
Studies on a purified cellobiose phosphorylase
by James K Alexander

A THESIS Submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree
of Doctor of Philosophy in Bacteriology
Montana State University
© Copyright by James K Alexander (1959)

Abstract:
Cellobiose phosphorylase, obtained from cell-free extracts of Clostridium themocellum strain 65l, has
been purified sufficiently to eliminate interfering reactions. The purified enzyme catalyzes the
phosphorolysis of cellobiose with the formation of equimolar quantities of glucose-l-phosphate and
glucose. The reaction is reversible for equimolar quantities of cellobiose and inorganic phosphate are
formed from glucose and glucose—l-phosphate. At equilibrium the molar ratio of cellobiose and
inorganic phosphate to glucose-l-phosphate and glucose is about 2 to 1. The equilibrium constant, K =
(glucose-l-phosphate)(glucose)/(cellobiose)(inorganic phosphate), at 37 C and pH 7 is about 0.23.

The optimum pH for the activity of cellobiose phosphorylase appears to be about 7.0. The temperature
coefficient between 20 C and 40 C is about 2.4. The effect of various inhibitors has been determined
and the results suggest that a sulfhydryl group is essential for the activity of the enzyme.

The synthesis of glucosyl-D-xyloses glucosyl-L-xylose, glucosyl-D-deoxyglucose, and
glucosyl-D-glucosamine apparently is catalyzed by cellobiose phosphorylase. The enzyme also
catalyzes the arsenolysis of cellobiose.

Beta-glucose—l-phosphate is unable to replace alpha-glucose-l-phosphate in the synthesis of
cellobiose. A Walden inversion apparently occurs in the reaction. Cellobiose phosphorylase apparently
does not catalyze the exchange between glucose-l-phosphate and arsenate or between cellobiose and
D-xylose. These results suggest that a ' cellobiose-enzyme-phosphate complex is formed in the
reaction. 
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cellobiose phosphorylase reactions^ 89

Figure 11* The formation of" an inverted glucose-enzyme complex’from
alpha-glucose-l-phosphate and sucrose phosphorylase* 1 90

Figure 12, The formation of sucrose and free sucrose phosphorylase
from a glucose-enzyme complex and fructose* 90

Figure 13* ̂ n illustration of the single displacement mechanism.
proposed for the maltose phosphorylase reaction* 90

Figure Ihb A proposed single displacement, mechanism for the
Cellobiose phosphorylase reaction* 92

Table I

Table II

Table III

Table IF

Table F

Table FI

Table FII

Table Fill

Table IX

TABLES
The activity of enzyme preparations from Clostridium 
thermocellum strain 631 on glucdse-l-phosphatee 
Determination of cellobiase activity in enzyme pre^ 
parations from Clostridium 'thermocellum strain 631* 
Analyses'of the products and reactantsof Cellobiose 
phosphorolysis*
Analyses of the products and reactants of cellbbiose 
synthesis*
Analyses of the products and reactants of a reaction 
with purified Cellobiose phosphorylase and approximately 
equilibrium amounts of cellobiose^ inorganic phosphate* 
glucose and glucose-l-phosphate*
Summary of equilibrium'data for the cellobiose 
phosphorylase reaction*
The activity of cellobiose phosphorylase at 
different temperatures»
The effect of p-ehloromercuribenzoate on the 
activity of cellobiose phosphorylase*
The effect of silver nitrate on the activity of 
Cellobiose phosphorylase*

30

33

37

37

1*0

hi

h7

U9

2o



Table
Table
■Table'

■Table

Table

Table-

Table

Table

Table

5'
X The ,effect of phlorizin on the activity of eellobiosePhosphoryiaserO gl

Xl The effect ,of'.glucose on eellobiose phoephorolysis= §3
X H  The effect.of .HaFs. HaGls (Wj4)2Soas and % S %  on the

activity of eellobiose phosphoryIase3 $$
■XIII Liberation of inorganic phosphate when eellobiose

phosphozylase was incubated'with glueose*?*l-phosphate 
and various other compounds* 58
The change in Inorganic phosphate when./cellobiose 
phosphorylase was incubated "with 'inorganic phosphate 
and different disaccharides * '' ' 62
Liberation of inorganic phosphate when eellobiose 
,phosphorylase"was incubated with"glucose and beta- 
glucose-l-phosphate of alpha-glue os e-»l"phosphat e * 6h
The' disappe||fance of inorganic phosphate in a reaction 

mixture used as a control in the arsenolysis experiment*. 65 
The formation of free glucose when eellobiose phosphory
lase was incubated with gluoose-l-phosphate and arsenate*68 

XFIII A summary of the"information concerning the specificity
of eellobiose phosphorylase* 83

XIV

XV

XVI

XVII



j, ACOJOWLEBGEMEMTS

The author wishes to thank Digie Richard Ho MeBee for his guidance

and advice throughout the tiburse of this study* The author is also
1  ̂ - '

indebted to Dr* Nels Me. Nelson and Dr* John E* Gander for their advice*

The helpful suggestions of Dr* touis DS * Smith and Dr* William. G* Walter 

in writing this thesis are greatly appreciated*

This investigation was supported in part by a research grant from 

the National institutes of Health*



7
*

ABSTRACT

Cellobiese phosphorylase s obtained from cell-free extracts of 
Clostridium themocellum strain 651, has been purified sufficiently 
to eliminate interfering reactions. The purified enzyme catalyzes 
the phosphorolysis of eellobibse with the formation of equimolar 
quantities of glucose—1—phosphate and glucose. The reaction is 
reversible for equimolar quantities of cellobiose and inorganic 
phosphate are formed from glucose and glucose—1—phosphateo At 
equilibrium the molar ratio of Cellobiosej and inorganic phosphate 
to glucose—I-phosphate and glucose is about 2 to 1«, The equilibrium 
constants K ” (glucose-l-phosphate)(glucose)/(cellobiose)(inorganic 
phosphate)> at 37 C and pH 7 is about 0*23.

The optimum pH for the activity of cellobiose phosphorylase 
appears to be about 7» O0 The temperature coefficient between 20 C 
and Uo C is about 2 The effect of various inhibitors has been 
determined and the results suggest that a sulfhydryl group is essential 
for the activity of the enzyme.

The synthesis of glueosyl-B-saylose,v gluqosyl-L-xylose , glucosyl- 
D-deoxyglucose, and glucosyl-D-glucosamine» apparently is catalyzed 
by cellobiose phosphorylase. The enzyme also catalgrzes the arsenolysis 
of cellobiose*

Beta-glucose—1-phosphate is unable to replace alpha-glucose-1- 
phosphate in the synthesis of cellobiose. A Walden inversion apparently 
occurs in the reaction* Cellobiose phosphorylase apparently does not 
catalyze the exchange between.glucose-1—phosphate and arsenate or 
between cellobiose and D-Sylose0 These results suggest that a '
cellobiose-enzyme-phosphate complex is formed in the reaction* '
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INTRODUCTION
Cellulose is one of the most abundant organic compounds in 

nature* Besides being one of the end products of photosynthesis, 
cellulose is a major constituent of plants.

Annually many plants die. Yet ordinarily dead plant material 
does not accumulate in soil or in water* Microorganisms are respon
sible for the decomposition of practically all dead plant material. 
The carbonaceous material of plants, of which cellulose composes up 
to 50 per cent of the dry weight, is decomposed and carbon dioxide is 

ultimately formed. The carbon dioxide which is liberated from this 
decomposition, becomes available, once again, for photosynthesis.
Thus, in this way cellulose participates in the carbon cycle.

Cellulose is of vital importance in the nutrition of ruminant 
animals. Microorganisms in the rumen ferment the cellulose of 
plant material and the end products of fermentation serve as energy ' 
sources for these animals.

Although the decomposition of cellulose by microorganisms is 
essential in nature the mechanism by which it is decomposed is not 
well understood. It has been generally thought that cellulose is 
hydrolyzed by one or more extracellular enzymes to cellobiose or 
glucose. Until recently the enzymatic hydrolysis of cellobiose was 
the only biological mechanism by which cellobiose was known to be 
decomposed.

The hydrolysis of cellobiose, however, did not seem to provide 
an adequate explanation for the decomposition of cellobiose by all

8
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cellulolytic bacteria. Clostridium thermocellum can use cellobiose 

as an energy source, but not glucose (McBee 19ii.8aa 19li8b). If 

glucose were formed from cellobiose simply by hydrolysisa it might 

be expected to serve as an energy source for the organism. This 

anamolous situation stimulated investigations in which- pathways 

other than hydrolysis were found for cellobiose utilization.

An enzyme, cellobiose phosphorylase, which catalyzed the 

phosphorolysis of cellobiose was found in cell-free extracts of 

C. thermocellum (Sih, 19!?5j Sih and McBee, 1955a and 1955b). Later 

an enzyme, cellobiokinase, which in the presence of adenosine tri

phosphate and cellobiose catalyzed the formation of a cellpbiose- 

phosphate ester, was found in extracts from the same organism 

(Nelson and McBee, 1957).

The purpose of the present study was to confirm and to extend 

the previous work on cellobiose phosphorylase. Quantitative studies 

with a purified enzyme were made in order to determine precisely the 

products and reactants of the cellobiose phosphorylase reaction. 

Furthermore, some of the properties of cellobiose phosphorylase were

determined
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REVIEW OF THE LITERATURE

The fermentation of cellulose in vitro at room temperature was 

demonstrated hy Hoppe-Seylor (3,883) as long as 75 years ago* The 

fermentation of cellulose at temperatures above 50 O was attributed 
to thermophilic bacteria by Macfadyen and Blaxall (1899) a who 

Inoculated cotton suspensions with soil,.

Others have studied the fermentation of cellulose with crude 

dr partially purified bacterial cultures (Pringsheima ,1912 and 1913S 

Khouvines 1923; Viljoena FrSd and Petersona 1926; Cowles and Rettgera 

1931s and Pochona 19U2)» In these studies,organic acidsa ethanol^, 

carbon-dioxide 9. hydrogen,, and methane, were reported as fermentation 

products,

Viljoen et al. a (1926) suggested Clostridium thermocellum for 

the name of the organism with which they Wdrkeda although they 

probably did not have a pure culture (MeBeea l9Wa),

Considerable difficulty was experienced by different workers in 

isolating pure cultures of anaerobic cellulolytic bacteria.-. (McBeeaIphBa), 

FuTthermorea the criteria for establishing the purity of a culture were 

inadequate^ It was not until the work of Hungate (19Wi and 1950) that 

these difficulties were overcome,

Hungate (19W0 isolated Clostridium cellobioparus (Clostridium 

Ceiiobioparuma Breed et al, a 1957) in pure culture. by using a new 

technique which consisted of eliminating oxygen from the medium with an 

oxygen-free gas and growing the organisms in shake tubes. The criteria 

which indicated that a pure culture had been obtained were essentially 

the same as those described by him in a later publication (Hungatea1950),



ttThe organism must grow in solid cellulose medium and give 

isolated spots in which the cellulose is digested and in 

which the cellulose—digesting colony (or diffuse growth if no 

colory is formed) may be identified and picked. Picked 

colonies must give growth in solid cellulose medium when 

inoculated into dilution, series and the numbers of colonies 

obtained must be approximately proportional to the number 

of colonies expected. From cellulose, the organism must 

be inoculated into a solid sugar or other clear medium in which 

all types of colonies which develop can be seen. A single 

colony, in a high dilution must be subcultured in a second 

clear dilution series and this must be continued until two 

successive series give colonies of only one sort, the 

uniformity being determined not only mAeroscopically but 

also by microscopic examination. Any colony from this second 

sugar series must upon reinoculatioh into a solid cellulose 

medium give rise to cellulose-digesting colonies present in approx

imately the expected numbers in the various dilutions and con

taining cells microscopically similar to those in the sugar 

series. Cultures which successfully pass these tests under 

critical scrutiny are considered pure.#

Two pure cultures of anaerobic, thermophilic, cellulolytic bacteria 

were isolated by McBee (19U8a and 19U8b) using the technique developed 

by Hungate. McBee (I9lj.8b and 1950) obtained four impure cultures from 

other workers and from each he was able to isolate a pure culture. A 

comparative study of the two fresh isolates and the isolates obtained
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from impure cultures'revealed that all were closely related© Thus 

these six cultures were considered as strains of C_o thermocellum©

This organism is an ohligately anaerobic rod which grows slowly 

below 5>0 C and which does not grow on cellulose media above 68 C 
(MeBee5 19$0)e 43. thermocellum is qjaite limited in its ability to

use various substrates as energy sources. Xt is able to ferment 

cellulose5 Cellobiose5 Sylose5 and hemicellulose, but. it. does not 
ferment any of the other common sugars. The fermentation products are 

Hg5 COg5 Qthanol5 formic acid, acetic acid, and lactic acid.
Another thermophilic, cellulolytic bacterium, Clostridium 

thermooellulaseum, has been described by Eneboe (19$1)» Xhis 

organism differs from C. thermocellum in that it is able to ferment 

glucose.
1 .

BnRyiaes involved in the decomposition of cellulose. Xn studying 

the fermentation of cellulose Pringshelm (1912) showed that ceUobiose 
and glucose accumulated when growth was inhibited :X by the addition of 

iodoform to the medium. The antiseptic apparently stopped growth but 

did not step the activity of the extracellular enzymes. He reasoned 

that both.cellobiose and glucose were intermediates,in the fermentation 

of cellulose. Conseqtiently5 Pringsheim postulated that cellulose was 
hydrolyzed to cellobiose by cellulase and that cellobiose was hydrolyzed 

to glucose by cellobiase.

A mechanism for the hydrolysis of cellulose has been postulated

on the basis of work with bacteria and fungi (Reese et al., 1950).
1 .. ■■

In this mechanism, ashcl&graded cellulose is attacked by an enzyme.



°1» x7l̂ h the production of shorter linear polyanhydro-glucose chains. 

Another enzyme,.Cx5 hydrolyses the end products of the reaction 

producing small molecules capable of diffusion into the cell.

Levinson at all., (1950) concluded that cellobiose was produced in the 

Gx reaction.

On the other hand, Whitaker (1953), working with fungi, has 
proposed that only one enzyme is responsible for cellulose hydrolysis. 

Moreover, he suggested (Whitaker, 1957) a random cleavage of glucose 

and cellobiose units from cellulose molecules. However, it appears 

that some Clostridia produce cellobiose, but not glucose, during the 

hydrolysis of cellulose. Cellobiose accumulated under certain conditions 

in the medium of .0» cellobioparus cultures but no glucose was found 
(Hungate, 19W$). Since cellobiose accumulated under conditions unfavor

able for cellular metabolism, glucose also would be expected to accumulate 

if there were random cleavage of cellobiose and glucose units from cellulose 

molecules. There is reason to suspect that cellobiose, but not glucose 

is formed during the hydrolysis of cellulose by C. thermocellum. This 

organism is able to use cellobiose but not glucose as an energy source 

(McBee, 19Wa, 19U8b and 1950), yet glucose does not accumulate in the 

medium under ordinary conditions. The accumulation of glucose would be . 

expected if this sugar were an end product of cellulose hydrolysis but 

could not be utilized by the organism*

The anomalous situation whereby a disaccharide can be • utilized but 

not its monosaccharide, constituents stimulated further investigation by 

Slh (1955) and Sih and McBee (1955a and 1955b). They postulated that

13



ik

cellobiose was cleaved by mechanisms other than hydrolysis 6 In cell- 

free extracts from Co thermocellum they found an enzyme, cellobiose phos- 

phorylase, which catalyzed the phosphorolysis of cellobiose,, Cellobiose 

phosphorylase was found in similar extracts from Ce cellobioparus (Mac-
. . millan, 19^6)«

i ■
Cellobiose apparently is decomposed by another mechanism, involving

I. celloblokinase (Nelson and McBee3 1957). Cell-free extracts obtained
I

from C0 thermocellum catalyzed the formation of a cellobiose-phosphat© 
ester in the presence of adenosine triphosphate. The formation of this 

cellobiose-phosphate ester was attributed to cellobiokinase activity.

Phosphorylases« A phosphorylase is an enzyme which catalyzes 

the cleavage of a substrate with the uptake of inorganic phosphate. 

Phosphorolysis differs from hydrolysis in that phosphate, instead of 

water, combines with one of the cleavage products (Pamas3 1937)«
In the phosphorolysis of glycogen by muscle phosphorylase, glucose- 

1-phosphat® was formed (Cori et ale, 1937). The reaction was reversible 

for glycogen was synthesized from glucose-l-phosphate (Cori, Schmidt and 

Cori, 1939)o A snail amount of glycogen or some related material was 

necessary as a primer for the synthesis of a polysaccharide with muscle 

I phosphorylase (Cori and Cori, 1939) .

I Arsenate is able to substitute for. phosphate in the breakdown of

glycogen resulting in the arsenolysis of glycogen. Glucose-1-arsenate 

( presumably was formed which decomposed spontaneously to glucose and arsenate

(Cohn and Cori, 19k8)c Direct evidence that glucose-l-arsenate is formed 

1 during the arsenolysis of glycogen has been presented by Slocum and Varner



(1958) vfiih the use of isotopic oxygen® Miscle phosphozylase9 however* 
did not catalyze the exchange between .glucose«=l«=phosphate and phosphate
dr arsenate (Cohn and Gorig 19 W  )a

'< ■ :
A phosphorylase was found in peas which catalysed both the phos=>

phorolysis and the synthesis of starch (Hanes* 19U0b)o As in polysac

charide synthesis with muscle phosphorylase a primer was needed for 

polysaccharide synthesis with potato phosphorylase (Green and Stumpf9 
19lt2)e Potato phosphorylase did not catalyze the synthesis of a poly

saccharide from glucose-diphosphate* glucose* fm o t Ose9- fructose-l-phos- 

Phate9 or fruetose-l9 '4-phosphate (HaneS9.19l*0b and Green and Stumpf919^2) 
Potato phosphorylase did not catalyze the exchange between glucose- 

1-phosphate and inorganic phosphate or inorganic arsenate (Gohn and Gori9 
19hS and Katz arid Hassid* 19W)« The enzyme did* however* catalyze the 

arsenolysis of starch (Katz and Hassid9 19U8)o
Sucrose phosphorylase was found to be produced by Pseudomonas 

saccharophllia, (Douderoff et al®s 19h3)= This enzyme catalyzes both 

the phosphorolysis and the synthesis of sucrose according to the 

equation* sucrose / inorganic phosphate - alpha-glucbse-l-phosphate / 

fructose® The equilibrium Constants K s (sucrose) (inorganic phosphate)/ 

(giucose-l-phosphate)(fructose) at 30 G is approximately O005 at pH 6»6 
arid 0®O9 at pH 5®8 (Douderoff9 19h3)o

Sucrose phosphorylase id able to Catalyze the synthesis of k differ

ent JdiSacCharides besides sucrose®. The following reactions are catalyzed 

by sucrose phosphorylase (HaSsld and Douderoff51950)s (I )alpha-D-gluddse»
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!■^phosphate ^ L~sorbose - alpha-D-glucotpyranosyl-alpha-If-sorbofur’anoslde •£ 

phosphateo

(2) alpha-Dfglucose-l-phosphate / B-Dtyloketose $ alpha-B-glucopyranosyl- 

beta-D-xyloketofuranosids 4 phosphate

(3) alpha-D-glucoae-l-phosphate / L^araboketose « alpha-D-glucopyranosyl= 
alpha-3>araboketofuranos ide 4 phosphate

(Ii) alpha-D-glueose-l-phosphate 4 L^arabinose s >  (alpha-B-glucopyranosyl h  
L=arabino^rranose 4 phosphate

In the presence of sucrose and arsenate, sucrose phosphorylase cata
lysed the formation of glucose and fructose (Douderoff et al., 19h9)= 
Glucose-l-arsenate apparently was formed but decomposed spontaneously to 
glucose and arsenate*,

Sucrose phosphorylase, has been shown to act as a transglucosidaSe 

as well as a phosphorylase*, The enzyme has the ability to act as a 

glucose acceptor and donor for one of its substrates in the absence of 

other glucose donors or acceptors. The first indication of the trans=> 

glucosidase activity of the enzyme was the observation that labelled in= 
organic phosphate readily equilibrated with glucose-l-phosphate in the 

absence of ary other substrate.-,,(Douderoff et ale,- 19h7)® The reaction 

for the exchange between labelled inorganic phosphate and glucose-1- 
phosphate was postulated as glucose-l-phosphate* 4 enzyme s glucose= 
enzyme /  phosphate*. Likewise, the exchange between glucose-l-phosphaie 

and arsenate was catalyzed by the enzyme ' (Douderoff et al«, 19^9), The 

enzyme catalyzed the exchange between sucrose and labelled fructose, D= 

g lucos e-l-fruct os ide* (sucrose) 4 enzyme s glucose-enzyme 4 fructose*
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(noloohea- et ale s 19U9)» The tranagluoosidase activity is .further in

dicated by the ability of the enzyme to catalyze the exchange between 

B-glucoae-xyloketoside and fructose and the exchange between sucrose 

and sorbose (Douderoff.et al« 19U?) as shown in the following equations $
(1) B-glucose-l-fructoside / sorbose a D-glucosa-sorboside / fructose

(2) B-Glucose-l-zyloketoside / fructose - D-glucose-l-fruetoside / 

xyloketose.

The postulated glucose-enzyme complex explains all the reactions 

Catalyzed by sucrose phosphorylase. The phosfh orolysis of sucrose 

apparently occurs according, to the following schemes 

• (I) B-glucose-l-fructoside / enzyme = glucose-enzyme / fructose 

(2) glucose-enzyme ^-phosphate = glucose-l-phosphate ^ enzyme;

Maltose phosphorylase has been found in cell-free extracts of 

Messeria meningitidis (Fitting and Scherpj, 1952). Both the synthesis 

and the phosphorolysis of maltose is catalyzed by maltose phosphorylase 

(Fitting and Douderoff 1952a and 1952b) in accordance with the equations 

Maltose / inorganic phosphate = beta-glucose-l-phosphate glucose 

The equilibrium constant, K = (Maltose) (phosphate)/(glucose-l- 

phosphate) (glucose), is about UoU at 37 C (Fitting and Douderoff,

1952b),

In the reaction, maltose, with an alpha linkage, is phosphorolyzed 

and a phosphate ester with a beta linkage is formed. Alpha-glucose-1- 

phosphate can not substitute for beta-glucose-l-phosphate in the syn

thesis of maltose. Thus, a Walden inversion occurs in the reactioh,

Glucosyl-D-^rlose as well as maltose can be synthesized with maltose



phosphorylase' (Fitting and Douderoffjl 1952b). No reaction Occur^edfl 

however, when maltose phosphorylase was incubated with beta-glucose- 

l-phosphate and Drfructose, D-galactose, Ifglucosef, D-maimosefl D-ribose^ 

D-*arabinosefl alpha-methyl gIucoside5 alpha-D-glucose-l-phosphate, maltose* 
trehalose* cellobioae, and D-gluconic acid.

In contrast to sucrose phosphorylase, maltose phosphorylase did not 

catalyze the exchange between glucose-I-phosphate and inorganic phosphate$ 

or between maltose and glucose. Maltose phosphorylase catalyzed the 

arsenolysis of maltose but it did not catalyze the arsenolytic decomposition 

of glueese-1-phosphate. These data indicate that maltose phosphorylase 

did not form a glucose-enzyme complex as has been postulated for sucrose 

phosphorylase (Douderoff et al.* 19U?). It appeared that both a glucose 

donor and acceptor had to be present in order for the transfer of glucose 

V  trike place. Consequently, a maltose-enzyme-phosphate complex was pos

tulated to be formed in the reaction.

Cellobiose phosphorylase was demonstrated to be present in cell-free 

extracts from C. thermocellum strain 157 (Sih, 1955> and Sih and McBee 

1955a and 1955b). The reaction for the phosphorolysis of cellobiose 

presumably is cellobiose Y inorganic phosphate = alpha-glucose-1- 
phosphate / glucose. The synthesis of cellobiose from alpha-glucose- 

1-phosphate ard glucose was demonstrated by Sih, Nelson, and McBee 

(1957)e The cellobiose phosphorylase reaction apparently resembles 

the maltose phosphorylase reaction in that a Walden inversion occurs.
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MATERIALS AND METHODS

Eaayaie sourceo An active cellobiose phosphorylase was obtained 

in cell-free extracts of Cd th'emocellum strain 651. The isolation* 

culture;^ characteristics* and physiology of this thermophilic, 

cellulolytic organism have been described by McBee (19U8a, 19J*8b,

19̂ 0, and 195U)e
The medium used to cultivate this organism contained the 

following percentages of materials NaCl, 0.3J (NHji)2SOjt, QeIj 

K2HPOjl, ©»05s KH2^Qjj, O.O0j MgSOj^THgO, O.Olj CaClg.ZHgO, .OOlj 

sodium thiogIycollate, 0.02j yeast extract, OeIj cellulose, Oe20j and 

NaHCO^, 0.0. A small amount of resazurin was added to the medium as 

an oxidation-reduction indicator because in order for growth to occur, 

it was necessary that the medium be sufficiently reduced to turn
I

resazurin colorless. Suspensions of cellulose were prepared by the 

method described by Hungate (1900). The medium was made up to the 

desired volume with tap water and sterilized at 121 C for 20 to 60 min

utes depending upon the amount of medium. Sodium bicarbonate, in 0• 

per cent solution which had been sterilized by filtration, was added 

to tubes containing 10 ml of medium. For larger amounts of media, 

dry NaHOOj was sterilized in a hot air ©von at I6O-I80 C for 2 hours 
and added to the medium immediately before inoculation.

For obtaining cells to be used in making the cell free extracts,

20 L cultures were grown. A series of cultures of increasing size were 

grown in order to obtain inoculum for 20 L cultures. The first of these, 

(10 ml), was inoculated with one ml of an old 100 ml culture stored at



room temperature, and after growth, was used to inoculate 90 ml of 
medium. This 100 ml culture was used as inoculum for ll|00 ml of . 
medium which in turn was used to inoculate 1805 L of medium.

A U  cultures were flushed with carbon dioxide after inoculation 

in order to lower the pH and to eliminate oxygen from the medium.

The technique of obtaining anaerobic conditions by flushing the 

medium with an oxygen-free gas has been described by Hungate (1950).

The cultures were incubated at 55 C . Much faster growth resulted in the 

20 L cultures when the medium was stirred constantly. Hence, these 

cultures were stirred with a magnetic mixer.

The first sign of growth in the cultures was the evolution of 

gas from the medium. This persisted throughout growth and fdr a per- . 

iod after a U  the vis- Vble cellulose had disappeared. All. of the 

cellulose was usually digested in I to 3 days. Incubation was dis

continued after all the ceUulose had disappeared but. before the gas 

had ceased to evolve. The 20 I cultures were harvested with a Sharpies 

centrifuge at a speed of about U0,000 to 50,000 rpm yielding 15 to 20 g 
of cells (wet weight).

Crude enzyme preparations. Cell-free extracts were prepared by 

grinding the cell paste with glass beads (average diameter, 200 microns) 
in a Waring blendor with a semi-micro container (Lamanna and Mallette, 

195U). An ice bath, surrounding the container, served to keep the 

material cool during grinding. Fifteen to 30 g of cell paste, 7 to 10 ml 

of distilled water, and 20 to UO g of glass beads were added to the 

blendor. The cells were ground for .30 to 60 minutes and then 20 to i|0 ml



of distilled water were added. Mixing was resumed until an even 

suspension was obtained. The cell debris, unbroken..cells and glass 

beads were centrifuged down at approximately 6,000 X 0 for I hour.

The supernatant fluid was used as a crude enzyme source.

enzyme preparations. In order to study the cellobiose 

phosphoryiase reaction in the absence of interfering reactions it was 

necessary to purify the crude enzyme preparations.

Fhosphoglucomutase was the only interfering enzyme which was 

found in the crude enzyme preparations. Hiosphoglucomutase was not in

activated by cold storage as Sih reported (1S>05). It was important to - 

eliminate this enzyme because it converts glucose-l-phosphate, formed 

by phosphor©Iysis, to glucose-6-phosphate. Two other possible inter

fering enzymes, cellobiase and glucose-11-phosphatase, were not found in 
the crude enzyme preparations.

Ammonium.sulfate fractionation appeared to be a suitable method 

for purification of the enzyme because it had been used in the purifi

cation of other bacterial phosphoiylases (Fitting and Douderoff, 1952b 

and Weimberg and Douderoff, 195&). The following procedure, developed

hy trial and error, rendered the enzyme preparations frgp from interfering 
enzymes.

1) The crude enzyme preparation (containing 15 to 25 mg protein/ml)

was made up to 0.2? saturation with a cold, saturated solution.of 
ammonium sulfate.

2) The material was allowed to stand in the cold for I hour.

3) The material was centrifuged for I hour in the cold at about 6000



X Qe The precipitate was discardede 

h) The supernatant fluid was made up to 0«6U saturation with ammonium 
Sulfate6.

5>) The material was allowed to stand in the cold for I hour=

6) The material was centrifuged in the cold for I hour at about 6000 

X G9 the supernatant fluid was Siscarded9 and the precipitate was 
dissolved in distilled water=

This entire procedure was repeated twice on the material containing 

. the dissolved precipitate=

The activity per mg of protein of one of these purified enzyme 

preparations was about twice that of the crude enzyme material=

The purified enzyme preparations were found to be free from phos- 
PhQglucQmutase9 Cellobiase9 and glucose-1-phosphatase activity= There- 
fore 9 it was possible to study the cellobiose phosphorylase reaction 
with these preparations in the,absence of known interfering reactions=.

Protein determinations= The amount of protein in the enzyme prep

arations was estimated by the Biuret reaction according to the method 

developed by Levin and Braven (1951)» A standard curve was made with 

known amounts of egg albumin= It was assumed that the color development 

with egg albumin was equal to the color development with an equal amount 

of bacterial protein. Color intensities were measured with a Klett- 

Summerson photoelectric colorimeter using a green filter (5U0 milli

microns).

Detemination of the products and reactants of the cellobiose 
phosphorylase,reaction= In certain experiments it was necessary to



defcermina the smcnmfc of change in the products and reactants of the 

CeUobisse phosphozylase reaction® The products of cellobiose phos— 

phorolysie are glucose and glucose-l-phosphate (Sih et £0.»̂  1957)«.

Xn selecting methods to determine the amount of these compounds it did 

not seem feasible to attempt to determine glucose in the presence of 

cellobiose by colorimetric methods because cellobiose would interfere® 

Converselyg colorimetric determinations of cellobiose would be compli

cated 'by glucose interference® Therefore, glucose oxidase was used 

to determine the amount of glucose® The amount of cellobiose was 

estimated by determining the increase in free glucose resulting from 

the hydrolysis of oellobiose.
I

a) Glucose determinations« Amounts of glucose were determined mano- 

metrically with glucose oxidase (Keilin and Hartree, 19U8) in the 

Warburg re spirometer (Hmbreit et al®, 1957)« In the glucose oxidase 

reaction glucose is oxidized to gluconate by the following reactions

1) C6?12°6 / V 2  O2 = C6H12O7
In the presence of catalase and ethanol twice as much oxygen is taken 

up per mole of glucose®

2) c6%296 / Og / BCH2CH = C6P12O7 / H2O / ECHO
The glucose oxidase was prepared by suspending 3 g of 0DeeOti 

(a crude glucose oxidase preparation obtained from the Takamine Co.) in 

100 ml of distilled water® The suspension was allowed to stand at room 
temperature for I hour except for brief periods of shaking® Then the 

particulate material was centrifuged down and the supernatant fluid 

was used as a source of glucose oxidase®



The main ccaapartmenij of the Warburg vessels contained an aliquot 

of the unknown sample, or a known amount of glucose or cellobiose,

0®1 a solution of catalase (technical grade obtained from the

Nutritional Biochemicals Corporation), and GeI ml of 20 per cent 
CgrA )  ethanol. Xn the side arm of the vessels there was. Oe 5 ml of the 
glucose oxidase preparation.. The total volume was 2.5 ml. These 

experiments were conducted at 37 C. in an atmosphere of air.

The addition of catalase to the system increased the amount.of 

oxygen uptake about 30 per cent, resulting in about 9.0 per cent of 
the oxygen uptake predicted in reaction 2.

The amount of glucose was estimated by comparing the amount of 

oxygen uptake with the ,amount of oxygen uptake from a glucose standard 

after a correction factor had been introduced. This correction factor 

was necessary because weak beta-glucosidase activity in the glucose oxidase 

preparations hydrolysed some of the cellobiose in the sample, resulting 

in a falsely high value for glucose. The correction value was calcu

lated from the oxygen uptake in a control vessel containing approximately 

the same amount of cellobiose that was contained in the experimental 

sample. The amount of cellobiose in the experimental sample was 

estimated from the change in the concentration of inorganic phosphate.

The amount of glucose formed in a control vessel was subtracted from 

the amount of glucose found in an experimental sample and the difference

was assumed to be equal to the amount of free glucose in the experimental 
sample.

k) Cellobiose determinations. Cellobiose was determined manometrically



by measuring the amount of glucose resulting from thehydrolysis of 

oellobiose. Celloblose was. hydrolyzed enzymatically by the beta- 

glucosldase present In the glucose oxidase preparation. The glucose 

resulting from the hydrolysis of oellobiose was determined manometrioally 

as described above.

The beta—glucosidase in the crude glucose oxidase preparation was 

relatively, inactive. However, a beta—glucosidase inhibitor, which was 

soluble in f>0 per cent acetone, could be separated from the beta-glucosidase 
and glucose oxidase, After the crude glucose oxidase preparation had 

stood in 50 per cent acetone for one hour in the cold, the precipitate 

was centrifuged out. Several washings of the precipitate in cold 

acetone removed the remaining water. The precipitate was dissolved in 

water and contained both beta-glucosidase and glucose oxidase. The 

acetone-preeipitated-preparation hydrolyzed oellobiose much faster than 

did the crude glucose oxidase preparation. The glucose oxidase in the.. 

acetone-precipitated-preparation oxidized the glucose formed from cello- 
bios e hydrolysis. - 1

The original amount of free glucose in an unknown sample as well as 

the glucose formed from the hydrolysis of oellobiose contributed to the 

oxygen uptake in these determinations. Therefore, the amount of oxygen 

uptake from the original free glucose, determined previously as described 

above, was subtracted from the total oxygen uptake in the vessel in order 

to determine the amount of glucose formed in the hydrolysis of oellobiose.

The amount of oxygen uptake in a vessel containing a known amount of cello- 

biose was used as a standard in calculating the amount of oellobiose in



the unknown sample*

The vessel contents, temperature, and atmosphere for the determination 

of cellobiose were the same as for the determination of glucose, 

c) Inorganic Ehosghste determinations. In the phosphorolysis of cello

biose, inorganic phosphate is esterified, resulting in the formation of 

glucose-l-phosphateo There is a decrease in the amount of inorganic 
phosphate equal to the amount of glucose-fr-phosphate formed. Conversely, 

in the synthesis of cellobiose with this enzyme inorganic phosphate is 
liberated in an amount equal to the amount of glucose-l-phosphate 
utilized. Consequently, it was possible to estimate the amount of

cellobiose phosphorylase activity by the change in the amount of Inor- 
ganlc phosphate.

Inorganic phosphate determinations were made by the method of Dryer 

—  9 (1927) or by the method of Fiske and Subbarow (1925) as described
by Umbreit et al,, (1957). The color intensities were measured with 

a Klett-Summerson photoelectric colorimeter with a red filter (660 milli
microns). A phosphate standard was included in all determinations.

Samples were prepared for phosphate determinations by boiling the 

reaction mixtures for 3 minutes. Boiling served to facilitate protein 

precipitation and to stop the reaction by heat inactivation of the enzyme.

An aliquot of the reaction mixture was diluted with equal parts of 10 per 

cent trichloroacetic acid and was then further diluted with distilled 

water. The protein, coagulated by heat and by the acid, was centrifuged 

own and the amount of inorganic phosphate in the clear supernatant fluid 
was determined. The difference in the amount of inorganic phosphate at the
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beginning of the reaction and at the end of any given time interval 

was assumed to be due to oellobiose phosphorylase aetivityc

.Glucose-l-phosphate determlnationsa The amount of acid-labile 

phosphate was measured in order to determine the amount of giucose-l- 

phosphateo Equal amounts of reaction mixture and 2 N HGl were boiled 

for 7 minutes, diluted, and centrifuged, A second sample received the 

same treatment except that it was boiled for 3 minutes before the acid 

was added instead of for 7 minutes after the • acid was added,... Hoth Samples 

were analyzed and the difference in the amount of inorganic phosphate 

was assumed1 to be equivalent to the amount of glue os e-l-phosphate» 
PhosphogluOomutase activity, .PhosphoglUcomutase activity was 

estimated by measuring the disappearance- of acid-labile phosphate when 

the enzyme preparation was incubated with gluOose-l-phosphate, The 

conversion of glucose-l-phosphate to glucdse-6-phOsphate was assumed if 
there, was a decrease in acid-labile phosphate.

Chromatography,' Descending chromatograpby of sugars was done using 

a butanol-pyridine-water solvent in a ratio of 3:2:1,$ (Ghargaff et al,3 
19it8), Schleicher and Schuell filter paper, grade number $89 green, Was 

used in all chromatography,

Aniline-acid-phthalate was used as a color developer (Barr, 19$k)<> 
This reagent; contained 6,6)4 g phthalic acid to which !4O ml of distilled 
water were added and then heated until the phthalic acid was dissolved.

To this,, 3hO ml of isopropanol and 3 ml of aniline were added. The final 

volume was made up to hOO ml with distilled water.
Golorimetric determinations of reducing sugars. In experiments in
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■Rtoich the mount of glucose was measured in the absence of cellobiose 

it was possible to use colorimetric methods. In these determinations 

the method developed by. Saif@# et al., (191*1) was used and the amount 

of glucose was estimated from a standard curve.

In experiments conducted to determine cellobiase activity the 

method, of Levinson et al., (1950) was used. The reducing sugars were 

measured by the method described by Noetling and Bernfeld (191*8).

Kinase activity. Kinase activity was-deteimIned manometrically by 

the method of Colowick and Kalckar (19l*3). In this method the acid 

formed from the kinase reaction causes the formation of carbon dioxide 

from a bicarbonate solution. The amount of carbon dioxide liberated 

is a measure of the kinase activity.

The main compartment of the Warburg vessels contained 0.3 ml of 

0.22 M NaHCO3, 0.2 ml of 0.1 M MgSO^, 0.2 ml of 0.5 M NaF, 0.2 ml of 

1.6 per cent sodium thioglycollate, and 0.9 ml of the crude enzyme 
preparation. The sidearm of the Warburg vessels contained 0.3 ml of 

0.1 M cellobiose, 0.1 M glucose, or water as well as 0.1 ml of 0.22 M 

NaHCO3, and 0.2 ml of 0.1 M adenosine triphosphate. The total volume 

was 2.1* ml. The reaction mixtures were incubated at 37 C in an atmosphere 

of 95 per cent nitrogen and 5 per cent carbon dioxide.

Barbital-acetata buffer. A stock solution of !3/7 barbital-acetate 

buffer was made by dissolving 1.9b g sodium acetate and 2.9b g sodium 

barbital in 100 ml of carbon-dioxide-free distilled water. The stock 

solution was diluted to a M/35 concentration and this solution was adjusted 

to the desired pH. The M/35 solution was added to the reaction mixtures.



RESULTS

A» Studies on the cellobiose phosphorylase reaction

Although the cellobiose phosphozylase reaction has been reported. 

previously by Sih (19#), Sih and MoBee (I9# a  and 19$#), and Sih 

al«,, (1957), no quantitative data on the reaction are avalIable6 
Sih (1955) showed that cell free extracts from C. thermocelb™ strain 

157 catalysed the esterification of inorganic phosphate in the presence 

of cellobiose* Glucose and glucose—1-phosphate were formed from the 

phosphorolysis of cellobiose® Cellobiose synthesis from glucose-I- 

phosphate and glucose, catalyzed by cellobiose phosphorylase, was 

reported by Sih et aJL, (1957)» These studies indicate that the 

following reaction is catalyzed by cellobiose phosphorylase: Cellobiose /

inorganic phosphate = glucose / glucose—l-phosphate6
One of the objectives of the present investigation was to study the 

cellobiose phosphorylase reaction quantitatively® For this study it 

was essential to eliminate interfering reactions so that any changes in 

the system could be attributed to cellobiose phosphorylase6
Elimination of interfering reactions® -̂ he method of purifying the 

crude•enzyme preparations has been described in the section on materials 

and methods® The only interfering enzyme which was encountered in the 

crude enzyme preparations was phosphoglucomutase. When the crude enzyme 

preparation was incubated with glucose—1—phosphate a decrease in acid- 
labile phosphate resulted (table 1)„ Presumably phosphoglucomutase 

catalyzed the formation of glucose—6-phosphate from glucose—1—phosphate 
resulting in a decrease of acid-labile phosphate.

29
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TABLE I .

The activity of enzyme preparations from Clostridium t h e m o c e n ^  

strain 651 on glucose—1—phosphate 
Time in hr Micromoles of inorganic phosphate/ml

Crude(Boiled) Crude Purified(Boiled) Purified
0 After Hydrolysis* 5,9 5.8 I*, 8 U.8
0 Before Hydrolysis 2.8 2.6 0.7 1.3
0 Aeld-labile 3,1 3.2 I*. I 3.5
I After Hydrolysis 6,1* 3.1* U.7 I*.5
I Before Hydrolysis 2.5 2.9 0.8 . 1.1
I Acid-labile 3.9 0.5 3.9 3.1*
Change inacid-labile 
phosphate due to 
Phosphoglucomutase /' o;8 —2.7 -0.2 -0.1
Change in inorganic 
phosphate before 
hydrolysis, due to 
glucose-l-phosphatase / 0.3 / 0.3 / 0.1 —0.2

^Hydrolysis in I N HCl for 7 minutes in boiling water bath 

Each ml. of reaction mixture contained 3.8 micromoles of glucose-l-phosphates 

!? micromoles of M g S ^  and 10 micromoles of cysteine. The tubes with the 

crude enzyme preparations contained 6,5 mg protein/ml; those with the puri
fied enzyme# 1,5 mg protein/ml. The reaction mixtures were buffered with 

M/lOO barbital-acetate buffer, pH 7,5# and incubated at 37 C, MgSOj4 was 
added because it has been shown that magnesium stimulated phosphogluco- 

mutase activity (Najjar# 19U8). Cysteine was added as a chelating agent 

because phosphoglucomutase can be activated by metal-binding agents 
(Sutherland, 191*9),
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There was no decrease in acid-labile phosphate with the purified 

ensyme preparation (table X)0 Therefore, it appeared that phospho- 

glucomutase activity was eliminated from the purified enzyme preparation.

It is possible that this loss of phosphoglucomutase activity was due to the 

removal of the.coenzyme, glucose-1,6-diphosphate (Caputto et al», 19̂ 8), 
and not due to the removal of phosphoglucomutase itself. This possibility 

was not investigated because it was important only to eliminate ^hospho- 

glucomutase activity.

No glucose-l-phosphatase activity was found in either the purified 

or the crude enzyme preparations. There was no significant increase.in 

inorganic phosphate before acid hydrolysis as would be expected if glucose- 

1-phosphate had been hydrolyzed enzymatically (table I),

Considerable difficulty was encountered in determining whether 

the enzyme preparations contained cellobiase, since it appeared that 

cellobiase was a c t i n  the presence of the glucose oxidase preparation. 

The apparent cellobiase activity, indicated by the formation of glucose, 

was stimulated by the addition of both boiled and unboiled glucose oxidase.

At first it appeared that a coenzyme in the glucose oxidase preparation was 

needed for cellobiase activity. Later, howevdr, it was found that the crude 

glucose oxidase preparations contained considerable amounts of inorganic 

phosphate. The addition of inorganic phosphate to the system which con

tained cellobiose and cellobiose phosphoiylase apparently allowed glucose 

to be formed by phosphbrplysis instead of by hydrolysis.

Further complications were encountered in attempts to remove the 

inorganic phosphate from the glucose oxidase by precipitating the enzyme
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with j>Q pei* cent acetone* Unexpectedlyd it was found that the glucose 

oxidases, which originally had little heta-glucosidase activity^ had a 

relatively active heta=glucosidase after acetone precipitation* A beta- 

glueosidase inhibitors which was soluble in £0 per cent acetone, tms re
moved from the glucose oxidase preparation by this treatment* The 

acetone soluble fraction inhibited beta-glucosidase activity when it; 

was added to the precipitated glucose oxidase*

It seemed advisable to determine the celloblase activity with 

another method* In the following experiment cellobiese phosphoryls"e 

preparations were incubated with ceilbbxbse* Portions of the mxxtus6© 

were examined colorimetrieally for an increased number or reducing 

groups* An increase in the reducing intensity would be expected from 

celloblase activity because two moles of glucose would be formed per 

mole of cellobiose* Celloblase activity was also estimated by determining
i  . r  - • . - • '

the disappearance of cellobiose* Reaction mixtures, to which inorganic 

phosphate had been added, served as Controls and the disappearance of 

cellobiose was compared to the disappearance of inorganic phosphate*
Ppbh purif ied and crude enzyme preparations were incubated with 

cellobiose for 2 hours at 37 C* No significant increase in reducing 

groups was found in these reaction' vessels' (table IIj,. part I) as would 

be expected from celloblase activity* Likewise, there was no significant 

increase in reducing groups in the control vessels containing cellobiose, 

inorganic phosphate and either the purified or the crude enzyme* An 

increase in the number of reducing groups would not be expected from 

phosphorolySis because the products of this reaction would be glucose.
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, Olosfcridixmt thegmocgllum strain 6Sl,_
'P#!©,in,hr»: , -• . %a#tion,MixtT^e. _

... Purified Enayme . Purified Enayme . Grade Enayme Grade Ensyme 
v ''^ellobiose '' ''Geliobidsd ' ' '"Ceilobiose GellobiosePhosphate, . . Phosphate

Part. 1». Change ip Eumfcop of Reducing Groups (Klett units)
O $69 ... . .  ■ ■■ $6? 171

,2. .; 3.68 , • .. I ^  - 170

, ■ ,Part 2«;., Disappearance' of Gellobios.e,.(mieromoles/ml) , ,i". ;
O 20o0 Sa7 •

j "  . • - '
. 30*1 ,

»0«2 ...... 20*0

2 2d«4 19.9 ., , 16*7

' ",
•s . ' I . ""I''/ • ‘ , Ampont of Change . .

Ôolj. . ■ .. ■ - ,-1*6 . . . -0tf3 •■•■■■■■ . ~3a3

, ’, ; Part 3« .Disappearance. Of .Inorganic phosphate • (micromples/ml)
O . • o*k , ■ 8*1 .

CO-
O , 8o5'

2 ' ^  , . 0*1, . s.5 ;  , ■ . . . 5.7

!■ ' ' - , Amount ,of Change. . .

I. Y ., ."0°.3: ■ • : ”2® 6 , • •
I . - I -•( , I I / ' > I1 ' h I '• *

^ O o k b CO

Each ml of reaction mixture contained 20 micromoles of eellobioseo
I „ K • . * r ' . . , «• .< I t ' •

% e  reaction, mixtures with the. purified c.ellobiose phosphorylase contained 
mg protein/mlg those with the crude ensymea- It*2 mg protein/ml» She

i ■■ .I - • . i »• • - i*. ' ■“

control'vessels contained 8 micromoles, of inorganic phosphate/mlo' The 
reaction ,.mixtures were incubated at 37 Co The. initial pH was approximate= 

Iy ToQo
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a reducing sugar, and glucose-l-phosphate, a non-reducing ester®

Cellobiase activity was also estimated by the decrease in cellobiose®

In order to determine; the decrease in cellobiose it was necessary first 

to remove any glucose which might have been formed® Glucose was removed 

by incubating aliquots of the reaction mixture with equal volumes of a 

crude glucose oxidase preparation for 1$ minutes at 37 C® The amount 

of cellobiose then was determined colorimetrically® No significant 

decrease in cellobiose was detected in the reaction mixtures containing 

cellobiose with either the purified or the crude engyme (table II, part 2)® 

There was, however, a significant decrease in the amount of cellobiose in 

the control vessels containing inorganic phosphate« In the control vessels 

with the purified enzyme 1®6 micromoles of cellobiose per ml were decomposed, 

and with the crude enzyme 3®3 micromoles of cellobiose per ml were decom

posed® Cellobiose presumably was decomposed in the control vessels by 

phosphorolysis® '

The amount of cellobiose which disappeared in the reaction mixtures 

(table II, part 2) was approximately equal to the amount of inorganic 

phosphate which disappeared (table II, part 3)® This indicates that 

cellobiose was decomposed by phosphorolysis and not hydrolysis®

It is concluded that there was no cellobiase activity from either 

the purified or the crude engyme preparations® No significant increase 

in the number of reducing groups resulted when the enzyme preparations 

were incubated with cellobiose (table TI, part I) which suggests that 

there was no cellobiase activity® Moreover, there was no significant 

decrease in cellobiose when the enzyme preparations were incubated with
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eellobiosa (table U 5 part 2)5 which further indicates that there was 

no cellobiase activity=

Tb©se experiments showed that the purified preparations were free 

from known interfering substances= With this accomplished, it was 

possible to make a quantitative study of the changes in products and 

. reactants of the cellobiose.phosphorylase reaction=

Ap^Tyses of the products and reactants of cellobiose phosphorolys 

An experiment was designed to determine the amount of change in the 

products and-reactants from the phosphorolysis of cellobiose. A reaction 

mixture of purified enzyme, cellobiose and inorganic phosphate was in

cubated for 80 minutes at. 37 C= The disappearance of inorganic phosphate 

was determined at 20 minute intervals (figure I), The reaction apparently 

reached equilibrium within 60 minutes=
Analyses of the products and reactants, of the reaction indicate that 

equimolar quantities of glucose and glucose—1—phosphate were formed from 

cellobiose and inorganic phosphate (table HX)„ Furthermore, the molar 

quantities of cellobiose and inorganic phosphate that were utilized were 

approximately equal to the molar quantities of glucose and glucose-1- 

phosphate formed in the reaction. It is concluded that only glucose and 

glucose-l-phosphate are the products of cellobiose phosphorolysis.

Analyses of the products and reactants of cdllobiose synthesis.

From the preceding experiment it seemed likely that equimolar quantities 

of cellobiose and inorganic phosphate would be formed from glucose and 

glucose-l-phosphate= Furtheraore, the amount of cellobiose and inorganic 

phosphate formed in this reaction would be expected to be equal to the
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Minutes
Figure I. Disappearance of inorganic phosphate during the phos- 
phorolysis of cellobiose. To each ml of reaction mixture, lf> 
micromoles of inorganic phosphate, 10 micromoles of cellobiose, 
and purified cellobiose phosphorylase were added. The reaction 
mixture was buffered with M/lW barbital-acetate buffer, pH 7.0, 
and incubated at 37 C.
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TABLE I H

Analyses of the products and reactants of cellobiose phosphorolysIsa

Micromoles/ml

f' Initial Final Amount of Change

Cellobiose 15 10.il -U.6
Inorganic phosphate 10 6.1 -3.9

Glucose-l-phosphate 0 3.9 / 3.9

Glucose 0 U.2 /'U.2

The reaction mixture was the same as in figure 1« 

amount of glucose and glucose-1-phosphate utilised* This was investi

gated by measuring the liberation of inorganic phosphate in a reaction 

mixture containing enzyme, glucose and glucose-1-phosphate as shomi in 

figure 2«, Equilibrium apparently was reached in about 60 minutes» 
Analyses of the products and reactants of this reaction are 

summarized in table 17» The molar quantities of cellobiose and 

inorganic phosphate formed in the reaction are equal to the molar 

quantities of glucose-l-phosphate and glucose utilized*

TABLE 17

Analyses of the products and reactants of cellobiose synthesis.

Micromoles/ml

Initial Final Amount of Change

Cellobiose 0 5.9 / 5.9

Inorganic phosphate 1.1 6.9 /  5.8

Glucose-l-phosphate 7.6 1.8 T ]5.8
Glucose 10.0 U.5 - 5.5

The reaction mixture was the sane as in figure 2.
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Minutes
Figure 2. The liberation of inorganic phosphate in a reaction mix
ture in which each ml contained purified cellobiose phosphorylase 
(2.5 mg protein), 7.61* micromoles of glucose-l-phosphate, 10 micro
moles of glucose, and I.06 micromoles of inorganic phosphate. The 
reaction mixture was buffered with M/70 barbital-acetate buffer, 
pH 7*0, and incubated at 37 C.



Therefore$ the phosphorolysis of cellobiose can be reversed resulting 

in the synthesis of cellobiose from glucose and glucose—1—phoaphatGo 

Equilibrium constant of the cellobiose phosphorylase reactiogo 

Xn the experiments shora in figures i and it appeared that the 

reaction had reached equilibrium because there was no further change 

in the amount of inorganic phosphate* However, other factors could 

have stopped the reaction such as inhibition by the products or inactiva

tion of the enzyme* If the true equilibrium, had been reached, the same 

equilibrium constant should have been obtained whether the reactants were 

cellobiose and inorganic phosphate, or glucose and glucose-l-phosphateo 

The equilibrium constant (K) was calculated from the molar 

quantities of products and reactants at the end of the reaction according 

to the following equation;
K = (glucose)(glucose-l-phosphate)

(cellobiose)(inorganic phosphate)

From the data in table LU, K was found to be 0*26, and from the data 

in table XT, K was found to be 0*20* These two values for the equilibrium 

constant are in fair agreement and are within the limits of experimental 

error. Therefore, lb is concluded that equilibrium was reached in both 

reaction mixtures*

"In another experiment the enzyme was incubated with approximately 

equilibrium amounts of cellobiose, inorganic phosphate, glucose, and 

glucose-1-phosphate* The purpose of this experiment was to determine 

if any interfering reactions could be detected* The results in table Y 

show the initial and final amounts of the products and reactants* The

39



equilibrium constant calculated from the data in table 7 is 0.25. 
Apparently there were no significant interfering reactions.

TABLE 7

Analyses of the products and reactants of a reaction with purified 

cellobiose phosphorylase, and approximately equilibrium amounts of 

cellobiose* inoz%anic phosphatea glucosea and glucose-1-phosphate.

Hicmnoles/ral

Initial Final Amount of Change
Cellobiose 7*2 7.3 0
Inorganic Phosphate 7.8 7.5 -Q0 3
Glupose . 7.2 7.5 0

Glucose-l-phosphate. 1.9 1.9 0

The reaction mixture was buffered with M/280 barbital-acetate buffer 

pH 7.0, and incubated for 30 minutes at 37 C.

In several other experiments the equilibrium constant was estimated 

by determining only the change in inorganic phosphate. In these experi

ments it was assumed that the reaction had reached equilibrium if the 

last readings, showed no further change in' inorganic phosphate. The 

data of these and the previous experiments are summarized in table VI.

In the experiments in which only the change in inorganic phosphate 

was measured it was assumed that equimolar quantities of inorganic 

phosphate, cellobiose, glucose, and glucose-l-phosphate reacted. This 

assumption is supported by the data in tables III and IV, which indicate 

that equimolar changes in. the products and reactants of the reaction

occurred,



TABLE VI

Stnmazy of equilibrium data for the callobiose phosphorylaee reactIon0

Experiment
number

Equilibrium.
Constant

Source of Data Direction of 
. React ion*-

I 0.26 Table III Forward

2 0.20 Table TT Reverse

3 Oo 25 Table V Near Equilibrium

U 0.22 Pi determination*# Forward

5 0.25 Pi determination Reverse

6 Oo 22 Pi determination Reverse

7 Oo 20 Pi determination . Forward

Average Od 23

* In the forward reaction the reactants were ceUobiose and inorganic 

phosphate * In the reverse reaction the reactants were glucose and 

. glucose-l-phosphate*

** Pi - Inorganic ,Phosphate,

Only a slight change is made in the calculated equilibrium constant

by including the last k experiments in table TL. The average value of
/

the equilibrium constant for all 7 experiments is 0.23; the average 
value of the equilibrium constant from the first 3 experiments is Oc2ko 
Therefore, it appears that the true equilibrium constant for the celIo- 

biose phosphorylase reaction is approximately 0.23.
It has been shown that the molar quantities of glucose and glucose-1- 

phosphate formed in the phosphorolysis of cellobiose are equal to the 

molar quantities of cellobiose and inorganic phosphate utilized. The 

reaction is reversible, for equimolar quantities of cellobiose and Inorr 

ganic phosphate are formed from glucose and glucose—1—phosphate.
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These data confirm the previous work with eellobioSe phosphorylase ,
'

(Aih) 1955s Sih and IcBees W a 9 W b s and Sih et al.s W )  and
■ - ■ , ’ , , - ■ . ■ .. ( f •

indicate1 that their results were due to the activity of one ehaymeo 
It is concluded that ttie equation for the cellobiose phosphorylase 
' reaction Is:'

' Ceiidbiose / Inorgdhie phosphate s' glucose / "alpha-gluedsd^l-phosphate0
' ' free' energy' calculations* The information from which the free

energy change of the' cellobiose' phosphorylase reaction and the free

energy Cbhtenfc of cellobiose Can be calculated Could not be found in

the literature* Hdweyer9. the free energy change dould be calculated

once the equilibrium constant of the cellobiose phosphorylase reaction

' M d  been determined* With the" value of 0* 23 for the equilibrium constant
the'standard free energy change' for the" cellobiose phosphorylase; reaction 
' ' > - ■’ ' ' .. . . 
was estimated by the folldwing equation:'

A F6 s -BT' InIC a 880 cal
'/.............Where'A1S1̂ rS change in standard free endrgy

R' s gas constant (1*987)
T -x absolute' temperature (298*1)

' W '= 6.W3 ' ' '

The standard free energy change for the phosphorolys is of cellobi

ose was estimated to be about 880 cal* The temperature at which the 

experiments were conducted was about 310 A*' Using this value in the 

equation the free energy changd is about 910 cal* In the following 

calculations'a value of 900 cal will be used for the standard free 

energy change of the'reaction*



The standard fy.ee energy of hydrolysis of cellobiose can he 

estimated by adding the two equationss 1 ■ ,
GelloMsse / HIjG ^ a i d'Glueose Glucose-l-phosphate AF6, s '900 cal'' 

Glucbse”i=pho8phate ̂  HgO s Glucose <£> HPOj^-2 AF^ s -It5BOO cal*'

Cellobiose 4 HgO $ 2 Glucose A F® s «3a900 cal

* Tlie value for the free energy of hydrolysis of glucose-l-phosphate 

•was taken from Burton and Krebs (19£>3)o

The standard free energy of formation of cellobiose was estimated 

to be -378,2 k cal. In this calculation the standard free energy of 

formation of glucose (-219,38 k cal) and water («56,69 k cal) were taken 
from Burton and ICrebs (1953), These values are for standard conditions.

An additional error was introduced into the . calculations by assuming 

that ' the equilibrium constant was the same at 298 A aS at 310 A,

The equilibrium constant for the cellobiose phosphoyylase reaction 

appears to be the same as the equilibrium, constant, of the maltose 

phosphorylase reaction. The equilibrium Cpnstant5 K ® .(maltose)(phosphate) 

/(glucose)(beta=giucose=l™phosphate )8. was found to be U,b (Fitting and
i,' r •  ( -• i • 1 I ' ‘ «• 1 ’• I 1 • ■

Bouderoffs 1952b) n or l/K g 0,23 which is the same as the equilibrium. ■ , • . , i i, ' ..I I I ' • - J . ''V1
constant for the phosphorolySis of cellobiose, From this equilibrium 

Constant the free energy of hydrolysis of maltose has been estimated to
, " , • ' . . I • . ' V ■ ’ I,- •’ • - I

be approximately -bsOOO calories (Kalckar5 195b), This estimation is 

quite close to the -b5200 dal for the free energy of maltose estimated by 
Burtcn and Krebs (1953)* and the =359G0 calories estimated for. the free 
energy of hydrolysis of cellobiose in the present work,,
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In estimating the free energy of hydrolysis of maltose, Kalckar 

assumed that alpha—glncose-l-phosphate and beta-glucose-l-phosphate 

h M  about the same free energy of hydrolysis. If this assumption is 

correct then cellobiose and maltose would be expected to have about 

the same free energy of hydrolysis. These results suggest that the 

configuration at the C—I atom makes little difference in the energy 

level of cellobiose, maltose, alpha—glucose—1—phosphate, or beta- 

glue ose-l-phosphate »

Be Properties of cellobiose phosphorylase,

The following experiments were designed to define some of the proper

ties of cellobiose phosphorylase, In these experiments the effect of 

hydrogen ion concentration, temperature, inhibitors, and the specificity 

of the enzyme were studied.

The effect of hydrogen ion concentration on the activity of celIo- 

— -25®. Phosphorylase, The effect of hydrogen ion concentration on the 

activity of cellobiose phosphorylase was determined by measuring the 

amount of activity at different pH values. Reaction mixtures, varying

only in pH, containing purified cellobiose phosphorylase, cellobiose,
</

and inorganic phosphate were incubated at J7 C„ The 'uptake of inorganic 

phosphate was measured in order to indicate the amount of enzyme activity. 

In these experiments the reaction mixtures were buffered with M/70 

barbital-acetate buffer. Solutions containing buffer, phosphate, and 

cellobiose were adjusted to various pH values and then the enzyme was 

added. The pH of the complete reaction mixture could not be predicted 

accurately because the addition of the enzyme caused the pH to change.



The pH values reported were determined at the end of the reaction with 

a Beckman pH meter (model GS )* No significant change in the pH occurred 

during the course qf the reaction.

The optimum pH for activity of the ensyme is about 7, according to 

the results in figure 3« The enzyme is active over quite a large pH 

rangej activity has been detected at pH L  6 and at pH 8.1, however, no 

activity was observed at pH I*.I or at pH 8.7» The activity was not 

measured between pH I*. I and U.6 or between pH 8.1 and 8.7.

Difficulty was encountered in determining the optimum pH of the 

enzyme because there was veiy little difference in activity at pH values 

close to 7» Later it was learned that glucose inhibits the phosphorolysis 

of oellobiose. It is possible that inhibition by the glucose formed in 

the reaction may have obscured the effect of the hydrogen ion concentration. 

If this is true the effect of the hydrogen ion concentration could probably 

be determined more readily by measuring the rate of synthesis instead of 

the rate of phosphorolysis of cellobiose.

The effect of temperature on the activity of cellobiose phosphorvlase. 

An experiment was designed to determine the relative activity of cellobiose 
Phosphorylase at temperatures between 20 C and 1*0 C. Difficulty was en

countered in determining the relative activity in this temperature range 
within a single incubation period. A short incubation period (about 10 

minutes) was needed to approach initial rate conditions at 1*0 C; however, 
the amount of activity occurring at 20 C in this time interval was so . 

slight that it could not be measured accurately. Therefore, it was nec

essary to vary the time interval as well as the temperature, in order to
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Figure 3. The activity of oellobloee phoaphorylaae at different pH 

valuee. The encircled points represent one experiment, the points 

represented by x's were taken from another experiment. In both 

experiments each ml of reaction mixture contained 10 micromoles of 

cellobiose, IU micromoles of Inorganic phosphate, and purified 

celloblose phosphorylase. The reaction mixtures were buffered with 

M/70 barbital-acetate buffer.



determine the relative activity at different temperatures 0.

The Relative activity of eelloMose pliosphozylaae at different 

temperatures is Shown in table VIl0 According to the results the 

between SO G and 30 G is 2.2* WerSas between 30 G and ItO C the Q^o 

2ogo This discrepancy; is probably due to experimental error® On the 

basis of these data and the results of other experiments it is concluded 

that thS Qj q value of cellobiose phosphorylase is about Soho This value 

of Soh lies well within the range, of 1.3 to 3.S for the Qj q value of 
most ensyraes (Sizer* 19h3 )o

TABIE VII

Temperatures and Incubation Period

20 G hO min 30 G 20 min ItO G 10 min

Disappearance. of O0 66 0o 72 O0 91
inorganic phosphate 
in mieromoles/ml

Disappearance of O0 016 0o 036 0o 091
inorganic phosphate 
in micromoles/ml/min

Each ml of reaction mixture contained purified cellobiose phosphorylase*

(2 mg protein) I^ micromoles of cellobiose* 7.oS micromoles of inorganic
phosphate* And I micromole of. ethylenedlaminetetraacetlc Oeid0

' ' - , . - , I  ̂ ^ ' "I -? V, , , . I .

The ,.effect, of p-chloromercuribenzoate on the activity of cellobiose 
phosphorylase. enzymes , are knovm to contain sulfbydry! HrounsT • - "'rTr ;"r . - - ' ' '
(Tauber*. 19k9)0 Sulfhydryl grpups W i e h  are essential for the activity 

of. enzymes may be located near ,the site of substrate attachment or may 

actively participate in the reaction (Hollands and, Stumpf* 1 9 ^  )0



An experiment was conducted, to obtain evidence of ceUdbiose phosphoxylase 

having an essential sulflyrdryl group. For this purpose, p-chloromercuri- 

bensoate was selected as an enzyme inhibitor because organic mercurial 

compounds are the most specific reagents for sulfhydryl groups (Boyer,

1951}.)o Furthermore, p-chloromercuribenzoate combines reversibly with 

cysteine or glutathione (Barron and Singer, 19l*5)e Cysteine and 

glutathione apparently compete with the sulfhydryl groups of enzymes 

for p-chloromercuribenzoate.

Cellobiose phosphorylase activity was completely inhibited by 2 X 

10 ^ M or U X ID ^ M p-chloromercuribenzoate, whereas I X 10"-* M p- 

chloromercuribenzoate caused about 50 per cent inhibition (table VIII).

The inhibition by p-chloromercuribenzoate was reversed by cysteine. 

The enzyme retained practically all of its activity when I X K T ^  M 

cysteine was added along with I X IO-^ jj p-chloromercuribenzoate. About 

25 per cent of the. activity was retained when I I 10“** M cysteine was 

added along with 2 X 10 ^ M p-chloromercuribenzoate. Presumably cysteine 

exerted its protective effect by competing with sulfhydryl groups of the 

enzyme for p-chloromercuribenzoate. These data suggest that a sulfhydryl 

group either participates in the cellobiose phosphorylase reaction or is 

situated near the point of substrate attachment.

.The effect of AgNO3 on the activity of cellobiose phosphorylase.

That an essential sulfhydryl group is present in cellobiose phosphorylase 

is further supported by an experiment using AgNO3 as an inhibitor. It 

was found that AgNO3 completely inhibited the activity and that this 
inhibition could be reversed by cysteine (table IX). I % I0-U M AgNo3
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TABLE V I H

The effect of p-chloromercuribenzoate on the activity of cellobiose

phosphorylase.

Molarity of Molarity of Miromoles of Per cent
p-chloromercuri- Cysteine inorganic phosphate inhibitioi

benzoate

G 0
liberated/inl

1.2 0
I x io-5 0 ■ 0.7 U2 .
2 I 10-5 0 0 100
it x io”5 © 0 100

1 x iq-5 I I IQ-b 1.0 7
2 X 10™5 I X 10”^ O0 3 75

Each ml of reaction mixture contained purified cellobiose phosphoryls.ses 

(2 mg protein), 15 micromoles of cellobiose, and 10 micromoles of inorganic 

phosphate# The reaction mixtures were buffered with M/lOO barbital-acetate 

buffer, pH 7*0, and incubated for I hour at 37 Ce

completely inhibited cellobiose phosphorylase activity. With I I 10“^ M 

AgNÔ  and I X 10“^ M cysteine only slight activity was obtained. However, 

a hundred-fold excess of cysteine completely reversed the inhibition of 

AgNÔ , for with I X 10 ^ M AgNOj and I X 10“^ M cysteine no inhibition wsi@ 
obtained. The inhibition by AgNOj presumably resulted from the silver ions 
combining with sulfhydryl groups of the enzyme.

The results of another experiment conducted under essentially the 

same conditions as those summarized in tables VII and VIII indicated that 

T X ICT^ M merthiolate (sodium ethyl mercuri thiosalicylate) completely 

inhibited cellobiose phosphorylase activity. This experiment provides 

further evidence that cellobiose phosphorylase contains an essential
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Table H

The effect of silver nitrate 22 jifa9 activity of cellobiose phosphorylasa
Molarity 
of AgNO3 Molarity 

of cysteine Disappearance of 
inorganic phosphate

Per cent 
inhibition

(micromoles/ml)
0 0 2.9

I X 10“^ 0 0 100
I X io-k 

I X lo-b
I X IO"6 0.1 97
I X 10"b O0 3 91

I X 10-k I X io"2 3.0 0
0 I X 10"6 2.7 '.70 I x io"k 2.8 3
0 I X IO"2 2.7 7;

Each ml of reaction mixture contained l£ micromoles of cellobiose,

10 micromoles of inorganic phosphate and purified cellobiose phosphoiy- 

Iase (2 mg protein). The reaction mixtures were buffered with M/100 

barbital-acetate buffer pH 7.0, and incubated at 37 C for I hour.

sulfhydryl group.

—  ~ ect' —  EtiloriglS 22 the actiTity of cellobiose. phosphorrlase. 
It has been found that phlorizin inhibits muscle phosphoiylase (Oori et al. 

193? and 191,3) and sucrose phosphorrlase (Douderoff, I9Il3). Thus, it was 

of interest to detenxine the effect of phlorizin on cellobiose phosphozy- 

lase. About SO per cent inhibition of cellobiose phosphozylase activity 

was obtained with S X IO"1 M phlorizin but there was hardly a ^  imibitiou 

with 1.25 X 10-3 M phlorizin (table X). In this range of concentrations 

the inhibitory effect was proportional to the concentration of phlorizin.
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Approsiaat©Iy the same concentrations of phlorizin were required to 

inhibit eellobiose phosphoiylase as were required to inhibit sucrose 
phosphorylase (Douderoffs 19̂ 3 )„

TABLE X

The effect of phlorizin on the activity of eellobiose phosphorylasea
Phlorizin 
M X 10-3 Uptake of inorganic 

phosphate in micromoles 
per ml.

Per cent 
inhibition

6 i.B
1.25 loh 8
2.f> 1,2 • 21
5.0 0.6 B6

Each ml of reaction mixture contained IB micromoles of eellobiose, 10 

micromoles of inorganic phosphate and purified eellobiose phosjtooiylase 

(2 mg protein). The reaction mixtures ware buffered with M/lOO barbital- 

acetate bafforipH 7oO and incubated for one hour at 37 Co

The effect of glucose on eellobiose phosphorolvais0 Sih (19BB) 
reported that eellobiose phosphorous is was inhibited by glucose. He 

observed less phosphate esterification in reaction mixtures with glucose 

included than in reaction mixtures without added glucose. However,

Sih did not rule out the possibility that the decreased esterification' 

of phosphate in the reaction mixtures containing added glucose resulted 

from equilibrium being reached.

The following experiment was designed to determine the effect of 

glucose on eellobiose phosphorolysis. In order to rule out the attain

ment of equilibrium as an explanation for the effect of glucose, the 

reaction was stopped before equilibrium was reached.



To a series of reaction mixtures«, Containing the same, amount of 

enzyme and inorganic phosphate^ varying amounts- of celloMose and 

gliicdse Vefce' added® ' For dontr6is> similar -reaction 'miztdzes' contain='
: -idg 'nd Vdded' glucose were "included in 'the experiment* ’ The total volume 

of' edch reaction mixture was. one ml* The attainment of equilibrium 

’ was- prevented b y  Stopping the reaction after a 20 minute''intubation
period l)y Inactivating the- 'eMyme in 'a boiling water bath= ' V 1 "
'' v it was" f ound' that' glucose'" inhibited cellobiose -phosphofcdiys is =' ■

' in"a fceaetidn mixture' cdiAaihing'Ye^.lnicrdiholes' each of celiobibse and 

glucose the activity was only If per cent of that in V Simiiar

■!reaction mixture containing no added'glucose (table Xl)= lheii the amount 

of glucose was doubled s (15 micromoles )9 no enzyme activity was' detected 
. In'the reaction mixtures containing 1£ micromoles of cellobiose about

;"73' per cent inhibition was caused by the addition- of 7«3 micronoles of 
glucose  ̂whereas the addition of 10"midrOmbidS of glucoad: completely 

inhibited the activity. • in the reaction mixture containing 30 micro*

moles of cellobiose about 70 per cent inhibition resulted from the 
addition of IS  micromoles of glucose and 82-'per Cent inhibition frcm 10 
micr&ioles of gluCose*'

1 - There''is, some indication that increased amounts'Of'cellobiose were

able partially1 to .Overcome the inhibition Of glucose g Tdiich suggests 
that glucose is' h' Competitive inhibitor= ' "Increased 'amounts'of cellobiose 

'were able to overcome in park the inhibition of glucose' except in the 
reaction mixture with 30 micromoles of cellobiose and 7*0 mi'cfcdmoles of 
gluedsQo 3n this reaction mixture the activity Was about the same as



in a similar reaction mixture containing only lf> micromoles of glucose,

TABLE II

The effect of glucose on cellobiose phosphorolysis * 

Mieromoles/ml

53

Added to reaction mixture Uptake of inorganic Per cent inhibition
Cellobiose Glucose phosphate

7.5 0 1.U7

7.5 7.5 0,25

n ? 15.0 0 100
i5.o 0 1.73 -

15.0 7.5 ' 0.1*7 73
15.0 15.0. . 0 IOO
30.0 0 2.22 ~

30.0 7.5 0.55 75
30.0 15.0 O.tiO 82

Each ml of reaction mixture contained purified cellobiose phosphorylaee
(3 mg protein). 7.5 micromoles of inorganic phosphate. and 0.75 micro-
moles of ethylenediaminetetraacetic acid. The reaction mixtures were 

incubated at 37 C for 20 minutes.

It is concluded that glucose inhibits cellobiose phosphorolysis, 

The decreased uptake of inorganic jhosphate in reaction mixtures con

taining added glucose can be attributed to glucose inhibition because 

equilibrium was not reached in ary. of the tubes, The reaction mixture 

in which the least amount of change would be required for equilibrium 

to be reached was the one containing 1$ micromoles of glucose and 7®5 
micromoles of, cellobiose. Approximately one micromole of inorganic
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phosphate would be expected to be taken up in this reaction mixture 

at equilibrium. Since the amount of uptake of inorganic phosphate in 

any of the reaction mixtures with added glucose did not even approach 
I micromolej, the possibility that equilibrium was reached is excluded.

The inhibition of c<bllobiose phosphorylase by glucose is an example of 

an enzyme being inhibited by a product of the reaction which it catalyzes. 

Similar results have been obtained with other phosphoiylases, in which 

glucose inhibits the enzyme and also is a product of phosphorolysia 

(Green and Stumpf, W j  Cori et al., W j  and Douderoff5 W ) »

The effect of NaFjl (NH[, NaCl5 and MgSO^ on the activity of
cellobiose phosphorylase. 11 is well known that magnesium stimulates 
the activity of certain enzymes (Lardy, 1951). Magnesium sulfate was 

added as an enzyme activator by lSih (1955) in his Work with cellobiose 

phosphorylase, however, no evidence was presented to show that the 

enzyme was activated by magnesium sulfate. In the following experiment 

the effect of magnesium sulfate on the activity of cellobiose phosphorylase 

was investigated. With concentrations of 0.01 M or 0.02 M magnesium 

sulfate there was about 15 per cent inhibition of the activity as shown 

in table XIX. These data indicate that increased amounts of magnesium 

sulfate have little or no effect on the activity.

If magnesium stimulated cellobiose phosphorylase activity, it might 

be expected that the enzyme would be sensitive to fluoride, for Warburg 

and Christian ( W )  have shewn that a magnesium fluoro-phosphate complex 

is formed which may render magnesium unavailable for an enzyme. It was 

found that relatively high concentrations of fluoride inhibited cellobiose
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phosphorylase activity. Only slight inhibition was found with 0.1 M 

NaFa whereas 0.2 M NaF almost completely inhibited the activity (table 

XU). The effect of NaF on the activity probably can be attributed to 

fluoride because equal amounts of NaCl caused little or no inhibition.

TABLE X H

S f  ̂ ffect f£ S E *  NaC1* (M ). ),S0>, and MgSO,, on the activity of cello- 

bios e phosphoxylase.

Compound
added

Molarity Uptake of inorganic 
phosphate in micro

moles/ml

Per ci 
inhibi

None 2.U6 —
NaF 0.1 1.9b 21
NaF 0.2 0.12 95

NaCl 0.1 2. bo 3
NaCl 0.2 2.22 10

( M u )2SOli 0.1 2.22 10
( M fe)2SOu 0.2 2.19 11
MgSOĵ 0.01 2.06 16
MgSOlt 0.02 2.10 15
Each ml of reaction mixture contained 1$ micromoles of cellobiose, 10 
micromoles of inorganic phosphate and purified cellobiose phosphorylase 

(2 mg protein). The reaction mixtures were buffered with M/lOO barbital- 

acetate buffera pH 7.0, and incubated for one hour at 37 C.

Although increased amounts of magnesium sulfate did not stimulate 

cellobiose phosphozylase activity, the possibility that magnesium activates
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the enzyme is not excluded. If only traces of magnesium are needed 

it is possible that,sufficient amounts for activation were present in 

the reaction mixtures because the enzyme preparations were not dialyzed. 
Furthermore, it is possible that fluoride exerts its inhibitory effect 

by binding traces of magnesium in the reaction mixture.

The effect of ammonium sulfate on the activity of cellobiose 

phosphorylaee was investigated because Cori et al., (19̂ 3) found 
that muscle phosphoiylase was inhibited by ammonium sulfate. It was 

especially important to consider this inhibition because the purified 

cellobiose phosphoiylase preparations contained a small amount of 

ammonium sulfate which was carried over from the purification procedure.

, CenobioSe Phosphoiylase was not inhibited significantly by 0.1 M or 

0.2 M ammonium sulfate as shown in table XU .  Thus it seems likely 

that the small amount of ammonium sulfate in the purified enzyme pre

parations did not effect the activity.

Sgecificity of cellobiose phosphoiylase. In studying the specifi- 

cxty of cellobiose phosphoiylase, experiments were conducted to determine 

whether the enzyme could catalyze the synthesis of disaccharides from 

glucose-1-phosphate and various other compounds. The ability of the 

enzyme to catalyze the phosphorolysis of several disaccharides was* 

determined. Experiments were conducted to determine the specificity of 

cellobiose phosphoiylase for beta-glucose-l-phosphate and arsenate.

i) The synthesis of disaccharides. Bacterial phosphoiylases have 

been shown to catalyze the synthesis of a number of different disaccharides. 
Sucrose phosphoiylase catalyzed the synthesis of five different disacchar-
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ides (Hassid and Douderoff, 1920), Evidence that maltose phosphorylas© 

catalyzed the. synthesis of glucosyl-D-xyIose, as well as maltose, was 

presented by Fitting and Douderoff (1952b), Thus it appeared that a 

study of the ability of eellobiose phosphorylase to catalyze the 

synthesis of disaccharides would be of value, Gellobiose phosphor

ylase apparently is able to catalyze the synthesis of several different 

disaccharides, Tohen the enzyme was incubated with glucose-1-phosphate 

and glucose$ D-Xylosej L-Xyloaej 2-deoxyglucose, or glucosamine, inor

ganic phosphate was liberated (table XIII), This liberation of inorganic 

phosphate suggests that the following reactions are catalyzed by cello- 

biose phosphorylase$

D-glucose / glucose-l-phosphate = glucosyl-D-glucose / inorganic phosphate 

D-xylose / glucose-l-phosphate s glueosyl-D-xylose / inorganic phosphate 

L-xylose / glucose-l-phosphate = glucosyl-L-xylose / inorganic phosphate 

2-deoxyglucose /"glucose-l-phosphate = glucosyl-D-deoxyglucose / inorganic 
phosphate

glucosamine / glucose-1—phosphate 3 glue osy1—D—glue os amine / inorganic 
phosphate.

Chromatography appeared to be a convenient method to obtain confirmative 

evidence that disaccharides were formed from D-xylose and L-xylose, It 

appeared that small amounts of the disaccharides could be separated from 

the monosaccharides in the reaction mixtures by this method. Since the 

pentose-containing disaccharides would be expected to be closely related 

to eellobiose, it seemed likely that their mobility would be approximately 

the same as eellobiose,



... .TABS XIII ,

Liberation of iiiorganic. phosplmte when eelioblose phosphoiwiase was: ,

incubated with glucose^l^ohosphate and; various .other c(Mpotmds0

Gompdhnd Baoromdles' of;, inorganic, phosphate" liberated/ml
Bispto-# added I h r c 2 hr»

28

I • ■ BrgluCOde " ' ' itehO 2e2l
I D®xyiose 3; 61 2e31
I B=Xylose ItelU 2:87
I , 2=deoxyglucose '.- ■ 2o32 . ■ ■ ■ ! 3olt8'
I gluconate 0ol$U Oe 22
I glucuronate, " -' O022 .'.-V O
I giuedse^6=phos'phate 0ol9
2 ' D=glucose k32 2i63
2 . 'Eh=Xylose ■ ■ Iti 08 2i 80
% Ih=Xyiose 2:93 ' 2:28
2 . .. D=Uibose 0 Qoi3
2 D=Sorbitol O003 OelO

3'. ' D=glu6ose '  % W 7 2o3lt
3. . delta^gluconolactone. 0 Oo22
3 ' glucOsamine' ' le78 3iOIt
3 ' D^acetylglucosamine O ■ 0?32

k  . D=glucose ' 6,37
r 2=deoXyglucoSe IeW 2o69
£ glucosamine Ie 08 Ie 6U

5* D=gluoose 1.02 lo79
2 L=Urabinose 6 0
2, D=Xylose.- , Oo3it Oetl
g- ' Ipfructose O O
2 ... Dpgalactose 0 • O
2 D=mahnose' OelO O
2 : ■ ®=acetylglUcosazain'e •- 0 , . • % IolO
2 2=deoxyglueose Oe 31 Oe7i

* The enzyme preparation used in experiment $ was far less active 
' - -thanthose usbd-In■ other -experiments:.■ • ' , ' • ' 7 1 •

■ . In experiments and -ehoh ml of reaction mixture contained
7064 micromoles of glucose=>l=>phdsphate' and T£ micromoles' of ‘the com®' 
pound', 'being; tested;-f or activity* . .14 .experiiaent"!̂ ; each ml ■ of reaction 
mixture contained'Il0̂  micromoles of glue Ose-l^phoSphat e and IG micro= 
moles' of the compound being' tested* One micromole.of, ethylenediamine= 
tetraacetic acid was added to each ml of reaction mixture,.
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The anlline-acid-phthalStb©, color reagent, developed by Barr (l95k)<, 
appeared to be suitable for detecting pentose-containing disaccharideso 

With this solvent a reddish-pink.color develops spontaneously Hith 

pentoses but not with hexoses® Since the pentose constituent of the 

disaccharides was expected to occupy the reducing portion of the 

molecule it seemed likely that the pentose-containing disaccharides 

would develop a color similar to that of free pentoses. By heating 

the chromatographs, hexbses develop a brown color which is distinguish

able from the reddish-brown color shown by.pentoses after heating®

Chromatographs of reaction mixtures, made after incubating 

cellobiose phosphoiylaae, gluoose-l-phosphate, and B-xylose or Ir 

xylose, indicated that disaccharides with pentose constituents had boss 

formed. A representation of these chromatographs is shown in figure U= 

Reddish-pink spots were observed from compounds with Rf values slightly 

greater than that of cellobiose and about one-half the Rf value of D- 

xylose or L-xylose® These reddish-pink spots presumably were due to 

disaccharides with pentose constituents. Upon heating at H O  G for 

10 minutes, the reddish-pink color changed to a reddish-brown color
f
similar to the color of pentoses but distinguishable from the brown 
color of cellobiose.

It appears that there is considerable variation in the rate of 

syntheses of the different disaccharides. The rate of phosphate liber

ation, and presumably disaccharide synthesis, was slower with 2-deoxy- 

glucose and glucosamine than with glucose. The relative amounts of phos

phate liberated in the first hour were 5.33 micromoles with glucose.
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Chromatograph I Chrcxnatograph 2

L-xylose Cellobiose L-xylose D-xylose Cellobiose D-xylose 
G-I-P*- 0—1—P*

•#0—I-P « glucose-l-phosphate
Figure U« Chromatographs of reaction mixtures incubated with cellobiose 
phosphorylase, glucose-l-phosphate and D-xylose or L-xylose. The 
lower spot on the left in chromatograph I presumably is due to gIuco- 
syl-L-xylose. The lower spot on the left in chromatograph 2 presumably 
is due to glueosyl-D-xylose. The top spots in both chromatographs 
represent D-xylose or L-xylose. The liberation of inorganic phosphate 
in these reaction mixtures is shown in table XIII, experiment I.
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IoliO micromoles with 2-deoxyglucose, and Ie OS micromoles with glucosamineo 

If 2-deoxyglucose and glucosamine attach to the enzyme at the same 

position as glucose doesf it might be expected that the reaction would 

be slower with these compounds than with glucose. It seems possible 

that a hydrogen group substituted for a hydroxyl group of the O S  atom, 

as in deoxyglucose, could alter the rate of the reaction. Furthermore, 

a more drastic substitution at this position, such as the amino -gro^p 

of glucosamine, might be expected to alter the rate of the reaction 

more than would the substitution by a hydrogen group.

The rate of phosphate liberation with glucose appears to be 

slightly greater than with D-xylose or with I^xylose. It is doubtful, 

however, whether these slight differences in rates are significant 

because these data do not represent initial rates.

No ,significant amount, of inorganic phosphate was released when 

the enzyme was incubated with glucose-I-phosphate and gluconate, 

glucuronate, glucose-6-phosphate , D-ribose, D-sorbit'ol, delta-glueono- 

Iactone, N-acety1-glucosamine, L-arabinose, L-fructose, D-galactose, or 

D-mannose (table X H I ). These compounds apparently are unable to accept 

the glucosyl moiety of glucose-1-phosphate.

2) The phosphorolysis of disaccharides. Cellobiose phosphoiylase 

was unable to catalyse the phosphorolysis of gentiobiose, salicin, lactose, 

or maltose for no significant amount of inorganic phosphate disappeared when 

the enzyme was incubated with inorganic phosphate and these sugars (table 

XIF). However, when the enzyme was incubated with inorganic phosphate and



Cellobiosej, a relatively large amount of inorganic phosphate disappeared* 

These results confirm the work of Sih (1955) with salicin, lactose and 

maltose*

It seems likely that the ensyrae would catalyze the phosphorolysis 

of the four new compounds which appear to have been synthesized. These

compounds, however, were not available in sufficient quantity for inves
tigation*

TABLE XI?

Kie change in inorganic phosphate when cellobiose phosphorylase was 

incubated with inorganic phosphate and different disaccharides.
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Change in inorganic phosphate (mioromoles/ml)

Disaccharide I hour 2 hours
cellobiose - 2*52 — 2.6I4
gentiobiose - 6*22 - 0.12
salicin / 0,31 / O.lU
lactose O / 0.09
maltose / 0.25 7̂ Q»06

Each ml of reaction mixture contained purified cellobiose phosphorylase, 

15 micromoles of disaccharide, 7*5 micromoles of Inorganic phosphate, and 

I micromole of ethylene diaminetetraacetic acid* The reaction mixtures 

were incubated at 37 C*

3) Beta-glucose-lrjphosphate* In the phosphorolysis of maltose, 

which is an alpha-glucoside,. beta-glucose-1-phosphate is formed and the 

enzyme is specific for this ester in the synthesis of maltose (Fitting and 

Douderoff, 1952b). This indicates that a Walden inversion occurs in the
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reaction* Sih Qt al» B (1957) demonstrated that a Walden inversion 

occurs in the cellobiose phosphozylase reaction by synthesizing a 

beta-glucoside from alpha-glncose-l-phosphate and glucose. It was 

found in the present investigation that beta-glucose-l-phosphate 

was unable to replace alpha-glncose-l-phosphate as a glucosyl donor 

in the synthesis of cellobiose. There was no inorganic phosphate re

leased when cellobiose phosphozylase was incubated with beta-glucose- 

l-phosphate and glucose (table XV). However, inorganic phosphate was 

liberated in a similar reaction mixture containing alpha-glucose-1- 

phosphate instead of beta-glucose-l-phosphate. These data confirm the 

evidence presented by Sih et al., (1957)$ that a Walden inversion occurs 

in the cellobiose phosphozylase reaction.

h) Arsenolysis. Arsenate is able to substitute for phosphate in 

some phosphorolytic reactions (Douderoff, 19U7; Cohn and Gold., 191*8;

Katz and Hassid, 192*8; and Fitting and Douderoff, 1952b) resulting in 

the arsenolysis of the substrate. Therefore, the ability of cellobiose 

phosphozylase to catalyze the arsenolysis of cellobiose was investigated.

The arsenolysis of cellobiose presumably would result in the forma

tion of glucose—1—arsenate and glucose. Glucose-l-arsenate is unstable 

(Slocum and Varner, 1958) and spontaneously dissociates into glucose and 

inorganic arsenate. Therefore, the reaction would be the same as for the 

hydrolysis of cellobiose and 2 moles of glucose would be formed per mole 

of cellobiose.

For each ml of reaction mixture, containing 5 micromoles of arsenate, 

nearly 21* micromoles of glucose were formed (figure 5). At equilibrium



TABLE XV

6k

Liberation of inorganic phosphate Tffhen cellobiose phosphorylase 

was incubated with glucose and beta-glue os e-l-phosphate or alpha- 

glucose-1-phosphate a
Micromoles of inorganic phosphate 

liberated per ml
Reaction
mixture Compound added 30 min. 60 min,

I alpha-glucose-l-phosphate 2.00 3.19
2 alpha-glucose-l-phosphate 2*32 3.27

3 beta-glucose-l-phosphate 0.15 0.07

U (Boiled) beta-glucose-l-phosphate " 0.03 -0.09

Each ml of reaction mixture contained purified cellobiose phosphorylase 

(2 mg protein), 20 micromoles of glucose and 6 micromoles of either betu.- 

glucose-l-phosphate or alpha-glucose-l-phosphate. Reaction mixture #2 

contained 10 micromoles of BaClg per ml and served as a control because 

the beta-glucose-l-phosphate solution contained a small amount of barium» 

Reaction mixture #k was boiled at 0 time. ■ The reaction mixtures were 

buffered in M/llt.0 barbital-acetate buffer, pH 7«0, and incubated at 37 C.

less than 5 micromoles of glucose would have been formed if glucose-1- 

arsenate were stable* Xt seems likely that glucose-1-arsenate was formed, 

but decomposed spontaneously.

In a similar reaction mixture, containing phosphate instead of arsen

ate, k»9 micromoles of glucose per ml were foraed (figure 5). Only'3.7 

micromoles of glucose per ml would be expected to be formed at equilibrium. 

According to the phosphate analysis of the same reaction mixture (table XVI) 

2.3 micromoles of inorganic phosphate per ml were esterified. This



relatively large amount of glucose formed may have been due in part 

to the hydrolysis of cellobiose by the b et a=gluc os Idas e in the glucose

oxidase preparation= Corrections wore made for the b@ta«=gluoosidase 

actiyityi Howevera these corrections may not have been adequate*
Another reaction, mixture Containing cellobiose phosphorylase and 

dellobipse9 but no arsenate or phdsphates was incubated under Similar 

conditions* The glucose analysis indicated that lo3 micromoles of
; > I , I»■« I -»•. \/• I 1 • 'i « I I - v \* « ] .I • j • 1 ■ ^

glucose per ml were formed in this reaction mixture (figure 5?)° The 
formation of glucose in this reaction mixture may have been due to the

beta=glueosidase present in the glucose oxidase preparation*

In spite of the Small discrepancies the results of the arsenolysis 

experiment clearly indicate that eelldbiose phosphorylase was able to 

catalyse the arsenolysis of cellobiose0
' TABIE XfI

in a reaction mixture used as
a control in the arsenolysis experiment*

Hours " Disappearance of inorganic phosphate 
in micromoles per ml

I 6*03
" "2 I* Mt

u 2*12
. 2*37

It 2,31
The reaction mixture was the same as the reaction mixture in figure 5*
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Arsenolysis 

Cellobiose / Arsenate

Phosphorolysis 

Cellobiose / Phosphate

Cellobiose

Hours

Figure 5» The arsenolysis of cellobiose with cellobiose phosphorylase# 
Each ml of reaction mixture contained $0 micromoles of cellobiose and 
purified cellobiose phosphory lase,( 2.5 mg protein)# The arsenolysis 
reaction mixture contained 5 micromoles of inorganic arsenate / ml#
The phosphorolysis reaction mixture contained $ micromoles of inorganic 
phosphate / ml. A third reaction mixture contained no arsenate or 
phosphate. The reaction mixtures were buffered in M/lOO barbital- 
acetate buffer pH 7.0 and incubated at 37 C*
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(C) The mechanism of the ce llobiose ph osphprylase re action <.

The mechanism of phosphoiylase reactions has been postulated on the basis 

of the exchange reactions catalyzed by the enzymes. Maltose phosphorylase 

is unable to catalyze the exchange between glucose-1-phosphate and inor
ganic phosphate or inorganic arsenate (Fitting and Douderoff, 19$2b). 
Furthermore, this enzyme does not catalyze the exchange between maltose 

and glucose. On the basis of these results Fitting and Douderoff 

postulated that a maltose-enzyme-complex was formed in the reaction.

That a Walden inversion occurs in both the cellobiose and maltose 

phosphorylase reactions suggested that the mechanism of these two reactions 

may be the same.

An experiment was conducted to determine whether cellobiose phos

phorylase catalyzed the exchange between glucose-l-phosphate and arsenate. 

Xf this exchange occurred glucose—1-arsenate would be formed Tdiich pre

sumably would undergo spontaneous decomposition resulting in the formation 

of glucose and inorganic arsenate. It was found that no significant amount 

of free glucose was formed when the enzyme was incubated with glucose-l- 

phosphate and arsenate (table YVIT).

It has been shown that arsenate is able to substitute for phosphate 

in the decomposition of cellobiose (figure $). Therefore, it might be 

inferred that the exchange reaction between glucose-l-phosphate and 

inorganic phosphate does not occur because the exchange between glucose- 

l-phosphate and inorganic arsenate does not occur.

The following experiment was conducted in order to determine the 

ability of cellobiose phosphorylase to catalyze the exchange between
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TABLE X V U

The formation of free glucose uhen cellobiose phosphorylase was 

incubated with glucose-!-phosphate and arsenate®

Formation of glucose in micromoles per i
Hours Glucose-1-phosphate Glucose-1-phosphate

and arsenate

i 0.22

2 / 0.29

3 0.26

5 0.25
7 0.31
12 1.01 0.52

Each ml of reaction mixture contained purified cellobiose phosphorylase 

(2oJ> mg protein/ml), and 38 micromoles of glucose-!-phosphate. One 

reaction mixture contained f> micromoles of inorganic arsenate per ml, 

the other contained none. The reaction mixtures were buffered in 

M/100 barbital-acetate buffer and incubated at 37 C. Glucose wap 

determined by the method of Saifer et al., (19ltl).

cellobiose and D-xylose. If this exchange took place, glucosyl-D- 

xylose would beexpected to be formed in the absence of inorganic phosphate 

by reaction (a).

(a) cellobiose / D-xylose = glucosyl-D-xylose / glucose

In this experiment, if glucosyl-D-xylose had been formed in the ex

change reaction between cellobiose and D-xylose, presumably it could be 

detected on a chromatograph. The aniline-acid-phthal&fca color developer



forms a reddish-pink color with. D-xyloae and glucosyl-D-sylose but 

no color is formed with eellobiose or glucose before the chromatograph 

is heated. It was shown that no spot corresponding to glueosyI-D- 

xylose was formed in a reaction mixture which contained eellobiose 

phosphorylase, eellobiose and D-xylose (figure 6),
As a control, another reaction mixture was included in the experiment 

which differed from the above in that the reaction mixture contained 

a small amount of inorganic phosphate. It was reasoned that in the

presence of a small amount of inorganic phosphate the following reactions 
w g u1$ occurs

(b) eellobiose / inorganic phosphate = glucose / glucose-l-phosphate

(c) glucose-l-phosphate / D-xylose = glucosyl-D-xylose / inorganic phosphate 

The inorganic phosphate liberated in reaction (c) presumably would be able

to react again in reaction (b)„ Reactions (b) and (c) apparently did 

occur for glucosyl-D-xylose was detected on the chromatograph of this 

reaction mixture as shown in figure 6,

The results indicate that a small amount of inorganic phosphate must 

be present in order for glucosyl-D-xylose to be formed under these con

ditions. Therefore, it is concluded that the exchange between eellobiose 

and D-xylose is not catalyzed by eellobiose phosphoiylase. Likewise, the 

exchange between eellobiose and glucose would not be expected to be cat- 

alyzed by eellobiose phosphorylase,

The inability of eellobiose phosphorylase to catalyze the exchange 

reactions between glucose-l-phosphate and arsenate, and eellobiose and 

D-xylose is analogous to the results obtained with maltose phosphorylase
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glucoayl-D-xylose

Reaction 
Mixture I 
Cellobiose 
D-xylose

Reaction 
Mixture 2 
Cellobiose 
D-xylose 
Phosphate

Cellobiose D-xylose

Figure 6. Chromatograph of reaction mixtures incubated with cellobloee 
and D-xylose. Reaction mixture I contained no inorganic phosphate. 
Reaction mixture 2 contained 0.1* micromoles of inorganic phosphate/ml. 
Each ml of reaction mixture contained 20 micromoles of cellobiose,
20 micromoles of D-xylose, and purified cellobiose phoaphorylase (3 mg 
protein). Only the spots which developed before heating are shown.
Each spot had a reddish-pink color characteristic of pentoses. Each 
reaction mixture was incubated for I hour at 37 C.
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(Fitting.and Douderoffs 1952b)« This similarity in results suggests 

that the cellobiose and maltose phosphorylase reactions have similar 

mechanismse

D) Pathways of cellobiose metabolism in C. thermoceIluma

Xn addition to cellobiose phosphorylase  ̂Co thermocellum has been

reported to utilise cellobiose by a kinase reaction (Nelson and

McBeejl 1957)<, In this reaction, cell free extracts from C. therao-

CeHum3 in the presence of cellobiose and adenosine triphosphate,
catalyzed the formation of a cellobiose—phosphate estere

Nelson and McBee used strain 157 of C_o thennocellum in their

study (personal communication). A different strain (65l) of C. ther-

. Biocellum was ‘used in the present study, therefore, an experiment

was conducted to determine whether strain 65l produced 'ceIlobiokinase0

In this experiment a cell free extract from C. thermocellum,

strain 65l, was incubated with cellobiose, adenosine triphosphate, and

NaHCO-J6 The acid liberated during the phosphorylation of cellobiose,
resulted in the liberation of carbon dioxide from NaHCO as shown in

2
figure 7.

In the control vessels, two containing glucose and two containing 

no added substrate, less than half as much carbon dioxide was liberated 

as in the vessels containing cellobiose. It seems likely that most of 

the carbon dioxide liberated in the control vessels was due to adenosine 

triphosphatase activity. The additional activity in the vessels contain

ing cellobiose presumably-was due to cellobiokinase activity. It appears 

that strain 65l as well as strain 157 of C. thermocellum produces cello—



kinase, '

Cellobiase does not appear to be produced by this organism (table IT), 

which indicates that cellobiose is not utilized by hydrolysis. Therefore, 

it is suggested that cellobiose is utilized by C., thermocellum by two 

different pathways, one involving cellobiose phosphorylase and the other 

involving cellobiokinase,

72
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Cellobiose

Glucose

ontrol*

Hours

Figure 7• Evidence that cellebiokinaae is produced by Clostrjd^"- 

thermocellum, strain 6$1. The readings represent the average value 

from two vessels# *The control vessels contained no cellobiose or 

glucose# The liberation of carbon dioxide in these vessels was 

probably due to adenosine triphosphatase activity.



DISCUSSION

7k

Cellobiose is one of the few carbohydrates utilized by C. ther- 

mocellum. It seems likely that cellobiose is the end product of 

cellulose hydrolysis and that cellulose is the most abundant sub

strate for this organism in nature. Besides cellulose and cellobiose, 

hemicellulose and xylose are the only other substrates known to be 

fermented by C. thermocellum. The pathways of cellobiose utilization 

by this organism are shown in figure 8.

cellobiose 
phosphorylase

+ inorganic 
phosphate

cellobiose

-£ adenosine 
triphosphate

cellobiokinase

+- adenosine 
diphosphate

glueose-l-phosphate + glucose

phospho- 
glucomutase'1

4- adenosine 
triphosphate

glucokinase

■+- adenosine 
diphosphate

glucose-6-phosphate
V

glycolytic scheme

cellobiose-phosphate --- V ?

Figure 8. Pathways of cellobiose utilization by Clostridium thermocellum. 

The products of phosphor®Iysis presumably are converted to glucose-6- 
phosphate by glucokinase and phosphogluccmutase. An active phosphogluco- 

mutase has been found in cell-free extracts (table I). Although the 

results of this study do not prove that glucokinase is produced (figure 7) 
this enzyme has been found in cell-free extracts of C. thermocellum



(Nelson and McBees' 1957)» Glucose-6-phosphate9 the product of both 
the phosphoglucCGmitaae reaction and the glucokinase reaction, 

presumably can be metabolized through a conventional pathway such as 

the Bnbden-Meyerhof scheme.

The fate of the cellobiose-phosphate ester formed in the cello- 

bioklnase reaction is unknown. It has been suggested that cellobiose- 

phosphate acts as a substrate for the phosphorylase (Sih, 1955 and Sih 

and McBee, 1955b). However, the inability of cellobiose phosphorylase 

to catalyze the condensation of glucose-1-phosphate and glucose-6- 

phosphate or the condensation of two molecules of glucose-1-phosphate 

renders this possibility unlikely. If cellobiose-1-phosphate were 

able to act as a substrate for cellobiose phosphorylase then this com

pound would be expected to be synthesized from glucose-l-phosphate. It 

has been shown, however, that when glucose-l-phosphate was incubated 

with cellobiose phosphorylase no inorganic phosphate was released 

(table I). The lack of phosphate liberation in this system indicates 

.that cellobiose-1-phosphate was not synthesized.

Likewise, there was no significant amount of phosphate released. 

Then the enzyme was incubated with glucose-l-phosphate and glucose-6- 

phosphate (table XlJLL) as would happen if cellobiose-6-phosphate had 
been fonned. Since neither cellobiose—1—phosphate nor cellobiose-6- 

phosphate appears to have been synthesized, these esters would not be 

expected to be phosphorolyzed.

The specificity of phosphorylases for the glucosyl moiety of 

various substrates appears to be absolute. Thus, it would seem unlikely

75



76

that cellobiose phosphorylase could act upon a cellobiose-phosphate 

ester such as cellobiose-6-phosphate in which the phosphate radicle 
•is attached to the glucosyI moiety*

No evidence that cellobiose is decomposed by mechanisms other 

than those involving cellobiose phosphorylase or cellobiokinase was

found. It appears that cellobiase is not produced by C. thermocellum 
(table II).

Qf the two enzymes which act upon cellobiose, the phosphorylase 

appears to be more active than the kinase in vitro. A comparison of 

the rates of activity of the two enzymes (figure I and figure 7) 
indicates that cellobiose phosphorylase reacts about 5 to 10 times 
as fast as cellobiokinase. These rates, however, do not necessarily • 

reflect the relative rates of activity in vivo, because .the rate of 

the kinase reaction may have been limited by experimental conditions. 

That the kinase activity was not maximal is suggested by the fact that 

little or no glucokinase activity was found (figure 7). Yet it might 

be expected that the rate of glucokinase activity is almost equal to 

the rate of phosphorylase activity in vivo for ordinarily glucose does 

not accumulate in the culture medium. It is possible, however, that 

glucose accumulates inside the cell and inhibits phosphorylase activity. 

This possibility leads to the suggestion that the utilization of glucose 

is a limiting factor in the growth of the organism.

Although the equilibrium constant is unfavorable for the phosphoro- 

lysis of cellobiose the equilibria of the reactions in which the products 

of phospborolysis would be expected to enter favor the decomposition of 

the products. At equilibrium the molar ratio of cellobiose and inorganic
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phosphate to glucose and glucose-l-phosphafce is about 2 to 1» Glucose- 

1-phosphate presumably is converted to glueose-6-phosphate by phosphoglu*= 
ccMutase which has been shoum to be present in cell-free extracts of the 

organism (table I), At equilibrium the molar ratio of glueose-l-phosphate 

to glucose-6-phosphate is about I to 19 (Cqlowiok'and Sutherland, 191*2). 
Glucose presumably is converted to glucose-6-phosptiate by glueOkinase0 
The molar ratio of glucose and adenosine triphosphate to glucose-6- 
phosphate and adenosine diphosphate at equilibrium is about I to 1*0 
(based upon Kfc = 1#G, Robbins and Boyer, 1957)« Thus the thermody

namics of the reactions by which cellobiose is phosphorolyzed and the 

phosphorolytic products are converted to glucose-6-phosphate favor the 
foimation of glucose—o-phosphateo

Cellobiose phosphorylase apparently acts as an energy saving device 

for C0 thermocellumo For each mole of cellobiose which is decomposed by 

phosphorolysis, one mole of glucose-l-phosphate is formed which presumably 

retains the energy of the glucosidic linkage of cellobiose. Glucose-l- 

phosphate apparently is converted to glucose-6-phosphate which can enter 
the glycolytic scheme without the expenditure of energy by the organism.

In contrast, the hydrolysis of cellobiose would fonn two glucose units, 

both of which would require adenosine triphosphate for the formation of 

glucose-6-phosphate. Therefore, for each mole of cellobiose phosphorolysed, 

one mole of adenosine triphosphate would be conserved.

If one considers the conversion of cellobiose to lactate by a com

bination of hydrolysis and glycolysis, I* moles of adenosine triphosphate 

per mole of cellobiose would be expended by the organism with a net gain
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of U moles of adenosine triphosphateo On the other hand  ̂the conversion 

of cellobiose to lactate by a combination of phosphorolysis and glycolysis 

would require the expenditure of only 3. moles of adenosine triphosphate 

per mole of cellobiose with a-net gain of 3 moles of adenosine triphos

phate® Thuss up to 20 per eafet more energy could be obtained by the 

phosphorolysis of cellobiose than by the hydrolysis of cellobiose®

Although the direct utilization of cellobiose Iy 0® thsrmocelihm 

led to the demonstration of cellobiose phosphorylaSes the ability of 

the organism to utilize cellobiose but not glucose remains unexplained®

The direct utilization of sucrose by certain pseudomonadss which 

appears to be analogous to the direct utilization of cellobiose by 

G0 thermocellums has been discussed by Douderoff (1931)® It is 

interesting to note that the ability of certain bacteria to utilize 
sucrose more rapidly than either glucose or fructdse led to the discovery 

of suCrose phosphorylase Py Douderoffe Several. explanations for the 

direct utilization of sucrose were proposed® The possibility that the 

furanbse. form of fructose was the product.of sucrose phosphorolysis 
and was utilized more readily than the pyranose form was discredited®

/It appeared that a rapid equilibrium was attained between the pyranose 
and furanose form of fructose®

Another possibilitŷ , that the utilization of free fructose depended 

upon the utilization of the glucose portion of sucrose^ was quite con= 

Vincingly eliminated® _ Intact cells adapted to sucrose utilized the 
glucose portion of glucosido-sorboside but excreted sorbose into the . 

medium® When fructose and glucosido-sorboside were supplied together*
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fructose was not. utilized* which indicated that the utilization of 

fructose was not dependant on the glucose portion of a disaccharide<>

That a derivative of sucrose, such as a sucrose-phosphate ester* 

was phoaphorolyzed instead of sucrose was also considered* In such 

a reaction a fructose-phosphate ester rather than free fructose would 

be expected to be the product of phosphorolysis« Evidence was obtained 

that sucrose was phosphorylated in the presence of addnosine triphos

phate and dried cell suspensions* Douderoff suggested that the sucrose- 

phosphate ester which appeared to have been formed serves as a substrate 

for sucrose phosphorylase* The possibility that sucrose-phosphate 

is phoaphorolyzed, however, is not compatible with the inability of 

sucrose phosphorylase to catalyze the condensation of fructose-1,6- 
diphosphate, fructose-1-phosphate, or fructose-6-phosphate, with 
glucose-1-phosphate*

Another alternative which was proposed was that sucrose is per

meable to the cells but fructose is not. It was further suggested that 

sucrose phosphorylase catalyzes the transport of sucrose across the 

permeability barrier* That fructose is impermeable to the cells is 

suggested by the inability of intact cells to catalyze the exchange 

between either labelled fructose and unlabelled sutirose or unlabelled 

fructose and sucrose labelled in the fructose portion. The question 

of the permease activity of sucrose phosphorylase, however, remains 

unanswered*

It seems appropriate to consider the direct utilization of cello- 

biose by C* thermoceUaaa in relation to the discussion presented by



80

Douderoff0 It is possible that glucofuranose is liberated during the 

phosphorolysis of cellobiose and that glucose is utilised by the organism 

in this form* Glucofuranose9 however, is unstable aid presumably it 
readily forms glueopyranose0 Furthemore9 no mechanism is known whereby 
glucofuranose is utilised but gluoopyranose is not utilised. It seems 

unlikely that glueokinase would catalyze the phosphorylation of gIuco- 

furanose without acting upon glueopyranose.

The transphosphorylation involving glucose-1-phosphate and glucose 

appears to have no bearing on the direct utilization of cellobiose® 

Transphosphorylation would no< r suit in the phosphorylation of both 
of the glucose units of cellohioee,

The possibility that a cellobiose-phosphate ester acts as a.sub

strate for cellobiose phosphorylase seems unlikely because of the inabil- 

ity of the enzyme to catalyze the condensation of glucose-phosphate 

esters (see page 75).

Finally9 that cellobiose, but not glucose, is permeable to the 
cells, appears to have some merit. The impermeability of glucose to 

the cells is a possible explanation for the inability of C. thermocellw 

to ferment glucose. Cellobiose apparently is permeable to the cells; 

however, it is not certain whether cellobiose or a derivative of cello

biose is transported across the permeability barrier. Douderoff (1951) 
has suggested that the phosphorylation of sucrose in the presence of 

adenosine triphosphate provides a mechanism for transporting sucrose 

across the cell membrane. Likewise, the transport of cellobiose across 

the permeability barrier may be dependent on cellobiokinase activity.



81

On the other hand, it seems equally likely that cellobiose phos- 

phorylase catalyzes the transport of cellobiose across the permeability . 

barrier=, If. cellobiose phosphorylase were able to act as a permease 

one might expect that the organism could grow in a medium containing 

the end-products of cellobiose phosphorolysis as well as in a medium 

containing cellobiose and phosphatee Cellobiose phosphorylase, how— ■ 

ever, would not be expected to catalyze the transport of glucose 

across the peimeability barrier in the absence of glucose-1—phosphate=
Thxxs the permease activity of cellobiose phosphozylase could explain 

the ability of Co thermocellum to use cellobiose but not glucose=,

At least there seems to be a tendency for organisms which, utilize 

disaccharides directly to decompose the disaccharides by phosphor

olysis o Sucrose, maltose, and cellobiose phosphorylases have been 

found in organisms which utilize disaccharides more readily than the 

monosaccharide constituents.

TfrQ specificity of cellobiose phosphorylase. The ability of 

cellobiose phosphorylase to catalyze the condensation of glucose-1- 
phosphate with D—glucose, D—xqrlose, 2—deoxyglucose, or glucosamine 

can be explained by assuming that the enzyme is relatively non-specific 

for the C-2 and C-5 groups of these substrates. It seems reasonable 

to assume fiurther that these compounds are attached to a glucosyl 

radicle through a l-lx, beta-glueosidic linkage as in cellobiose. The 

enzyme presumably attaches to different substrates at similar positions 

oh the molecules. On the basis of these assumptions certain interpre

tations can be made in regard to the specificity of cellobiose phosphorylase.
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It appears that the enzyme is fairly specific for groups attached 

to C-I (table ZVIII)* Cellobiose phosphdrylase is unable to catalyze 

the condensation of two molecules of glucose-l-phosphate which, indicates 

that a phosphate can not replace an OH group at C-l. The failure of 

delta-gluconolactone and gluconate to react suggests that a double bonded 

o w n  group cannot be attached to C-l. Gluconate, however, may not 

have reacted because of the absence of a ring structure. Likewise,

it is possible that B-sorbitol did not react because of the absence 
of a ring structure*

The H and OH -groups of C-2 cannot be reversed because mannose 

did not react* However, 2-deoxyglucose did react, although the reaction 

was not as fast as with glucose. Thus, the OH group cannot replace the 

H group f ' C-2, but '.,he CL group of C-2 can be rupluceu by H. These 

data are difficult to interpret in terms of an' enzyme-substrate' complex.

It might be expected ..that the hydrogen bonding due to an OH group would 

be stronger than the bonding due to a H group. The enzyme, therefore, 

might be expected to attach more firmly to mannose than to 2-deoxyglucose. 
Mannose, however, seemed to have no inhibitory effect on the synthesis of 
cellobiose, which indicates that'it has no affinity for the enzyme.

The enzyme appears to be relatively non-specific for the OH group, 

of C-2 in glucose. This.OH group can be replaced by H as in 2-deozy- 

glucose, or by NH2 as in glucosamine. The specificity is limited,

however, because this OR group could not be replaced by the acetylamine
group of N-acety!glucosamine.

The position of the H and OH groups attached to C-3 apparently can



Jl simaazy of the information Concerning the specificity of cellobiose
phosphozyiase

darbon atom 
number

Group attached 
to carbon atom

Evidence

, I OH not replaceable by phosphate in 
glucose-i-phosphate

0 failure of dolt a-gluconolactone 
to react

* failure of gluconate or sorbitol
to react

2 E D-mannose does not react
GE replaceable by E in deoxyglucose

GE replaceable by M g  in glucosamine
GE n§t replaceable by acetylamine 

in E-acety!glucosamine
5' H and'GE cannot 

be reversed
D-ribose does not react

h H and OH cannot 
be reversed

D-galactose does not react

■ s GHgOH replaceable by H in D-xylose
6 GE hot replaceable by phosphate in 

glucose-6-phosphate
GOH glucuronate does not react

* Lack of ring structure may have prevented these reactions*.

not he reversed for D-rihose did not react*. D-ribose differs from 
D-Xyiosep which was readily condensed with gluCose^l-phoSphatea in 
the position of the H and GE groups of C-3,
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Iik3wi39, the position of the H and OH groups nttaohed to C-U 

cannot he reversed for D-galaotoee did not react. This positional 

effect might be expected because the oxygen from this CU group 

probably forms the glucosidic bond in cellobiose.

, ability °f b0th « -  ̂ -xylose to react indicates
that the CH2OH group can be. replaced by an H group. Therefore, the

enzyme appears to be someehat non-specific for the groups attached 

to OS. The failure of glucuronate to react indicates that 0-6 
cannot be a carboxyl group. Moreover, the failure of glucose-6-
phosphate to react indicates that the OH group of c-6 cannot be 
replaced by a phosphate radicle.

The substitutions which apparently can be made in the reducing

portion Of cellobiose are shown in figure PA. Tho encircled groups

are those which probably cannot be substituted. The arrows with

cross-bars indicate that the positions of the H and OH groups cannot 
be reversed,

observation that L-xylose was able to react was surprising 

in view of the other information on the specificity of the enzyme. 

W l o s e  would not be expected to combine with a glucosyl group 

through C-U because the H and m  groups on C-2, c-3, and C-U-would 
be reversed from the position in which they occur in other compounds 

which react (figure PA- and PC). It seems possible, however, that b_ 

^lose could attach to the glucosyl group throng C-2. This type of 

leakage sems to oonfom to the specificity requirements of the enzyme. 

It appears that C-U of .^xylose could occupy the same position as c-2
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A. COPO3H-
COOH

6 CH2CH or H

Figure 9. Dlagramatic representation of the specificity of cellobiose 
phosphorylase.

in D-glucose, D-xylose, 2-deoxyglucose, or glucosamine. Furthermore, 

the sequence of H and OH attached to C-2, C-3, and C-b ( ^  c 4  q 3 h/

would be similar to the sequence in the H and OH groups in D-glucose and" 
D-xylose ( C ^ 3O__^Hy)e

g
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The encircled groups in figure 9k and 9C illustrate the similarity 

in structure of L-xylose to D-glucose, D-xylose, 2-deoxyglucose, and 

glucosamine. The attachment of L-xylose to a glucosyl group through 

C-2 would result in the formation of a disaccharide with # I, 2 gin- 

cos idle linkage. Evidence for the formation of such a compound could 

be obtained by determining its ability to form an osazone, because 

both C-I and C-2 must be free for osazone formation.

On the basis of the information on the specificity of the enzyme 

it is suggested that 9 syntheses of the following compounds are 
catalyzed by cellobiose phosphorylasei

H

glucesyl-O-xylose glucosyl—L-xy Ioee

H
glucosyl—deoxyglucose glucosyl-D-glacos amine
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Xt is possible that cellobiose phosphoryIase is able to catalyze 

synthesis of other disaccharides. For example L-idose aid L-ths?eos@ 

have structural similarities at 0—2, C—3 and C—U, which suggest that 

these compounds would react. Unfortunately neither L-idose nor L- 

threpse could be obtained for experimentation. Further studies on 

the specificity of cellobiose phosphorylase and the inhibitory effect 

of different substrates might provide valuable information on the points 

of attachment of the enzyme to a substrate.

The ability of cellobiose phosphorylase to catalyze the syntheses 

of various compounds may be important in the synthesis of polysaccharides. 

The compounds synthesized with cellobidse phosphorylase. might serve as 

building blocks in the synthesis of more complex compounds. Although 

it appears that these disaccharides have not been encountered beior^, 

it is possible that they exist in nature. Cellobiose phosphorylase 

presumably could catalyze the phosphorplysis of these disaccharides 

with the formation of compounds which could be further metabolized.

^ ie mechanism of the cellobiose phosphorylase reaction. The 

occurrence of an inversion in the cellobiose phosphorylase reaction 

suggests that the mechanism of this reaction is similar to the mechanism 

of the maltose phosphorylase reaction. The inability of cellobiose 

phosphorylase to catalyze the exchange reactions between glucose—1— 

phosphate and arsenate or between cellobiose and D-xylose further 

indicates the similarity of the mechanism of the two reactions. Maltose 

phosphorylase catalyzes neither the exchange between glucose-1-phosphate 

and phosphate or arsenate nor the exchange between maltose and glucose



,(Fitting and Douderoff3 1952b)6 On the basis of the inability of 

maltose phosphorylase td catalyse these exchange reactions a maltose- 

enzyme-phosphate complex was postulated to be formed in the reaction.

In contrast to maltose phosphorylase, sucrose phosphorylase catalyzed 
the exchange reactions between glueose-l-phosphate and phosphate or 

arsenate (Douderoff et al,, 19h7) and between sucrose and fructose 

(Woloehow et al., 191|9)= On the basis of these exchange reactions a 

glucoSe-enzyme complex was postulated to be formed. Thus a fundamental 

difference' In the mechanism of the sucrose phosphorylase reaction and " 

the maltose or cellobiose phosphorylase reactions is apparent as illus

trated in figure 10.
Further interpretations of the mechanisms of phosphorylase.reactions 

have been made by Koshland (1951, 195ha3 and 195Ub). Koshland (1951,
' . . . . . . . .  • • ' . v ' X  •

and 195Ua) has proposed a double displacement mechanism for the sucrose 

phosphorylase reaction as shown in figures Il and 12. As the carbons ' 

ODtygen .bond of glucose-l-phosphate begins to break, the electron donor 

site, D, bn the' enzyme shares'its electrons with G-I of glucose. An 
inverted glucoSe-enzyme complex is formed and HOPOq is liberated 

(figure 11). "%n the second stage of the reaction, fructose accepts 

glucose from the enzyme with the formation of sucrose and free enzyme ' 1 
(figure 12). ' The double' displacement mechanism offers an explanation' 

for the retention of the configuration of the C-I atom of glucose and 
takes in# account the cleavage of the carbon-oxygen bond which has 
been reported by Gohn (19h9)« ,The glucose-enzyme intermediate explains 
the exchange reactions Catalyzed by sucrose; phosphorylase,
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SUCROSE +  ENZYME ALRU-D-GLUC OSE-1-ph +  ENZYME
Hh fructose 4- phosphate

GLUCOSE-ENZYME ̂

^  +arsenate
D-GLUC OS IDO-L-A RABIM06E GLUCOSE-1-ARSENATE +• ENZYME

Jz 4-water
, GLUCOSE 4- ARSENATE

PHOSPHOROLYSIS OF MALTOSE*
MALTOSE 4- ENZYME

+  phosphate 
T4- arsenate)

BETA-D-GLUC OSB-1-ph 4- ENZYME
■4-D-glucose 
(+• D-xylose)

MALTOSE-ENZYME-PHOSPHATE (arsenate) 
(glucosIdo-xylose-enzyme-phosphate)

+  phosphate
(GLUOOS ID O-XY LOSE H- ENZYME)

r-glucose 
(GLUCOSE-IrAs 4-ENZYME) 

\ +water
(GLUCOSE 4- ARSENATE)

PHOSPHOROLYSIS OF CELLOBIOSE

CELLOBIOSE 4- ENZYME ALPHA-D-GLUC OSE-1-ph +- ENZYME
+  phosphate +- D-glucose
^  (arsenate) (+ D-xylose)

CELLOBIOSE-ENZYME-PHOSPHATE (arsenate) 
(glucosidO”Xylo3e-enzyme-phosphate) I

dr phosphate glucose
(GLUCOSIDO-IYLOSE+  ENZYME) (GLUCOSE-I-As 4- ENZYME)

^ 4-water
(GLUCOSE-+ ARSENATE)

Figure 10. The relationship of the sucrose, maltose, and cellobioae 
phosphorylase reactions
*After Fitting and Douderoff(1952b)



Figure 11. The formation 
alpha-glueoae-I-phosphate 
1954a).

of an inverted glucose-enzyme complex from 
and sucrose phosphorylaae (After Koehland,

Figure 12. The formation of sucrose and free sucrose phosphorylaae 
from a glucose-enzyme complex and fructose (After Koshland1 1954a).

beta glucose-1-phosphate + 
glucose + enzyme

alpha glucose—1—glucose + phosphate

nrnUr* An illustration of the single displacement mechanism
proposed for the maltose phosphorylaae reaction (After Koshland,1954b).
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In contrast to the mechanism of the sucrose phosphorylase reaction 

a single displacement mechanism has been proposed for the maltose phos- 

phoiylase reaction (Koshlands l ^ b )  which is shown in figure 13, In 

this mechanism glucose replaces phosphate directly without the formation 

of a glue os ©-enzyme intermediate. When the bond between the■phosphate- 

osygen and the carbon atom starts to break, the bond between the glucose- 

osygen and the carbon atom begins to fora. The single displacement mech

anism explains the inversion of the configuration of the C-I atom of the 

non-reducing glucose portion and predicts that a cleavage occurs between 

the carbon-oxygen bond of glucose-l-phosphate. This mechanism is con

sistent with the exchange and specificity data for maltose phosphorylase.

In order for an exchange to occur between phosphate .and glucose-l-phdsphate, 

phosphate would have to occupy the same position as free glucose (G in 

figure 13). Since closely related analogs, of glucose, such as mannose 

do not react (Fitting and Douderoffs 1952b), it seems unlikely that phos
phate would be able to occupy this position. Thus the inability of maltose 

phosphorylase to catalyze this exchange and the SpeclfjLejLty of the enzyme " 
are in agreement with, the single displacement mechanism.

It appears that the single displacement mechanism is applicable to 

the cellobiose phosphorylase reaction. The essential difference between 

the maltose phosphorylase and. the cellobiose phosphorylase reactions appears 

to be the configuration of the glucosidic linkages in the substrates. 

Therefore, a single displacement mechanism for the cellobiose phosphorylase 

reaction is proposed, which is analogous to the mechanism of the maltose 
phosphorylase reaction (figure Ii*).
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alpha glucoee»l~«pho6phate + 
glucose * enayme

phosphate onsyw

enayew
/I i//////. /S////////SS,

I

4//////////%/ / /  / / / / / / / /

Figure lit. A proposed single displacement mechanism for the cellobiose 

phosphorylase reaction.

In the cellobiose phosphorylase reaction, as in the maltose phos

phorylase reaction, the single displacement mechanism explains the in

version of the C-I atom of the glucosyl moiety. If this mechanism is 

correct it follows that a cleavage occurs between carbon and oxygen 

atoms of glucose-1—phosphate. The single displacement mechanism is 

consistent with the information on the exchange reactions catalyzed by 

cellobiose phosphorylase and the specificity of the enzyme. It is 

interesting to note that the cellobiose—enzyme-phosphate complex shown 

in figure IU illustrates the close proximity of the C-2 and C-3 atoms of 
the reducing portion to the enzyme. It seems reasonable to expect a 

close relationship of the enzyme to these positions in view of the
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specificity of the enzyme (table XVIII and figure 9)»

Since the cellobiose phosphorylase and the maltose phosphorylase 

reactions appear to have the same mechanism and differ only in the 

configuration of the substrates* it seems possible that the sites on 

the enzymes to which the substrates attach are similar. In fact ̂ 

the active surface of one enzyme may be essentially a mirror image 

of the other, % ! s  relationship is consistent with the information 

on the specificity of the two enzymes, B~glucose9 D-Xylose5 phosphate5 

and arsenate were able to act as glucose acceptors with both enzymes, 

HdvireVerd D-galactoseg Ifemanndse9 Eferibose9 and gluconate were unable 

to act as glucose acceptors with either enzyme, Andtjber Significant 

similarity is the free energy change which appears to be nearly the 

same in the two reactions,.. Thus5.a comparitive study Of Cellobiose

phosphorylase, -and maltose phosphorylase might provide ̂valuable infer- ■
■

mation on the mechanism of enzyme action;



SUMMARY

Cellobiose phosphorylase, obtained from cell-free extracts of 

Clostridium thermocellum strain 651, was purified sufficiently to 

I1Qmove interfering enzymes* The purified enzyme catalyzed the 

phosphorolytic decomposition of cellobiose with the formation of 

equimolar quantities of alpha-glucose-l-phosphate and glucose. The 

reaction was reversible for equimolar quantities of cellobiose and 

phosphate were formed from alpha-glucose-l-phosphate and glucose.

The equilibrium constant, K a (glucose—1—phosphate)(glucose)/

(cellobiose) (phosphate) at pH 7 and 37 C was found to be about 0.23.

The optimum pH for the activity of the enzyme is about 7.0. The 

temperature coefficient between 20 C and UO C is about 2.1*. The effect 

of various inhibitors on the activity of the enzyme was determined and 

evidence .was obtained which suggests that a sulfhydryl group is essential 

for the activity of the enzyme.

It appears that D-glucose, D-aylose,. L-xylose, 2-deoxyglucose, 

glucosamine, phosphate, and arsenate can act as glucose acceptors in 

the reaction. It is suggested that the synthesis of glucosyI-D- 

xylose, glucosy 1-L-xylose, glucosyl-2-deoxyglucose, and g.lucosyl- 

D-glucosamine can be catalyzed by cellobiose phosphorylase. The 

arsenolysis of cellobiose was demonstrated to take place in a reaction 

mixture in which arsenate was substituted for phosphate. .Beta-glucose- 

1-phosphate was unable to replace alpha-glucose-l-phosphate which 

indicates that a Walden inversion occurs during the synthesis of cello

biose. The following compounds were unable to act as glucose acceptors:



gluconatej, glucuronatej, glucose*»6-phosphates D-ribose, D^sorbitol2 

delta-gluconolactones I^~acetyiglucpsamine2 L-Srahlnoses L-Iructose2 

D̂ galaetose and D-mannose«
Evidence was obtained which indicates that the exchange reactions 

between glucose-l-phosphate and arsenate and between cellobiose and 

D-sylose are not catalyzed by the enzyme* These results suggest that 

a cellobiose-^enayme-phosphate ccaiplex is formed in the reaction* A 

single displacement mechanism is proposed for the cellobiose phosphor 

Iase reaction in which a Cleavage occurs at the G-I atom between the 

carbon and oxygen atoms of glucosa-l-phosphate*
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