccharide is only 13 times lower than that for the tetrasaccharide
(ko)y = 0.146/s.

REFERENCES

Hiromi K.: Biochem. Biophys. Res. Commun. /0, 1 (1970).

Philips D. Co Soes Am. 275,78 (1960).

Rupley 1o AL Gates Vi Proe. Natlo Acad. Sei. VLS AL 37,406 (1067),

Chipman D. M., Grisaro V.. Sharon N.o 1 Biol. Chem. 220 482 (1967).

Blake C. C. . Johnson 1. M., Mair G AL Nort AL CoT Philips DL Cl Sarma Vo Ko Proe. R. Soc.

(London) 116, 378 (1967).

o, Philips D C: Proc. Natlo Acad. Scic LS. AL 37, 487 (1967).

. Chipman D. M.. Sharon N.: Science 165, 454 (1969).

N, Robyt 1. F. French D)o Biol. Chem. 245, 3017 (1979).

0. Thoma 1. A.. Brothers C., Spradlin 1.2 Biochemistry 9, 1768 (1070).

10. Thoma J. A.. Rao Gi. V. K., Brothers C.. Spradlin 1., Li 1. TL: 1 Biol. Chem. 246, 5621 (1971).

11. Nitta Y.. Mizushima M., Tliromi K.. Ono S.: I. Biochem. 69, 567 (1971).

12, Hiromi K. in: Proteins: Structure and Function (M. Funatsu. Ko Hiromi, Ko Imahori. T. Murachi and
K. Marita, Eds). Vol. 2. p. 1. Kodanskia. Tokyo 1972

13, Chipman . M.: Biochemistry 10, 1714 (1971).

14, Twasa S.. Aoshima L. Hiromi K., Hatamo [1.: J. Biochem. 75, 960 (1974).

15, Hehre T Gengshof DL S.. Sernlicht T, Brewer C.7F: Biochemistry 16, 1780 (1977).

16. Biely P.. Kritky 7.. Vrsanskda M.: Lur. 1. Biochem. 7790559 (1981).

17. Hiromi K.. Nitta Y., Numata C.. Ono S.: Biochim. Biophys. Acta 32, 362 (1973).

18. Pulkovnik A., Thoma J. A.. Walter Gi. J.: Carbohydr. Res. 67, 493 (1978).

19. Hiromi K., Tanada A.. Ohnishi M.: Biochemistry 27, 102 (1982).

20. Koyama ‘T, Trokuchi N.. Kiruchi Y.. Shimada 1. Iwama M.. Takahashi K., Iric M.: Chem. Pharm.
Bull. 32, 757 (1984).

21, Takada Y.. Natsui HL, Tamada M., Takao S.. Chiba S.: Agric. Biol. Chem. 19, 1633 (1985).

220 Kanada V.. Brewer CoF. Okada G, Hehre BT Biochemistry 250 1159 (1986).

23, Maksimov T. 1 Prikl. Biokhim. Mikrobiol. 2./, 201 (1988).

24, Suganuma ‘T, Natsumo R.. Ohnishi M., Hiromi Koo 1o Biochem. 84, 203 (1978).

25, Hatanaka C.. Ozawa 1 Berichte des Ohara Instituts fir landwirtschaftliche Biologie 15. 47 (1971).

260, Heinrichovi K. Wojeziechoviez M. Ziolecki Al 10 Appl. Bacteriol. 66, 169 (1989),

27. Kato M. Hhiromi K., Morita Y.: 1. Biochem. 75, 563 (1974).

28, Suganuma T, Ohnishi Mo Hiromi Koo Morita Yoo Agrice. Biol. Chem. 70 THE (1980).

20, Heinrichova Ko Biologia (Bratislava) 38, 335 (1083).

I T B

~J

Collect. Czech. Chem. Commun. (Vol. 58) (1993)



692 Heinrichova, Heinrich, Dzirova, Ziolecki:

30.
31.
32.
33.
34.
3s.

Koller A., Neukom H.: Biochim. Biophys. Acta 83, 366 (1964).

Kohn R.. Furda 1., Kopec Z.: Collect. Czech. Chem. Commun. 33, 264 (1969).

Evans E. A., Sheppard H. C., Turaer J. C., Wawell D. C.: J. Labelled Compd. 10, 568 (1974).
Somogyi M.: J. Biol. Chem. 195, 19 (1952).

Allen J. D.. Thoma J. A.: J. Biochem. 1976, 199.

Heinrichova K., Heinrich J.: Biologia (Bratislava) 42, 1207 (1987).

Translated by 1. P. Maskovi.

Collect. Czech. Chem. Commun. (Vol. 58) (1993)





