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Abstract:

Cellobiose phosphorylase, 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 cellobiose 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—Il-phosphate. At equilibrium the molar ratio of cellobiose and
inorganic phosphate to glucose-1-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—I-phosphate is unable to replace alpha-glucose-I-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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ABSTRACT

"Cellobi@se phosphorylase, obtained from cell=free extracts of

‘Clostridium thermocellum strain 651, has been purified suffieciently
‘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
phesphate 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)(glucoss)/{cellobiose )(inorganic
phosphate ), at 37 C and pH 7 is about 0,23,

The optimum bH.for the activity of cellobiose phosphorylase
appears to be about 7.0. The temperature coefficient between 20 C
and Lo € is about 2.4, The effect of various inhibitors has been

~ determined and the results suggest that a sulfhydryl group is essential
" for the aetivity of the enzyme. .

The éynthesis of glucosyl=D-uylose, glucosyl-L-xylose, glucosyl-
D-deoxyglucose, and glucosyl-D-glucosamine:apparently is catalyzed

by cellobiose phosphorylase. The enzyme alsc catalgzes the arsenolysis
of cellobiose, ' o

Beta-glucoge~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 ‘
cellebiose~enzyme-~-phosphate complex is formed in the reaction.
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INTRODUQTION

Cellﬁlose is one of the most abundant organic co?pounds in
nature. Besides beiﬁg one of fhe end products of photosynthesis,
cellulose is_a major constituent of plants.

Annually many plants die. Yet ordinarily dead plant material
does not accunulate in soil or in water. Microorganisms are respon-
sible for the decomposition of practiéally‘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 phofosynthesis,
Thus, in this way cellulose participates in the carbon cycle.

Cellulose is of vital importance in the nutritién of ruminant
animals. Microorganisms inlthe rumen ferment the cellulose of
plant material and the end products of fermentation serve as energy
sources ‘for these animals, -

Although the deéomposifion 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 hidrolysis of cellobiose was
the only biological mechanism by which cellobiose was known to be
decomposed.

The hydrolysis of .cellobiose, ﬁowever, did not seem to provide

an adequate explanation for the decomposition of cellcbiose by all
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~cellulolytic bacteria. Clostridium thermocéllum can use cellobiose

as an energy source but not glucose (McBee 1948a, 1948b). If
glucose ﬁere,fofmed from cellobiose 8imply by hydrolysis, iﬁ might
be expecteq to serve as an energy source for the organism. This
anamolous situation stimulated investigations in“whiéh-pathwgys
other than hydrolysis were found for cellobiose utilization.

An enzyﬁe, cellobiosg phésphorylase, which catalyzed the
phosphorolysis of éellgbiose was found in cell-free e#tr#cts of

C. thermocellum (Sih, 1955; Sih and McBee, 1955a and 1955b). Later

an enzyme, qeilobiokinase, which in‘the presence of adeﬁpsine iri—
phosphate aﬁd cellobiose catalyzed the formation of a cellobiose-
phosphate estef, was found in extracts from the same orgaﬁism
(Nelson and McBee, 1957)a

'The purpose of thé present study was to confirm and to extend
4the previous_work on cellobiose phosphérylas§. Quantitativé studies
wi@h a purified enzyme were made in order to determine precisely the
producﬁs and reactapts'of the cellobiose phosphorylase feaction.
Furthermore, some of the proﬁerties of cellobieose phosphorylase were.

determined.
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REVIEW OF THE'LITERA'?URE

The fermentation of celinlose in vitro at Yoom teﬁperature was
demonstrated by Hoppe—‘JS‘eylor f1883) ag iong ag 75 years .agoa The
fermenbation of cellulose at temperatures sbove 50 C was abtributed
to i}hemm)ﬁilic bacteria by Macf;tdyen and Bl'akgil’i (1899 ), who
inoculated cotton suspensiahs with soile _ '

Obhers haye studied the fermentaticn of ¢ellulose Wii;h crude
or partially purified bgeteriai c*.}ﬁtuz'es' (?rﬁ.ngsheim,, 1912 and 1913;
thhﬁ_rinc—:_, 19235 Viljoeny Fred and Petersong }926; qules. and Rettger?
19313 and Pochon, 191;2)?, In these studies organic acids, ethanol,. .
garbgnd;i.oxid% hydrogen?~ é.nd methane were reported as ferrﬁentatioﬁ

products.

Viljoen et al., (1926) suggested Glostridium thermocellum for
the nswe of the organism with which t’hlényt vxfléa'ric'ed:,,“ :a‘l.thé;;gh they |
pfobably did not have a puve cultuve (MeBee, 19h8a).

Considerasble difficulty was_expepienqeti by giif_ferent workers in
igolating pure culbures of énaerobic cellulolytic bacteria: {McBeeyiohBa)e..
Furbhermore, thé criteria for establishing the purity of ‘a culture were
‘inadequate, It was not until the work of Hungate (I9hk and 1950) that
these difficulties were overcome. '

Hungate (194L) isola{';e_ad Glostridium gellobioparus !(Glosfridium

cellob‘:?_‘oparumg Bieed et ‘al.,_‘, 1957,) in pure eculture by using a new

techniéue which consig'l?ed of elinﬁinaiing 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 (Hungate,1950).
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“Thelorganism must grow inisol;g'cellulose medium and gife

isolated spots in which thezceilulose is'digested'and in

which the cellulose-digesﬂing-colony-(or diffuse growth if no

colony is forme&) may be3identified ﬁﬁd picked. Picked

" colonies must give growth in solid cellulose meddum when.
inoculated imto dilufion.series and the numbers of éoloniep
obtained must be approximately proportional to the mmber

of cqlonies expectéde-’From cellulose; the org@@iam mﬁst

be inoculated into a solid sugar §r other clear medium in Which

all types of colonies which develop-één:ba seen. A single

cdloqy,in a high dilution nust be'subcultured in a second

A clearldilution series and this must be continued until two

Successive series give coionies of only one sort; the

urmiformity being determined not only maeroscopically but

.also by microscopic examination. Any colony from this second.

sugar/series must upon reinoculation into a ;oiid cellulose

madium give rise to céllulose-diges£ing colonies present in approx- .

imately:the expected mmbers in the various dilutions and con-

taining cells microscopically similar to those in the sugar

series. Cultures which successfully pass these tests under

eritical scrutiny are considered pure.® l _

Two pure ?ultures of anaerobic, thermoﬁhilic, cellulolytic bacteria
were iso;ated by McBee (1948a and 1948b) using the technique develpped
by Hungate. McBee (1948b and 1950) obtained four impure cultures from -
other workers and from each he was able to isolate a pure cultﬁre. 4a

comparative study of the two fresh isolates and the isolates obtained
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from impure cultures’ revealed that all were closely relatedo ‘Thus

these six cultures were considered as strains of Co thermocellume

This organism is an obligately anaerobic rod which grows slowly
below 50 C and which does mot grow on cellulose media above 68 c

(McBee, 1950). Co thermocellum is %uite limited in its ability to

use varicoug substrates as energy souUrces. lt is able to ferment
cellulosep cellobiose, xylosep and hemicellulose, but. it. does not
ferment any of the other common sugars. The iermentation products are
Hgg COgg ethanol, formic acid, acetic acid, and lactic acid..

Another thermophilic, cellulolytic bacterium, Clostridium

thermocellulaseum, has been described by Eneboe (1951). This

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

glucose.

3

Enzymss involved in the decomgosition of cellulose. In studying

‘the fenmentation of cellulose Pringsheim (1912) showed that cellobiose
and glucose accumulated‘when growth was inhibited .. 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 inuenmediates.in the fermentation -
of cellulose. CQnsequently, Pringsheim postulated that cellulose was
hydrolyzed to cellobiose by cellulase and that cellobiose was hydrolyzed
to glucose by cellobiaseo

;\ mechanism for the Hydrolysis of cellulose has been postulated
on the basis of worlk with bacteria and fungi (Reese et al., 1950).

In this mechanism, mﬁﬁ@graded'cellulose is attacked by an enzyme,
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| 01, with the production of shorter linear polyénhydro—glucose'chains.
Another enzyme, Cx, hydrolyses the end products of the Cq react1on
producing small molecules capable of diffusion into the cell.

Ievinson st ali, (1950) concluded that cellobiose was produced in the
Oox reaction, _

| On the other ha.nd.,. Whitaker (1953), working with fungi, hes '
proposed that only one enmgyme is responsible for cellulose hydroll,‘ysi.s_°
ﬁoreover, he,euggested (Whitaker, 1957) a random cleavage of glucese
anc cellobiose uoits from cellulose molecules° Hoeever, it appears
that some clostridia produce cellobiose, but not glucose, during'the '
hydrolysis-of callulose. Cellobicee accumuleted ﬁndef certain conditionﬂ_

in the medium of C. cellobioparus cultures bubt no glucose was found

(Hungate, 194)). Since cellobiose accumulated under conditions unfavor—
able for cellular metabollem, 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

15 formed during the hydrolysis of cellulose by €. thermocellum. This
organiem is able to use cellobioee but not glucose as an energy source
(McBee, 19h8a, 1948b and 1950), yet glucose does ‘not accumlate 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 anemalous sltuation Whereby'a disaccharide can be utilized bwp
not its monoeaccharideﬂcohstituents_stimulated further investigation by
Sih (1955) and Sih and McBee f1955a and 1955b). They postulated that
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cellobiose was cleaved by mechanisms other than hydroiysiso In cell-

free extracts from C. thermocellum they found an enzyme, cellobiocse phos-

phorylase, which catalyzed the phosphorolysis of cellobiose. Cellobiose
’phosphorylase was found in similar extracts from Co cellobioparus (Mac-

- millan, 1956)
Cellobiose épparently is decomposed by another mechanism involving
- cellobiokinase (Nelson and McBee, 1957). Gell~-free extracts obtained

. from €. thermocellum catalyzed the formation of -a cellobiose-phosphate

- ester in the presence of adenosine triphosphate. The formation of this
'cellobiosenphosphate ester was attributed to cellobiekinase activity.

Fhosphox:ylaseso A phosphorylase is an enzyme which catalyzes

the cleavage of a substrate with the uptake of inorganic phosphateo
FPhosphorolysis differs from hydrolysis in thet phesphate,'instead of
nater, combines with one of the cleavage products (Parnas, 1937).

In the phosphorolysis of glycogen by muscle'phosphonylase,ﬁglucosee
l-phesphate was formed (Cori st al., 1937). The reaction'was reversible
for glycogen was synthesized from glucose-l—phosphate (Cori, Schmidt and
Cori, 1939). A small emount of glycogen or some related material was
necessgry as a primer for the synthesis of a polysaccharide with muscle
. phosphorylase (Cori and Cori, 1939).

Arsenate is able to substitute for phosphate in the breakdown of
glycogen resulting in the arsenclysis of glycogen. Glucose-l-arsenste
prasumably was formed which decomposed spontaneously'to glucose and arsenate E
(Cohn and Cori, 1948). Direct evidence that glucese-l-arsenate is formed

during the arsenolysis of glycogen has beén presented by Slocum and Varner
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(1958) with the use of isotopic oxygen. Muscle phosphorylase, howevers
‘ddd no’c. nanalyze the exchange between giucosealuphesphate and phosphate ‘
or ax*senate (Gohn and Corig 19h8 Ja.

A phosphorylase was fquﬁd.. in psas Whicﬁ‘eatalyzed both the phos=
phorolysis and the synthesis. of starch (ﬁane? y 1940b)s As in polysac-
¢charide symhesis" with musele pheéphorylgse _a_pz?:’r_rilez‘ was needed for ‘
pélysgcchgz“_iﬁ? synthesis with potato phosphorylase (Gre_en énd'Stmnpfs.
19h2 ). Potato. phosphorylase did not ca.’gai;rze? the gynthesis of a poly=
$aceh§,ﬁide f@qml_'glucoseeéfphpsphate s _giugosé,g _fmﬁc‘:se s fructose=1-phos=
phate, or fructose-1, 6-phosphate (Hanes, 19Lb ‘and Green and Stumpf;1942).

_ Potato phoéphqxgrlase di& not eatelyze the exchange betweén glucose-
l-phosphate and ihax-:ganﬁ.c‘; phosphate or ,ing':‘_:f.fgani’._e,:a&senaﬁe .\ ((_}phn and@éri,,
1948 and Kebs ond Hassids 1948)s e émyme didy however, catelyze the
arsenolysié of starch (Katz and Hassid, 1948). ‘

Sucrose phosbhozylase was found t6 be produced by Pscudomonas

saccharophilis (Douderoff et al., 1943). This enzyme catalyzes both
“bhe .phoépho:t’olysis and the synthesis of sucrose aceording to the
equation, suerose # inorganic phosp@é.‘oe = a’lphaeglﬁcc’)s'eelmphosphate- #
Fruatosee The ‘éqx'ﬁlﬁ.b‘rium constant, K = (Suerosé)(inoﬁganic phosphate Y
(gigquéalwphoéphaté)(fmg’oosg) at 30 C is approximetely 0,05 ab pH 6,6
a1id 0,09 at pH 5.8 (Douderéff, 1943).

Sucrose phosphoyylasé ig labl_e to oatalyze the synthesis of ki differe
en‘if: iiis“acaéharides besides Sué‘;msé‘c,. The following véactions are catalyzed
by Suerose phosphorylase (H'éssid and Douderoff,1950): (1)alpha=D=-glucase-
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1apﬁ;sphate ;ﬁf“:’j},«wsorbcse - alpha'-Deglucdpyranosyl~§1pha~1§sorbofuranqs‘idé £
"phosphate. | o
o (23 alpria;Dé'glixcoéeugaphosphate # Dm:quéketOSé = glpha«ﬁwglucopgrranosylc
betawDexyloketofuranaside £ phosphate

| (3) alpha—Bmglucosewlephosphaté 4 Iearaboketose = :a.‘.‘Lloha==Dmg1uu3olcsyz'amcvss;;r:i.==
.alpha-l«maraboketofuranos:.de # phosphate ,
(h) alphamDuglucosemlaphosphate £ Tearabinose = 3«-(a1phawDag1ucopyranosyl )=
Ipavabinopyranose ,4 phosphate |
‘ Tn the presence of sucrose and arsena-hep sucrose phosphorylase cavoa«
Jyzed the formation of .glucose and fructose (Doudevoff et al., 1949 )
Glucose~l=arsenate .ax_aparently was formed but dgcomposed spionbaneously o
glucose and arsenates » . |

Suerose phosphc;zylas;é:has bﬁee.r; ghown to act as ra_transgiumosj.daee

a8 well as a phoéphozfyiaseo The enzyme has 'bhe ability to act as a
glucosé acceptor and donor for one of its substrates in the absence of
other gluccpse donors or acéeptorsa The first mdication of the transe
glucosidasé activ:.v.ty of” ~f:he enzyme was the observa'tlon {'.hat 14belied in-
-organic phosphate readily equihbra-ced with glucoSe«-lnphosphate in the
absence of any other substrate:,v-.@,oudargff et ales 1947)s The reaction
for the exchange be“c.ween' labeiled inorganic phosphate and glucose=l=
phosphate was postu..ated as glucosealwphosphate* £ enz.yme glucoseé
enzyme ;f phasphatgwu Likewise P the exchange between glueosenl-phosphate
and arsenate was catalyzed by the epz'_;yme (I_)ouderoff et alss 19%9), “The
) .Eéﬁzyxz‘xé eata-i;;'fzed' the 'exchéngé, fetwéen' suci;ose":a'ﬁtfl 1abelied fructose, D=

glucése-1=fructoside® (sucrosa) £ enzyme = glﬁcose«enﬁyme £ fructosex
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(Wolcchow et al., 19h9). The transglucosidase activity is further in-

dicatéd by the ability of the eriiyme to catalyze the exchange between-

: B—glucosa-xyloketoside and fructose s.nd the exchange between sucrose

and . serbose (Doudereff et al., 19h7) as showm in the following equations.

| (1) I)-_-glucosa—l—fruct;oside # sorbose = D-glucose-—sorboside # fructose

(2) Miucose—l«-quoketosid‘e # fructose = D—glucose-l—fruétoaide A
ﬁyioketose. .
The ﬁostuiated glucose-enzyme complex explainé all the reactions

‘eptalysed by sucrose phosphorylase. The phosphorolysis of sucrose

-apparently occurs according. to the foilowing scheme?

(1) B-glucose-~l-fructoside # enzyme = glucose-enzyme ¥ fructose

(25 élueose—-’enzyme #-phosphate = glucose—i-phosphate # enzyme.
' Maltose phosphory).aée has been found in cell-free extracts of

Nesseria meningitidis (Fitting and Scherp, 1952). Both the synthesis

and the phoesphorolysis c;f maltose is catalyzed by maltose phosphorylase.
(Fitting and Douderoff 1952a and 1952b) in accordance with the equation:

Maltose f inorganic phosphate = bet_a—giucose—l—phospha‘be # glucese

'The equilibrium constant, K = (Maltose) (phosphate)/ (vglucose—l-;

phosphate ) (glucoae), is about L.l at 37 ¢ (Fitting and Douderoff,

| 19520),

Tn the reaction, maltose, with an alpha linkage, is phosphorolyzed
end a phosphate ester with a beta linkage is formed. Alpha-glucose-l- '

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

thesis of maltose. Thus, a Walden inversion oceurs in the.rea,ctioh.

Glucosyl-D-xylose as well as maltose can be synthesized with maltose




18

| pﬁosphorylasei(Fitflng ahd Douderoff, 1952b). No reaction ocourﬁedg
however, when maltose phosphorylase‘was incubated'with betanglucose-
'1—phoeptate and-Dufructoee, D—galactose, Irglucose,'D—mannoseg B~ribose,
D»arablnoseg alphaﬁmethyl glucoside; alphawD—glucoae-lrphosphate, maltose;
trehalose, cellobioae, and D—gluconic acid° _

In contrast to sucrose phosphorylase, maltose phoephorylase did not
catalyze the exchange between glucose-l-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 gluceeeulrphosphate. These data indicate tﬁat maltose phosphorylase - |
did neot :oﬁm a glucose—enz&me complex as'has,been postulated for sucrose
' phoéphorylase.(Douderoff et al., 1947). ‘It appeared that both a glucoee
donor and acceptor had to be present.in order for the tranefer of glucose
b tﬂke'place. Consequently, a maltose—enzjreaphosphate'complex'wae 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 aod 1955b). The reaction for the phosphorolysis oficellobiose
presumably is cellobiose %linorganic phosphate = alpha—glucose—l—
phosphate # glucose. The synthesis of cellobiose fiom alpha-glucose~
-l1-phosphate and glucose was demonstrated by Sih, Nelson, and MCBee
(1957). The cellobiose phosphorylase reaction apparently resembles

the maltose phosphorylase reaction in that a Walden inversion eccurs.
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‘MATERTAIS AND METHODS

Enzyme source. -An active cellobiose pﬁoéphorylase was obtained

in ceil«free extracts of Qy-tﬁérmocellnm strain 651, The isolation,
culturdl characteristics, and physiology of this thermbphilic,
cellulolytic organism have been described by McBee (1948a, 19L8b,

1950, and 155h).  ° |

The medium used to cultivate this organism contained the

follgwing percentages of material: NaCl, 0.3 (NHh)sth, Q.13

KzﬂPth 0,053 KH,PDys 0,053 MgS0jTH,0, 0,01; Call,-2H,0, 0013
sodium thioglycollate, 0.02; yeast extract, Os1j cellulese, 0,255 and-
'ﬁQHCOB, 0.5. A small amount of resazurin was added to the medium ag
an-oxidationrfeductien indicator because in order for growth to occur,
it was necessary that the medium be sufficiently reduced to turn
resazurin colorless. Suspensiohs of cellulose were prepared.by the‘
methed described by Hungate (1950). 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 5-
per cent solution which had beeq sterilized by filtration, wés added
to.tubes.containing 10 ml of ﬁedium. For larger-amounts'qf media,

dry NeHCO3 was sterilized in a hot'air_even‘at 160-180 C for 2 hours
‘and added to the medium immadiétely before :Lnocﬁlation°

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

20 L éultures were growvn. A series of cultures of incréasing gize were
growa in order to obtain inoculum for 20 L cultures. The first of these,

(10 ml1), was inoculated with one ml of an old 100 ml culture stored at
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TooR tempefgture, and after growth, was used to inoculate 90 ml of

medium, This 100 ml culture was used as inoculum for 1400 ml of -

nmediuvm which in turn was used to“ inoculate 18,5 I, of medium.

A11 cultures were flushed with carbon diqxi&e after inoculation
in order te lower the pH and to eliminate oxygen from the medinm,

T’he technique of obtaining a.ne.ert_abic conditioﬁs by flushing the .

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

The cultures were incubated at 55 C. Mueh faster gro&bh resulted in-the

20 L culbures when the med;ium was stirred constantly. ﬁence ,- these

cultures were stirred with a magnetic mixer.

The first sign of growth in the cultures was the avolution of
gas from the medium. This pérsisted throughcnﬁt .g;'cwth and:i‘Or a per- .
iod after all'the vis ‘_‘ble cellulose had disappeared. ~ All of the
¢allulose was usually digested in 1 to 3 days. Inéubation was dis-

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

- had ceased to evolves The 20 L cultures were harvested with‘ a Sharples

centrifuge at a speed'o'f. aboutth,OOO to 50,000 rpm yielding 15 to 25 g

of e6lls (wet weight).

Crude enzyme preparations. Cell—frée extracts were prepared by

+.grinding the cell paste with glass beads. (average diameter, 200 miérons)

in a Waring blendor with a semi~micro container (Lamanna and Mallette,
1954). An ice bath, surrounding the conmtainer, served to keep the

mate:"iall cool durihg grinding. Fifteen to 30 g of cell paste, 7 to 15 ml

- of distilled water, and 20 to U0 g of glass beads were added to the

blendor.‘{ . The cells were ground for 30 to 60 minutes and then 20 to 4O ml
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_'ef'distilled'water'were added. Mixing was resumed until an even
suepeneien wags ebtainedo' The cell debris, unbroken cells and glass
beads wers centrifuged down at approx1mately 6, 000 X G for 1 hour,
The supernatant fluid'was used as a crude enzyme source. v

PUr1fied enzyme E;eparatlons. In order to study the'cellcbiose

| phosphorylase reaction in the absence of interfering reactions it wasg
ﬁecessary to purify the crude enzyme preparations. _

' Phosphoglucomutese was the only interfering ensyme which was
found irn the crude enzyme preparations° Phosphoglucomutase was not in-
activated by cold storage as Sih reported (1955). Tt was important to -
eliminate thls enzyme because it converts glucose—l—phosphate, formed
by phosphorolysis, to glucose-é—phosphate. Two other possible inter-
fering enzymes, cellobiase and glucqsedl-phosphatase, were not found in
Athe crude ensyee 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 phosphorylases (Fitting and Douderoff, 1952b
and Weimberg and Douderoff, 195h). The following procedure, developed
by trial and error, rendered the enzjme preparations free from interfering.
‘enzymes. | _ |
1) The crude énzyme preparation (containming 15 to 25 mg pfoteinﬁml)

was made up to 0.27 saturation with a cold, saturated solution.ef

ammonium sulfate. |
2). The material was allowed to stand in the cold for 1 hour. .

. 3) The material was centrifuged for 1 hour in the cold at about 6000
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- X G. The precipitaﬁe'was discarded.
_ h). The’ supernatant fluid was made up to Océh saturation with ammonium :
. fsdlfatse.’ .

5) The material wcs.allawed co.stand in tpe'cold for 1 hour.

6) The material was centrifuged in the cold for 1 hour at about 6000
IX Gy the”supernatant fluid Waa.discarded; and the precipitcte was
dissolved in distilled watere | |

This entire procedure was repeated twice on the material containing

.the dissolved precipitatee

| - The activity per mg of protein of one of these purified. enzyme .

pceparatlonslwas about twice that of the c;ude enzyme material, -

The pufified enzyme preparations were found to be free from phos-
phcglucomﬁtase, cellobiase, and gluccée-l—phosphétase acfivityo Thefe—
- fofe, it was‘possible to study the celiobiose phosphorylaée reaction
with these preparations in the absence of known_ipterfe?ing reactionéo:

Protein detenminatidnso The amount of protein in the enzyme prep-

arations was estimated by the Biuret reaction according to the method
developed by Levin and Braven (3951). " A standard curve was made with
known amounts of egg albumin. It was assumed that the color developmbnt
with egg albumin was equal to the color development with dn equal amcunﬁ
of bacterial protein. Color intensities were measured with.a Klett-
Summerson phofoelectric colorimeter using a green filter (540 ﬁillif
microns ).

“Determination of the products and reactants of the cellobiose

phcsphorylase.reactione In certain experimentsdit was necessary to
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d@téxmina the a&annt,df change in the préducts and resctants of the
celleobicse phosphéryIASé reaction. The products of cellobiose phos-
phorol&sis are glucosé end glucose-l-phosphate (Sih et glo} 1957)0.

In selecting metheds to determine the smount of these compounds it did
.~ not seem feasible to attempt to deﬁermine glucose in the presence of
-gollobiose by colorimetric methods because cellobiose would in$erfere.4
Conversely, colorimetrié detepminations of cellobiose ﬁould be compli-
cated By glucose interference. Thefefore, glucose oxidase was used

to determine the amount of glucese. The amount of cellobiose was
ostimated by determining the increase in free glucose resulting from
the hydrolysis of cellobiose.

5 1
a) Glucose determinations. Amounts of glucose werse determined nano-

métricélly with glucose exidase (Keilin and Hartree, 1948) in the
Warburg respirometer (Umbreit et é}o, 1957)5 In thé glucose oxidase
feaction glucose.ia oxidized to gluconate Ey the following reactions
1) C6l12% # 1/2 0, = cgnyp0; |
In the presence of catalase and ethanol twice as much oxygen is taken
up per mole of glucoseo
2) ‘3631296 £ O # RCHoOH = CeHy 20, # Hp0 ,4 RCHO

The glucose oxidase was prepared by suspending 3 g of “DeeOf
(a2 crude glucose oxidase preparation obtained from the Tekamine Co. ) in
100 ml of distilled water. The suspension was allowed fé,éﬁand’at room
temperature for 1 houi except for brief periods of shaking. Then the
particulate material was centrifuged dowh and the supernatant'fluid

was used as a source of glucose oxidase,
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The main compartment of the Warburg vessels conbained an aliquot

of the unkmown sample, or a knovn amount of glucose or cellobiose,'

0.1 ml of a golution of catalase (technical grade obtained from the

 Nutritional Blochemicals Corporation), and 0.1 ml of 20 per cent

(ﬁ/V) ethanol. In the sideafm of the vessels there was. 005 ml of the
glucose oxidase preparatlon.. The total volume was 2.5 ml. ?hese o
experinents were condgcted 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 90 per cent of
the oxygen uptake predicted in reaction 2. -

The amount of glucose was estimated by comparing the emount of
oxygeh uptake with the,amount of oxygen uptake from a glucose standard
after a correction factor had been inproduced; This correction factor
was necessary. because weak beta~glucosidase'actiﬁity in the glucose oxidase
preparations hydrolyaed some of the eellobiose in the sample, resulting
in a falaely 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 ameunt of glucose formed in a comtrol veseel was subtracted: from
the emount 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,

b) Cellobiose determinations. Cellobiose was determined manometricélly
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by measuring the amount of glucose resulting from the hydrolysis of

cellobiose. Cellobiose was hydrolyzed enzymatically by the beta-

| glucosidase present in the glucose oxidase preparation, The glucose'

resulting from the hydrolysis of cellobiose was determined manametrically
as described above. ' '

The beta—glucosidase in the crude glucose oxidase preparation was
relazively inactive. Hawever, a beta—glucosidase inhibitor, which was
soluble in 50 per cent acetone, could be separated from the beta-glncosidase
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 eut.. Severél washings of the precipitate in'cdld
ae;tbne removed the reméining water. The precipitéte wﬁs dissolved im
water and contained ﬁoth beta~-glucosidase and giucose okidaséo The

acetone-precipitated-preparation hydrolyzed cellobiose much-fastér than

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

acetone-precipitatedrpreparation oxidized the glucose formed from cello-
biese hydrolysis. . : ; »
The 6riginal amount of-free glucose in an unkhawn.sample as weil as
the glucose formed from-the'hydrolysis of cellobiose'éontriﬁuted to the
oxygen uptake in these detleminations. Therefore, 'thé emount of oxygen |

uptake from the original frée‘glucose, détermined previously as described

‘above, was subbtracted from the total oxygen uptake in the vessel in order

to determine the amount of glucose formed in the hydrolysis of cellobiose.
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 cellobiose in
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the unkncwn_eample,
. The vessel contents, temperature, and atmosphere for the determination
of eellobiose were the same as for the determination of glucose.

c) Inorganic phosphate determinations. In tbe phosphorolysis of celle—

bioae, inorganic phosphate is esterified, resulting in the fqgmation of
glucose~l-phosphate. There is & decrease in the smount of inerganic
phosphate equal to the amount of glﬁcose-m-pﬁosphaie'formed, Comversely,
in the synthesis of cellobiese with this enzyme inorganic phosphate'ie
liberated in an - amount equal to the amowunt of glucose—l—phoaphate

ubilized, Gonsequent]y, it was possible to estimate the amount of

cellebiose phosphorylase activity by the change in the amount of inor-

ganic phosphate,

Inorganic phosphate determinations were made by the method of Dryer
et 55;, (1957) or by the method of Fiske and Subbarow (1925) as described
by Umbreit et el., (1957). The color intensities were measured with
a Klett-Summerson photoelectric colorimeter with a red filter (660 milli-
mlcrons) A‘phoaphate standard was included in all determinations.

Samples vere prepared for phosphate determiﬁetions by boiling the
reaction mixtures for 3 minutes. Beiling served to facilitate protein
precipitation and to stop the reaction by heat inactivation of the GRnIyme.
An aliquot of the reaction mixture was diluted with equal parts of 10 per
cent trlchloroacetic acid and was then further diluted with distilled
water, The protein, coagulated by heat and by the acid, was cenfrifuged
down and the amount ef inorganic phosphate in the clear supernatant fluid

!

was determined. - The difference in the amount of inorganic phosphate at the




27
beginning of the reaction and at the end of any giVén time interval
was asgumed to ba due o cellobmse phosphorylase activi'byo

Glucosewlwphosphate de*bermmat:.ons, The amount of ac:i.dn-lab:v.le

phosphate;was 'measure,c:zl ;n order \%9 detemg.ne the mo@t' of g;lucose*l-v
phosphate.. Egiuaj. amounts of veaction misxture and 2 N HOL were boiled
for 7 minutes, dilui;gd,- and 'g’:en_{sm‘;ﬁ'i_iged@ A s'ecé.nd‘sample' received the
Sama {?reatilnen*b ‘except that it was boiled :‘f.-‘or"j minutes before the acid
was added instead of for 7 minuﬁeé after the acid was added.  Both samples
were analyzed and the difference in the amount of :}.pbrganic}v phosphate

was- assumed to be equivalent to the anourt of glucose=1-phosphate.

Phbsﬁhoglucemu'baselaé‘hivity'o - Phosbhqglu_‘(:omﬁase’ activity was

" | estimated By_ measuring the disappearance of : acid«labn_lé phosphate when
the enzyme préparation was imﬁb;ite@ 'wi';h'_giuéose-l-‘-phosphateo_ The'ﬂ
“eonversion of glu&ose—-lae-phogphate to glicose=6-phosphate was assumed if
thete was a decrease in acidnlab:}.le phosphate.

\

Descending chromatography of sugarg was done using

. Qhroma%fography,_
a ‘butgnalwpyﬁidinewwater'sqlVent in a ?ati_ovoa: 33233.-?5 (Ghaz'gaqﬁ'f eb al.y
1948)s Sehleicher and Schuell filter paper, grade number 589 gfee‘n, was
used in 21l chz‘foma’c'bgraph:ﬂ .
Aniline-acid-phthalate was used as a color developer (Barr, 1950 ).
This wesgent contained 6. 6)4 g phthalic acid t6 which 40 nl of dis*hilled
waber were. added and then heated until the phthalic ac:‘i.d was disselvedo
To this, 3;;0 ml of isopropanol -and 3 ml of anil:n.ne were added., The final
- volume was made up to 400 ml with distilled water

Golorimetric deteminét:‘v’.orzs of reducing sugars. In experiments in




28
Wwhich the amednt of giuéose was measured in the absence of cellobiose
it waé-possiﬁle to use celorimetric methods. In these dgterminations
the method déveioped by.Saif@§ng al., (1941) was used and the amount
of glucose was estimated from a standard curve. .
In experiments cdnducted to determine cellobiase activity the

method of Levinson et al., (1950) was used. The reducing'suga}s were
mﬁééured by the methgd désqribed"b§ Noetliné and Bernfeld (19L8).

Kinase fctivity. Kinase activity wasLdatenmined manoﬁetriéally by

he method of Colowick and Kalckar (1943). In this method the acid

' formed from the kinase reaction causes the férmation of carbon dioxide
from a bicarbenate solution. The amount of carbon dioxide liberated
is 2 measure of the kinase activityo : .

The main compartment of the Warburg vessels contained 0.3 ml of
0.22-m_maﬁ993, 0.2 m1 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 ﬁhqvwarburg vessels contained 0.3 ml of
0e1 M cellobiose, O.1 M glucose, or water as well as 0.1 ml of 0,22 i
Ncho3, and 0,2 ml of 0.1 M adenoSine triﬁhosphate.' The total volume-
was 2;h ml. The reaction mixtures were incubated at 37 C in an atmesphere
of 95 per cent nitrogen and 5 per cent carbon dioxide.

Barbital-acetate buffer. A stock solution of M/7 barbital-acetate

buffer was made by diésol?ing 1.9k g sodium acetate and 2,94 g sodium
barbital in 100 ml of carbon-dioxide—free distilléd water. The stock
. solution was diluted to a M/35 concentration and this solution was adjusted

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




29
RESULTS

& SBtudies on the cellobiose phosphonylase reaction

Although the cell@biose phosphorylase reaction has been r@ported
previously by 8ih (1955), Sih and McBee (19552 and 1955b), and Sih
ot al., (1957), ao'Qpantitative'data on the reaction are available.

S5ih (1955) Shawed that cell free extracts from'g, thermocellum strain

157 catal&zed the esterification of inorganic phosphate in the presence
of cellobiose. Glucese and glucose-l-phosphate were formed from the
phosphorolyais ef cellobiose. Cellobiose aynthesis from gluccsa—;w
phosphate and glucose, catalyzed by cellobiose ﬁhosphorylase, was-
reported by Sih et al., (1957). These studies indicate that the
. fdliowing reaction is catalyzed bj cellobiose phosthorylase: Cellobiose #
| inorganic phosphate = giucose # glucose-1~phosphate. '

One of the objectives of the present investigation'was to atudy the |
cellobiose phospharylase reaction quantitatively. For this study it
was essential to eliminate interfering reactions soﬂthat any changéa in
the system could be attributed to cellobiose phosphorylase.

Elimination of interfering reactions. The method of parifying the

crude'enzyma preparations has.been.describediin the section on materials
and methods. The only interfering enzyme which was encountered in ths
ocrude - enzyme preparations was phosphoglucomitase, When the crude enzyme .
preparation was incubated with glucose-1~phosphate a decrease in acid-
labile'phosphate resulted (table I). Presumably phosphoglucomutasa
catalyzed the formation -of glucose—é—phosphate from glucose—l—phosphata

resulting in a decrease of acid~labile phosphate.
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TABIE'T

The activify of enzyme p@gepara.tieﬁs' from Clostridium thermocellum

strain 651 on glucose—l—phosphate

‘Time in hr | Micromoles of inorganic phosphate/ml

crude(Bo:Lled) Crude Puriried(Boiled) Purified

0 After Hydrolysisw 5,9 5.8 ho8 L8
0 Before Hyerolysis 2.8 2.6 0.7 1.3
0 Acid-labile 3.1 .-. 3.2 b1 3.5
1 After Hy&rol&sis | 6.4 3.k he? | 4.5
1 Before Hydrolysis 2.5 2.9 0.8 . Ll
1 Acid-labile = . 3.9 0.5 3.8 3.k

Change in acid-labile

phosphate dus to ‘ A ‘

Phosphoglucomutase £ 0.8 =2.7 -0,2 -0.1

Change in inorganic

phosphate before . ' ‘

hydrolysis, due to ' ) '

glucose-1~phosphatase # 0.3 # 0.3 # 0.1 T =0,2
%Hydrolysis' in 1 N HC1 for T minuﬁee in boiling water bath

. Each ml. of reaction mixture comtained 308 micromoles of glucose-l-phosphate,

5 micromoles of Mgsoh » 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/mle . The reaction mixtures were buffered with

M/lOO barbital—acetate buffer, PH 7.5, and incubated at 37 C. MgSOh was

added because it has been shown that magnes:!.um stimulated phosphogluco-

mutase activity.(Najjar, 1948). Cysteine was added as a chelating agent

because phosphoglucomutase can be activated by metal—binding agents

(Sutherland, 1949).
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There was no docfgkse in acid—labilo phosphate with thogpurified
enzyme preparation (table I). Therefore, it appeared that phospho-
-'glucomutase activity wes ellminéted fromkthe purified enzyme preparatiooe
It is possible that this loss of phosphoglucomutase activity was duo to the
removal of the.coenzyme, glucose-1,6~diphosphate (Caputto et al., 1948),
and not dus to the roooval of phosphoglucemutase itself. This possibility
was not investigated because it was important only to elﬁminate Hhospho—
glucomutase activity. I _

No glucose-l-phosphatase activity was found in either the purifled
or the crude enzyme ﬁreparations. 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 preparabions contained cellobiase, since it appsared that
cellobiase was actiip.dnly in the presence of the glucose oxidase prepara.tiono
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 appeéred that a coenzyme in the glucose oxidase preparation was
. needed for cellobiase activity. Later, howevdr, it was found'that the crudol
glucose oxidase preparations contained considerable amounts of inorgaoic
phosphate. The oddition of inorgénic phosphate to the system which con-
tained cellobiose and cellobiose phospho;ylase-&pparontly allowed glucose
to be formed b& phospﬁbrplyois instead of by hydrol&sis.

Further complications were encountered in attempts to remove the

inorganic phosphate from thé_glucose oxidase by precipitating the enzyme
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| with 50 per cent acetone. Unexpectedly, it was found that fhe_ glusose

- oxidase, which originallj had little betawglucosidase activitys had 2.
‘relat:ﬁre]y active beta«glucusn_dase after aeei;one pmclpltaﬁmnov A beta=
glueesidase inhibitor; which was soluble in 50 per cend aee’oones was re=
.moved from the glucose mddase preparation by this treatment. The
dcetone soluble fraction inhibited beta=glucosidase activity when ik,
was added to the precipitated glucose oxidase. '

It seemed sdvissble to determine the celloblase activity with
another method. In the following experiment Eeiloﬁioée phosphoryls-e
.prepara*hions Wexe_incu;bated with‘eeiiobidse;, Peﬁﬁbns of the mixture

' wegg_e;_:amine& eolorimetrically for an inereased number oF reducing
groups. An inerease in the reducing intensity would be expected from
eellobiase sctivity because two moles of glucose Woald be formed Per
mole of cellobiase. Cellob:tase _activity was also estﬁmated by de‘c.ermm:‘mg |
the disappearance of cellgbipse?v Reaction. m:.}:bures, to which :inorgam_c
phosphate had been added; sexved a3 donbtrols and the disappearance Q.;
¢elloblose was cempafed to the dlsappearame of inorganic phosphates
Both purified and crude emyme preparations wers imn’oa*ted with
eellobicae for 2 hours &b 37 €. No asignificant inereasé in yveducing
groups was faugd in these veaction vesssls (tabls II,, pavt 1) as would
e expected from cellobiase activity. Likewise, ;bhsgeg was no significant
ineresse in reducirg groups in the control vessels containing collobiosey
inorganic ph¢sphate and eiﬁher the pumfied or the ¢rude enzx;mcaa An
:.ncraase in the nunber of reduc:mg groups would not be expacted from

phosphorolysis becanse the products of this resction would be gludose,
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(TABIE 1T

Deﬁemmat"i on of gellobiase. activi'bg in enzyme Brepamtian from

_ .. Glostridiwm thermocellum strain €51,
Time | inhro e o Reaatioanture L
-Purified E'nzyme . .Purified Enzyne . Gmde L'nz.;yme‘ G:mde Enzyme
‘Collobiode -« 'CelloBidsd ‘Gellobiose ' Cellobiose
Phosphate. .. . o Phosphate

Part L. Change in Numboy of Reducmg Groups (Kle'bt units )

2 .. a& . W w0
L, Pert 2o D:.aappearame of Cellobiosca (m eromol, és/ml) )
o me . ma o ma
2 w0 B 167
. .  Hmount of Ghange . . e

Sk s a3

. Part 3o D:.sappeawame of . Inornanic Phosphate (m:.(:rom@le&/ml)
o . 003—% o Bek 908 TR 835 -

2 R 0L 85 . ., j‘,‘.gloh,'l" L BT
' ' . Amount, Aof Qhangef'. o

T .; .-'l“”cqs R ‘=206 L ',.3.:'.'» _”Ooh e ‘=‘2o8
Each 0l af veaction mixture contained 20 micromoles of mellabioseo .
The regction mixtures with the pw;ifie@ celloblose phosphorylase conbained -

1.5 mg proteinfmls tho§e,‘—wi'bh the crude enzyme, Uo2 ng protein/mls The

. sontrol’ vessels contained 8 micromoles . of inorganic phosphate/ml.- The

. yeapbion mixtures were :incubatgd at 37 C. The initial pH wes approximate=

iy 7000 .
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a reducing sugar, and glucose-l-phosphate, a non-reducing ester.
| Cellébiase activity was also estimated by the decrease in cellobiqéee
-.In order to determinq the decrease in cellobiose it was necessary first
“to remove any glucose which might hawve been formed. Glucose was removed
by incubatiﬁg aliquofs of the reaction mixture with equal volﬁmes of a
crude glucose oxidase ﬁreparation for 15 minuteés at 37 Co The amount
of ecellobiosge theniwas determined colorimetrically. No sighificanf
dgcreése in cellobioée was detected in_the reaction hixtures containing
cellobiose with either the burified or the crude engyme (table II, part 2).
There was, however, a significant decrease in tﬁe amoun@ of cellcbiose in
the control vessels containing inorganiclphosphate. In the control vessels
with the pﬁrified enzyme l.6 micromoles of cellobiose per ml were decomposed,
-and‘with.the crude enzyme 3.3 micromoles of cellobioese per ml were decoﬁ—»
posed. Cellobiose. presumably. was decomposed in the control vessels by
phosphorolysis. '

The amount of celldbiose which dis#ppeared in the reaction mixtﬁres
(té?le II,.part 2) was approximately equal to the amount of inorganic
phosphate which disappearedl(table IY, part 3)s This indicates that
cellobiose %as decomposea by phosphéfolysis and not hydrolysis.

Tt is concluded -that Phere was no cellobiase activity from either
the purified or the crﬁde engyme preparations. No significant increase
in the number of redﬁcing groups resulted when thé enzyme preparations
© were incubated with cellobiose (table II, part 1) which suggests that
there'was‘no cellobiase activity. Morééver, there was mo significant'

decrease in cellobiose when the enzyme»preparations were incubated with
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éellobiose (table IT, part 2), which further indicates that there was
no cellobiase activity.

These eéperiments showed that the purified préparatiéns were frge
from known interfering substances. With this accomblished,'it was
poséible_to make a quaﬁtitative study of the changes in products and
.‘reactants of the celloﬁiose;phosphorylase reaction.

a8

'Analyses of the products and reactants g{ cellobiose phosphorolysis,

An experiment was,designed to determine the amount of change in thé
products and-reactants from the phosphorolysis of ceilobiose,‘ 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 interﬁals (figureﬂl.)° The reaction apparently
reached equilibrium within 60 minutes. |

Aﬁalyses of the products and react#nts,of the reaction indicate that
equim&lar quantities of glucose and'glucose-l~phosphate were formed from
cellobiose and inorganic phosphate (table TIT). Furtﬁermore; the molar
quantities of cellobi&se and inorganic phoéphate that were ﬁtilized were
approximatelylequalﬂto the molar quantities of glucose and glucose-1~
phosthate formed in the }eactiono It is concluded that only glucose and
glucose~1-phosthate are the producﬁs éf cellobiose phosphorolysis.

Analyses of the products and reactants of c@llobiose synthesis,

From the preceding experiment it seemed likely that equimolar quantiﬁies
" of cellobiose and iﬁorganic phosphate would be formed froﬁ glucose and
glucose-1-phosphate. Furthermore, the amount of cellobiose and inorganic

phosphate formed in this reaction would be expécﬁed to be equal to thel




Minutes

Figure 1. Disappearance of inorganic phosphate during the phos-

phorolysis of cellobiose. To each ml of reaction mixture, &

micromoles of inorganic phosphate, 10 micromoles of cellobiose,

and purified cellobiose phosphorylase were added. The reaction

mixture was buffered with M/IW barbital-acetate buffer, pH 7.0,

and iIncubated at 37 C.
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' TABIE IIT

Analyses of the products and reactamts of celloblose phosphorolyalae

Micromoles/ml
( Initial Finsl - Amount of Change
Cellobiose _. 15 , 10.h4 '“heé
Inorganic phosphate 10 6.1 | 23,9
Glucose«l—phosphate 0 3.9 ’ : %.3.9-

Glucose L o . Lo 2 . © 4 b2

-The reactioﬁ mixture was the same as in figure 1. |
ém?unt of glucose and giucosé—1—phosphate utilized. This was investi-
gated by measuring the 1iberation of inorganic phosphéte in & reaction
mixture containing enzyme, glucose and glucose—l—phosphate as shown in
figure 2, Equilibrium apparently was reached in about 60 minntes.

Analyses of the products and reactants of thls_reaction are’
summarized in tabie IVo The molaxr quantities of cellobiose and
in;rganic phogphaﬁe formed in the reacfibn are equal to the molar
quantities of glucose-l-phosphate and glucose nhili;zed0

| TABLE IV

Anaiyses of the products and reactants of cellobiose synthesis.

Micromoles/ml A .
Initial’ ' . Final Amount of Change
Cellobiose e " 5.9 | £ 5.9
Inorganic phosphate 1.1 . . 69 %,598
'Glucose-l-phosphate " Teb - 1.8 .. - 5,8
‘Glucose : 10.0 s ' - 5.5

The reaction mixture was the same as in figure 2.




in micromoles

inorganic phosphate i

Liberation of

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 1.06 micromoles of inorganic phosphate. The
reaction mixture was buffered with M/70 barbital-acetate buffer,

pH 7*0, and incubated at 37 C.
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Therefore, the phosphorolysis of cellobiose can be reversed resulting
in the synthesis of cellobiose from gluccse and glucose-1-phosphate.

Equilibrium constant of the cellobiose p;iogphonylase reaction.

In the experiments shown in figures % and 2, it appsared that the

reaction had reached equilibrium because thére was no further change

in the amount of :!.norgaz.nie ‘phosphate. However, of;her factors could

have stopped the reaction such as inhibition by the products or in'actimi-»

tion of the ensyme. If the tfue equilibrium had been reached, the sams

equilibrium constant sh'ould have been obtained whether the reactante were

cellobiose and inorganic phosphate, or glucose and glucoae-l—phosphateé ‘
The equilibrium constent (X) was caleculated from the molar |

quantlities of products and rea&i;ants at the end of the reaction according ‘

to the following equationg |
k¢ = (glucose)(glucose-1-phosphate )

(cellobiose ){inorganic phosphate)

- From the data in table IfII, K was found to be 0.26, and from the data

in table IV, K was found to be 0,20, These two values for the equilibrium
constant are in fair agreement aﬁd are within the limits of expei‘imenta,l
error. Therefore, it is co‘ncluded that équilibrium was .rea;:hed in both
reaction mixtures.

"In another experiment the enzyme was iz;cubated with appreximately
equilibr;‘.um a.moﬁnt’s of cellobiose, inorganic phosphate, glucose, and
glucose~l-phosphate. The purpose of this experiment was te determine
if any interfering reacti:ons could be detected. The results in tabls V

show the initial and final amounts of the producté and reactants. The
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equilibrium constant calculsted from the data in table V is 0.25. o

" Apparently there were no significant interfering reactions.

TABIE V

Analyses of the producté and resctants of a reaction with purified

-cellobiose phesphorylase, and approximately equilibrium amounts of -

cellobiose, imorganic phosphate, glucose, and glucose~l-phosphate.

i cromoles/ml
Initial F:Lna.l "~ Amount of Change
Cellobiese 7.8 7.8 0
Inorganic Phosphate 7.8 7.5 | -0 3
Glucose | . 7.5 7.5 o _ | 0
Glucose-l-phosphate. 1,9 | 1.9 "

The reaction mixture was buffered with M/zao'barbitail-acetate buffer,
PH 7.0, and incubatéd for 30 minutes at 37 C. .

- In several other experiments the equilibrium cenétant was estimated
by determining only the change in inorganic phosphate. In these experi-
mepts it was assumed that the reaction had reached equilibrium if the - '
last readings. sh&wed no i‘ufther_ change in inorganié phosphate. The
data of these and the previous experiments are summarized in table VI.

In the experiments in which only the change in inorganic phosphé.te
Wés measured it was assumed that equimolar quéntitiés of inorganic
phosphai:e,' cellobiose, glucese, and glucose-l—phosphate reacted. This
assumption is supported by the data in tab?.es ITT ‘and IV, which indicate
that equjﬁnolar changes in thg products‘ a.nd reacté.nts of the reaction

occurred.




g
TABLE VI

Sumnary g{_equ;;ibrium'aaia for thé caildbiose phosphorylase reaction.

Exberiment Equilibrium. Source of Data - Direction of
number Constant . . Reactiom*
1 0.26 Table TTI Forward
2 0.20 - ' fTable IV ' Reverse
3 0028 . Table V " Near Equilibriwm
h 0,22 Pi detérminatiomtk Forward
5 0;25 Pi determination Reverse
6 0,22 " Pi determination Rs?émsé
7. |

0,20 Pi dﬁtepminéﬁion - . Forward

Average 0023
# Inthe forward reaction the reactants were cellobiose and imorganic
phoéphate; In the reverse reaction the reactants were élucose and
. glucose-l~phosphate.
e P = Inorganic,Phdsphﬁ%e.

Only a slight change is made in the calculated equilibrium constant
by includiﬁg the last 4 experiments in table VI. The average value of
the e&uilibrium conétant for all 7 experiments is 0.23; the average
vglue of the equilibrium constaﬁt from the first 3 experimemts is 0.2},
Therefore, it appears that the true equilibrium constant for the cello-
biose phosphorylase reaction is approximately Q.230

It has been sﬁawn that the molar quantities of glﬁcose and glucose-l1-
rhosphate formed in the phospﬁorolysis of cellobieose are equal to the
molar quantities of cellobiose and inorganic phosphate utilized. The
reaction is revergible, for equimolar quantities of celloblose and.inorr

ganic phosphate are formed from glucose and glucose-1~phosph ate.
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Thesé data confirm the prev:n.oua work w::th collobiose phosphomrlase B
C(siny 1955, S5ih and lcBse, 1955% 1955b, ard 5ih ‘b al.s 1957) a.nd"
mdicate tha:b their results wera dure to ’r,he ace‘oa.vity o:ﬁ‘ one enz;ymeu
I is concluded ‘that the équation for the. cellobiose phosphoxylase '
reagtion isr _ " o
Cellobiose £ :r.norganic phOSpha‘be = glueose £ alphaaglucasemlephwph&beo

 Fres eﬁeiv@ha;!.culatioﬁsp The information froin which the free

énergy change of the cﬁélio'bﬂlééé’ io}iosph&'yiasé rééé'ﬁidn 'éﬁd the froe
energy eonﬁexrb of cellabi@se dan be calculated could ok be :ﬁ'ound in
' 'bhe lz.teraﬁurea Howeverg the- i'x'ee enexvgy changé éould ba czalculated
‘once the equilibrlm consbant of the cellobiose phosphorylase reaction

- héd boan detemined, With ‘the value of 0,23 For the squilibrivn condtant
s j‘the standard f:v.*ee energy change for -the ‘eeilobidse phosphonylase reaction

‘AFO mRT ink o 880 cal

Whers A FO = changs ih é%’é.ﬁde}'r;d free enérey

‘gaé Gohstant (1.987)

T’w absolute temperature (29891)
K =023 R
The shandard free ei*iéz}gy change ?ox‘*‘ *Ehé'phbéﬁhqﬁdiﬁrskié oi'_ cellobi=
ose was -e's;brimé‘béd‘ %0 lbé about 880 ‘ggi:;" ‘The' teémperature ai which the
expériments were conducted was Hooub 310 &, Us:mg this value in the
" equation the fies energy changé g ébb'ii%_gio cal, In Ehe Eollaw:i:ag
- céléulé%ioﬁ;_é 'a valie of 900 ¢al will bé used for ‘the standard i‘féé'
dnsigy chénge of the reactions ’

e
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 The stéﬁdard free ener;gy of hy&ir':élysis of cellobiose. can be
estnmated by adding tha i;we equatmnm _ S |
Gal?ia‘bmsa i APOY=2 ‘Glucoss £ G}urﬁsmmluphesphate AF° = 900 cal
Gluq_cseulaphospha%a #-HEO' < Glucoss % *;.P&;_;-{E ‘ATFY & =1;800 sl

Cellobiose ,! ng = 2 Glucasa AF"" = @39900 cal ‘

_ %'c_' The value foz‘ 'bhe fz'ee energy oi’ hydrolysis of glueose«-l»ph@Sphate

wag taken fmm Burten and Kvebs £1953 Yoo

~ The s-bandard wee energy o:t‘ ?oma-bmn of cellobiose was estﬁna‘ced
to be n37852 k. cal.. In this calculation -bhe svbandard £r06 energy of
femation of glucase (a219038 k eal) and wa:tex‘ (“”566 69 k cal) Were taken

from Burbon and K.fe'bs (1953 )o These values are for s{;andard conditionso

An addltional ermr vias :‘intrac}aaed in%co the calculatlons by assummg

‘ tha't -bhe equilibriwn canstant was the same s:i; 298 A as a‘t 31(3 Ao

'J?he equilibriwn censtant ;E’or the cello‘bmse phosphorylase reac'bion
appeazos to be the same as the equilibrmm constant o:r. the malbose
phosphorylase reaetiono The equilibrmm eonstan‘b 9. K = (maltose)(phosphate)
/ (glucose)(betamglucassdmphosphate) 5. Wag fcmnd to, be hoL (F:.tting and.
Beuderof;,, 195213)9 or 1/K = 0.23 which is the sane 85 the equn.libz'imn

constanu fox‘ the phosphaz‘alys:e.s of cellobiose,. From thiﬂ' equilibrium

: constant the free eneygy of derolysis af mal’c.GSe hag bean estimaﬁed to

be approxmatel;r «hsoee calories (Kalckar, 195 )o + This estimstion is
quite close to ﬁhe -==h,,,200 cal for the :cree enex'gy of rhaltose est:.mated by
Burtcm and Kraebs (1953),, and the ==3,,900 calories estim%ed for, tha free

energy of hydrolysis of cellobiose in the present worko.
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 In estimating the free energy.of hydrolysis of maltose, Kalckar
aasumed that alpha-glucose-l—phosphate and beta—glucoae—l—phosphate
héd about the game free energy of hydrolysis. If this assumption is
corract then,cellobiose and maltose would be expected to have about
the same free energy of hydfolysis.' These results suggest that the
configuration at thenC~1 atom makes 1ittle difference in tﬁe energy
level of cellobiose, maltosge, alpha-glucose-lrphosphate, or beta-

glucose-l—phosphateo

+ Bo Properties of cellobiose phosphorylase.

The following experiments were designed to define some of the proper-

-ties 6f celloblose phosphorylase. . In these experiments the effect of |

hydrogen lon concentration, temperaﬁure, inhibitors, and the specificity

of the enzyme were studied.

-~

The effect gg.hydrogen ion concentration on the activity of cello-

biese.phosphorylase° The effect of hydrogen ion concentration on the

' activitj of eellbbiose phosphoryldée'was determined by meaéuring the

amoﬁnt of activity at different pH values. Reactien mixtures, varying
only in pH, containing purified cellobiose phosphorylase, cellobiose,

and inorganic phosphate were incubated at .37 C. The uptake of inorganie
phosphate was measured in order to indicate the amount.of enzyme activityo

In these experiménts the reaction mixtures wers buffered with M/70

barbiﬁal—acetate buffer. Soiuﬁions 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.
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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 of the reaction.

The optimum pH for activity of the enzyme is about Ts according to
the results in figure 3. The enzyme 1s active over quite a large pH -
range; activity ha¢ been detbeted at pH 4.6 and at pH 8.1, however, no

activity vas observed at pH k4.1 or at PH.8.7. The activity was not

- measured between pH L.l and 4.6 or between pH 8.1 and 8a7s

Difficulty was encountered in determining the optimum.pH of the
enzyme because there was veny 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 aynthesis instead of

the rate of phosphorolysis of cellobiose.

The effect of temperature on the activity of cellobiose phosphorylase.
én ekperiment was designed to determine the relative activity of cellobiose.
phosphorylase at temperatures between 20 C and LO C. Difficulty was en-
countered in determining the relative activity in thie.temperature range
within a single incubation period. A short incubation period (about 10
minutes) was needed to approach initial rate conditions at Lo C; however,
the amount of activity occurring at 20 C in this time 1nterval was go |
slight that it could not be measured accurately. Therefore, it was nec-

essary to vary the time interval as well as the tenperature, 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 reflativ,e ‘activity at d:‘ufferén‘b ’oempératuresa

The z'elatiVe activity of cellob:iose phosphorylase at diffevent
- temperatures is shovm 4in 'bable VIL, According ta ‘the résmts the - ‘Ao
betweon 20 and 30 C is 2,2, Whereas betwsen 30 G and 40 C he Q1 is
2;50 Thig discrepancy is probably due to expsrimental error. On the
basis of these data #nd the ¥esults of other experiments it is concluded
-E;hs:h “the Qlf) v‘élue of cellobiose phos’phoryia?ae is about Qoho This value
of 2.1 lies well within the rangs. of 1o3 t6 3.5 for the Qg value of
Hosh enaymes (SiZer, 1943 ).

. BIE VI

The activity of cellobiose phosphorylase at differvent temperatures.
Temperatures and Inqubatﬁ.on Period

. o 20 & 4O min 306 20min 4O € 10 min
Disappearance . of . 0.66 " 0.T2 0,91
inorganic phosphate :
. in mieromoles/ml A - _ )
D:o.sappearame of 0,016 0.036 00091
morgam.c ‘phesphate
in micromeles ml/mn o S _
Bach ml of veaction mixture eonta:‘ined purﬁied cellobiose phospherylase,
(2 mg pmtem) 15 micromoles of cellobiose; 7.5 mi¢romoles of inorganice

phégphate, and 1 micromole of. etkwlenédiaminebe‘traacetia ac:i’.da ,

The effect of pechloromemuribenzoate on the activi*b;g; of cellobwse

. phosphorylase. Maxw enz;;mes are known ﬁo contain sulfhydryl groups

(Tauber, 1949), Sulfhydryl groups which are essential :t‘or *bhe activ:v,ty
of enz;ymets mey be 1ocated near r,he s:«:ﬁe of Substx*ate aﬁtachmen'b or may

a¢tively pavticipate in the reaction (ngi_lands and, Stumpifg,‘l955 Jo.
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- . An experiment>wﬁs conducted. to obtain evidence of cellebiose phosphorylage

having an essential sulfhydryl group. For this purpose, p-chloromercuri-
bepzoate,was selected'as an enzyme inhibitor because organic‘mercurial
csmpounds are the most specific rsagents for sulfhydryl groups (Boyer,
195k ). Furthermore, p—chlorsmercuribenzoste combines reversibly with
cysteine or glutathione (Barron and Singer, 1945 ). Cysteine and
glutathione apparently compets with the sulfhydryl groups of enzymes
for pnchlepomercuribenzoata,

Cellobiose phosphorylase activity was complétely inhibited by 2 X
1075 Mor kX 1070 M p-chloromercuribenzoate, whereas 1-X 10~ M -
chloromercuribenzoate caused about 50 per cent inhibition (tabla VITI),

The inhibition by péchloromercuribenzoats was reversed by cystéihe°
The enzyme retained practically all of its acbivity when 1 X lO"h M
cysteine was added along with 1 X 105 u p-chloromersuribenzoate° About
25 per cent of ths.activity wasg retained when 1 X 1o‘h M cysteine was
added along with 2 X 105 M p-chloromercuribenzoate. Presumably cysteine
exertsd its protective effect by competing with sulfhyﬁryl 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 °f AgNO; on the activity of cellobiose phosphorylase.

That an essential sulfhydryl group is present in cellobiose phosphorylass
is further supported by an experiment using AgNO3 as an inhibitor. Tt
was found that AgNO3 completely inhibited the activity and that this

inhibition could be reversed by cysteine (table IX)., 1 X 10~k M AgNOB'

e
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TABLE VITI

The effect of p—chloromercuribenzbate on the activity of cellobiose

‘phosphorylase.
Molarity of Molarity of Miromoles of ‘ Per cent
p-chloromercuri- Cysteine inorganic phosphate inhibitien
benzoate : liberated/ml
0 0 1.2 o 0
1% 1075 0 0.7 k2
2 X 107 o 0 100
b X 1070 0 o0 100
11105 1xa0h | 1.0 7
2 X 1075 1 ¥ 107k | 003 _ 7

Each ml of reaction mixture contained purified cellobiose phosphorylase,
(2 mg protein), 15 micromoles of cellobiose, and 10 micromoles of inorganic
phosphate. The reaction mixtures were buffered with }M/100 barbital-acetate

buffer, pH 7.0, and incubated for 1 hour at 37 C.

completely inhibited cellobiese phosphorylase activipy. With 1 X 10"“ M

AgNO3 and 1 X 1071 ¥ cysteine only slight activity was obtained. However,

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

AgNO,, for with 1.X 107" M AgNO3 and 1 X 1072 ¥ cysteine no imhibition was
obtaingada The inhibition by AgN03 presumably resultea from the silver ions
combiﬁing with sulfh&dryl groups of the enzyme.

The results of another experiment conaucted under essentially the
same conditions as those summarized in tables VII and VIIT indicated that
. 1 X 1074 M merthiolate (sodium ethyl mercuri thiosalicylate) completely
inhibited cellobiose phosphorylase activity. This experimént provides

. further evidence that ‘cellobiose pho;phonylase.contains an essential
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Table IX

The effect of silver nitrate on the activity of cellobiose phosphorylase°

Holarity Molarity Disappearance of Per ‘cént
of AgN03 of cysteine inorganic phosphate inhibition
‘ (micrcmoles/ml)

0 0 2,9 ' -
1x 107k 0 0 100
1% 10k 1x 1076 0.1 97
1X 107k 1X 107k 003 on
1X 107k 1% 1072 3.0 0

0 1% 1076 2.7 7

0 1% 1074 2.8 3

0 1X 1072 2,7 7.1

Each ml of reaction mixture contaired 15 micromoles of cellobicse,

10 micromoles of incrganic phosphate and purified cellobiose phosphory-
lase (2 mg protein). The reaction mixtures were buffered with M/100

barbital-acetate buffer PH 760, and incubated at 37'C for 1 hour.

sulfhydryl group,

IEE effect of phlorizin on the activity of cellobiose. Pphosphorylase,

It has been found that phlorizin inhibits muscle phosphorylase (Cori et ale,
1939 and 19&3) and sucrose phosphonylase (Douderoff, 1943). Thus, it was’
of interest to determine the effect of phlorizin on cellobiose phosphory-
lase. About 50 per cent inhibitlon of cellobiose phosphorylase activity
was obtained with 5 X 1073 y phlorizin but there was hardly any imhibitien
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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Approzimately the same concentrations of phlorizin were required to
inhibit cellobiose phosphorylase as were required to inhibit sucrose
phosphorylase (Douderoff, 1943).
|  TABIE X
The effect of phlorizin on thevactisity of cellobiose phosphorylase,

Phlorizin Uptake of inorganic Per cent
M X 103 " phosphate in micromolas inhibition
per ml, : .
0 1.5 -
1.25 ‘ o 1ok 8
2.5 1,2 - 21
5.0 0.6 : 86

Each ml of reaction mixture contained 15 micromoles of cellobiose, 10
micromoles of inerganic phosphate and purified ecellobiose phosphorylase
(2 mg protein), The reaction mixtures were buffered with M/10¢ barbital—
acetate bmgfsiagH 7.0 and incubated for one~hour at 37 C.

The effect of glucose on cellobiose phosphorolyais. Sih (1988)

reported that cellobiose phosphoroly31s was inhibited by glu.coss° He
observed 1ess phosphate esterification in reaction mixtures with glucose
included than in reaction mixtureS'without added glucose, However,

Sih did not rule ost the possibility that the decreased esterifioation;
of phosphase in the reaction mixtures coniaining added glucose resulted
from equilibrium being reached.

| The following experiment was designed to detemmine the effect of
glucose on cellobiose phosphorolysis. In order to rule out the attain-
ment of equilibrium as an explanation for the effect of glucose, the

reaction was stopped before equlllbrium was reached,
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To a geriss of react-:i.oﬁ mixturésg containihg the sanie, amoun't of
'enzyiﬁe and inor‘gaﬁié phosphatéy varying amounts of ée;iléb;.bse and
glucose weré ddded. ' For éontz;éis} sﬁnﬂéﬁ-wé&é’cﬁiéﬂ ‘ﬁﬁ:d;ﬁ're‘s'i‘ ¢ontain=
mg o addéd glucose were included in the experunento The Lotal voiume
of” each vedoti.on mixtute’ was. one wls ‘The attalment c:f equll:v.briwn
" was prevenﬁed oy stopplng 'bhe reacbion after a 20 m:.mz‘be a.ncubatn.on |
period by $hdctivabing the enZyme 418 voiling Wabsr bath, )

‘Tt was’ found ‘that glucose irmi'bited celloblose phosphoralysisq' ’

"'In"'a #edetion mixburé ec’int;‘ainihg"?;S’mn.creméles- sdch ‘of #6110bios8 and

glnéose the actlvi'hy was only 17 per cent of that’ in b. simllar
feéction mixburs &ozrbaming 1o addeél glucose (table Xi) “When ﬁhe amount;

of glucose was doubled , (15 mmromoles), no- enzyme aetivi*c,y Was detectede

. In'the reaction mixbures conta_wvin:v.-ng 15 micromoles of cz_allo_biose about

Y73 pey éérrb inhibition was eéizséd by the addition of 7.5 micronoles of

gluccse, whereas the addiﬁz.on of 15 mn.cromoles of g“ucase GOmpPL ebely
mhiba_:hed the &ebiv:v.tyq Tn 'bhe fgagtlor; mi&bqra containing 30 i o
moles of ¢ellobiose about 75 per cent inhibitién rosulted fxom tha
addﬁj;ion af T8 mieramoles of glucase and §2 per cént inhibitién from 15
wicrdnoLes of gludoseo | '

Theve' is goine indication thel incressed siounts of cellobiose were

' able partially t6 ovéreons the 'ihhibi‘%;ipfx o8 glucose, which suggests

that glucose i & compebitive inhibitors "'I‘ﬁé'j;?éefs"éd 'émdﬁh'bs" bf ecllobiose

“wewe sble bo overcoms in park thé imhibition of glicose’ except. in the

‘?;eaé'bi()l} mixbure with 30 miéf‘dﬁoleé of ¢sliobiose and 7.5 miceomoles of

glucose, In this veaotion mixbuid the activilty was sbout the some as
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in a similar reaction mixture containing only 15 micromoles of glucoese.
TABLE XTI

The effect of glucose ég cellobiose phosphiorolysis,

Mieromoles/ml ‘
Added to reaction mixture Uptake of inorganic - Per cant inhibition
Gellsbiose Glucose phosphate .

7.5 o - 147 I -
RXTE N 0.25 83
To5. 8.0 o | 100
. 18.0 0 1.73 -
5.0 7.5 ©0.h7 | 73
15,0 | 15,0 . . .0 . ] ) 100
30.0 | 0 . 2,22 ' e
30,0 7.5 . 0.58 o 75
30,0 15.0 ] . 0.40 | ' 82

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

incubated at 37 ¢ for 20 minutes.

It is concluded that glucose inhibits cellobiose phosphorolysié°

- The decreaséed uptake of inorganic thosphate in reaction mixtures con-

taining added glucose can be attributed to glucose inhibition because
équilibrium.was not reached in any of the tubes. The reaction mixture .

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

" to be reached was the one containing 15 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 thg amount of uﬁtake of inorganic phosphate in
aﬁy of the reaction mixtures with added giucose did not even”épproacﬁ
1l micromqle, the possibility that equiliﬁrium was reached is excluded.

The inhibition of céllobiose phosphorylase by glucose is an example of |
.anenéyme being inhibited by a product of the ;eaction'which it catalyzes.
Similar results have been obtainsd with other phosphonylases, in which
glucose inhibits the enzyme and also is a product of phosphorolysia

(Green and Stumpf, 1942; Gor1 et al., 19h43; and Douderoff, 19)43)°

The effect of NeF, (NH! )80, , NaCl, and MgSOl on the activity of

cellobiose phosphorylase. ZE% is well known that magnesium stimulates

the activity.of certéin enzymes (Lerdy, 1951). Magnesium sulfate was

added as an enzyme activator by ‘Sih (1955) in his work with cellobiose
phosphorylase, however, no evidence was presented to shcw that the

énzyme was activated by magnesium sulfate. In the follcwing experiment
the effect of magnesium sulfate on the activity of cellobiose phosphorylase
was investigated. With concemtrations of 0.0 M or 0.02 M magnesium
éulfate there was about 15 per cent inhibition of the activity as shown

in table XITI. These data indicaée that increased amounts of magnesium
sulfate have little or no effect on the activity,. .‘ '

If magnesium stimulated cellobiose phbgphonylase activity, it might
be expected that the enzyme would be sensitive to fluoride, for Warburg
and Christian (19h2) have shown that a magnesium fluoro-phosphate complex
is formed which may render magnes1um unavailable for an enzymee 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
NaF, whereas 0.2 M NaF almost caapletely inhibited the activity (table

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

fluoride because equal amounts of NeCl caused little or no inhibitiono
"TABIE XIX

The offect of NaF, NaCl, (BlH, ),SOL" and gSO! on the acbivity of cello-

biose B_osphorylasm

Compound Molarity - Uptake of inorganie Per cent

added phosphate in micro- , inhibition
moles/ml

None IR 2.6 | . -
NaF . 0.1 1.9 21
NaF 0.2 0,22 | 95
Nacl ‘Ge 1 _ 2.40 3
NaC1 0.2 222 | 10
()80, 0.1 | 2,22 10
()80, 0.2 2,19 u
MgSo), 0.01 2,06 16
MgS0), | ' 0.02 - 2,10 - 15

Each ml of reaction mixture contained 15 micromoles of cellobiose, 10
micrcmqles of inorgeanic phosphate and purified cellobiose phosphorylase

(é mg protein)._ The reaction mixtures were buffered with M/100 barbital-

. acetate buffef, PH 7.0, and incubated for one hour at 37.C.

Although increased amounts of magnesium sulfate did not stimmlate

cellobioSe phosphonylése activity, the possibility that magnésium activates
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the enzyme is not excluded. If only traces of magnesium are needed
it is possible that.sufficient amounts for aetivation were present in.
the reaction mixtures becaﬁse 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 activ1ty of cellobiose

phosphorylase was investigated because Cori et al., (1943) found

" that musecle phosphorylase was inhibited by ammonium eulfate. It was

especially importamt to comsider this inhibition because the purified

cellobiose phosphorylase preparations contained a small amount of

.ammonium sulfate which was carried over from the purification pProcedura.

Cellobiose phosphorylase was not inhibited significantly by 0.l M or
0.2 M ammonium sulfate as shown in table XTI, Thus it seems likely
that the small amount of ammonium sulfate in the puiified ehzyme pre-
parations did not effect the activity.

Specificity of cellobiose phosphorylase. In studying the specifi-

city of'cellobiose'phosphorylase, 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 '
determinede Experiments were ccndqcted to determine the specificity of
cellobiose phosphorylase for beta~glucose~1-phosphate and arsenate,

1) The synthesis of disaccharides. Bacterial phosphorylases have

been shown to catalyze the synthesis of a number of different disaccharides.

Sucrose phosphorylase catalyged-the synthesis of five different disacchar;
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ides (Hassid énd Douderoff, 1950). Evidence thét maltpse phosphorylase
cataljzed the.Synfhesis of glacﬁéylrn—xylose, as well as'méltose, ﬁa@
presented by Fitting and Douderoff (i952b)° Thus it appearéd that a
study of the ébility of céllobiose phosphénylasé'to catalyze the
'synthesis of disaccharides would be of value. Cellobiose phospﬁor—
ylase apparently is able to catalyzme the synthesis of several diffefent
disaccharides. When.thé enzyme-was incubated with glucoseQI—phosphate
and glucose, D-xylose, I~xylose, 2-deoxyglucose, or glucosamine, inor-
ganie phosphate was 1ibérated (table XIII),: This liberation of inorganic
phosphate suggeéts that the following reactions are catalyzed by celle-
biose'phospﬂorylase: | '
D-glucose # glucose—l—phbspﬁate = glucosyl-D-glucose # inorganic phosphate
D-xylose £ glucose-l-phosphate = glucosyl-D-xylose # inorganic pﬁosphate |
I-xylose # glucosé—l—phosphate = glucosyl—i—xylose # inorganic phqsphétg
2-deoxyglucose %"glucose—l—phoéphate = gluéosylAD-deoxyglucose # inorganie
phosphate ) ‘ X '
glucosamine # glucose-1-phosphate = giucosyereglucosamine # inorganic
phosphate. ' -

| Chromatography appeared to be a convenient methed to obtain confirmative
. evidgnce that disgccharides were formed from.D-xylose and eryiose. It
appeared that small amounts of the disacdharides could be éeparated ffom
thé monosacchgrides.in the reacfion mixtures by this method. Since the
pentosé—containing disaccharides would be expected to be closely related
to cellobiose, it Seemed likely that their mobility would be approximetely

the same as cellobiose,
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TABI& X,LII

Zibex'ac.ien of J.aoz‘max:ie phwsPhata when eellabmse phosphwvl.:,se wag

- inoubated with glucos ew'#@phasphaua and variaus»mhez* cemgaundsq

Compound  Micromoles' of; imrganie phosphate liberated/mi

Exptq # T adcled - _ 1 hee 2 hy,
i B«-gluct)se' N hoho L gem
1 De=xjlose Lo s 3.6) 5231 -
1 Imitylose = liodhy 587

o1 . 2=dooxyglucose . - . 2535 - . b BakB
1 glugonate - ' ‘ 0oLl 0,22
. glileuronats, o .22 0

-1 giucesem&phos,phate C 0e19 0019
2 Daglucose : o35 "5:63
2. Dexylose - - . -hi08 ;o -Bi80
2 Texylase 3.9% © BsBB
2 D=pibose 0 0.13
2 D=goprbitol . . 0,03 .10
E LA ¢ - : - |
3. " Depgludose x - . ho37 5.3h
3 . delbé=gluconolastone: =. o 052
3 © glucogamine” " 103?'8 360l
3 . N«»aaetylglucosamine o - Q32
hoo 'Dsglucese Lo ‘5933 R CBe37 -
N 2«=dee§cygluco$e ‘ ' 1:.1;0 2,69
b glucosamine S Los 1.6h
5% Deglucose - . 1095 .79
5 I=aprabinese o g

5. D=xylose. L Lo 0031: 0,71

N I=fructose - 0
g . Degalactose S - 0
5 Demannose ‘ Oo 10‘ o

b © Neapetylglucosdmine . - ' o 330 .
5 2=demqvg1ueose 0o31 Go'?l

i The enzyme preparation used in experlment S was far less active ‘
“than-those used. in othey: experimentse. . = - R .

T . -Ih experiments 152‘939 ‘and 5, ehch ml of veagtion m.r.xwre contained
. Taéh micremeles of gluc@sealmphaspha’se and 15 ‘mieromoles “of ‘the come="
 pountl’ beiny tested: £or achlvity. .in ‘oxperiiient” by éach nl' of réachitn
. mixtupe conbtained 11.5 micromoles of glucose=t=phosphate and 10 miéro
molés” of the' éompound béing tested. One micromole of ébthylenédiamine=
tetrascetic agid was added to sach ml of reaction mixbure.




59
' The aniline-acid-phthalifé.. color reagent, developed by Barr (195&),

appaared to be suitable for detecting pentose-containing disaccharideso
With this solvent a reddish—pinkncolor develops spontansously with
pentoses but not with hexoses. Sinbe the pentose constituent of the
disaccharides was expected to occupy the reducing portion of thﬂ
molecule it seemed likely that the pentose~containing disaccharides ‘
would develop a color similar to that of free pentosese By héating
the chromatogr#phs, hexoses develop a brown color:%hich ié distinguish-
able from fhe reddish-brown color shown by.pentoses after heating.

Chromaﬁographs of réaction mixtures, made after incubating
cellobiese phosphorylase, gluooée—l—phosphate, and b—xylose or Ip‘
Xylose; indicated that disaccharides with pentose constituents had bogn
formed. & representation of these chromatographs is shewn in figure h
Reddish-pink spots were observed from compounds with Rf values slightly
greater than that of cellobiose and about one~half the Ry value of D~
xylose or L-xylose. These reddish-pink spots presumably were due to
disaccharides with pentose constituénts. Upon heating at 110 ¢ for
10 minutes, the reddish—pink color changed to a reddish—brown color
simllar to the color of pentoses but distinguishable from the brown
color of_cellobiose°

It appears that there is considerable variation.in the ra?e of
syntheses of the different disaccharides. The rate of phosphate liber-
aﬁiog, and presumably dlsacqharide synthesié, was slower with 2-deoxy-
glucese and glucosamine than with glucose. The relative amounts of phos-

phate liberated in the first hour were 5.33 micromoles with glucose,




Chromatograph | Chrexnatograph 2

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

«0-1-P « glucose-1-phosphate

Figure U« Chromatographs of reaction mixtures incubated with cellobiose
phosphorylase, glucose-I-phosphate and D-xylose or L-xylose. The

lower spot on the left in chromatograph 1 presumably is due to gluco-
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 XIIl, experiment 1.
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1,40 micromoles With 2-deoxyglucose, and 1,08 micromoles with glucosamine.

If_2-deoxyg1ucose and glucosamine attach to the enzyme at the same
position as giucgase does, it might be expected that the reaction vd’ould
be slower with these compounds than with glucose. It seems possible
that a hydrogen group substituted for a hydroxyl group of the -2 atom,
as in deoxyglucose, could alter the rate of the reaction. Furthermore,
a more drastic substitution at this position, such as the a.niino -gro.@p

~of glucosamine, might be ’e‘xpected‘ to alter the rate of the reaction
more than would the substitution by a hydrogen group.

The rate ‘of phoaphate liberation with glucose appea.x"s to be
slightly greater than with D-xyloss or with L-xylose. It is doubtful,
however, whaether these slight differences in_ rates are significant
berause these data do ﬁbt represent initial rates.

' No significant. amount of inorganic phosthate was released when

the enzyme.was. incubated with glucose-i—phosphate and gluconate 3 |
glucuronate; glucose—é—phosphate s D-ribose, D-sorbitol, delta-glucone-
lactone, N-acetyl-glucosamine, I-arabinose ,‘i.;fmctose s D-galactose, or
D-mannose (table XIII). Thesé éompounds- appz;.ré_htly jare’ ﬁnabl,e- to accept
'I';hé'“ glgcosjrl moietj'_of 'glﬁcose-l—pﬁosphateo-

_2) The phosphorolysis of disaccharides. Cellobiose phpsphorylase

- was unable to catalyze the phosphorolysis of gentiobiose, salicin, lactose,
" or maltose for no significant amount of inb‘rganic phosphate disappeared when
the enéyme was incubated with inorganic phosphate and these sugars (table.

XIV). However, when the enzyme was incubated with inorganic phosmz;.te' and
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eelldbioge; a relatively large amount of inorganic phosphate disappearsd.
These results confirm the work of Sih (1955) with salicin, lactose and
_maltbseo
It seems likely that the enzyme would catalyze the phosphoroiysis
of the four new compounds which appear to have been synmhesized,. These
compounds, however, were not available in sufficient quantity for invee-
tigation,
TABLE XIV

The changs in inorganic phosphate ﬁhen;cellobiose phosphorylage was

incubated with inorganic phosphate and different disaccharides.

Change in inorganic phosphate (micromoles/ml)

Disaccharide 1 hour 2 hours
cellobiose | - 2,52 : ‘ - 296h
gentiobiose | - 0.25 - 02
saliein # 0.31 ' £ 0.1
lactose 0 £ 0.09
maltose . . # 0.25 ‘ # 0,06

Each ml of reaction mixture coﬁtained purified cellobiose phesphorylase,
15 micromoles of disaccharide, 7.5 micromoles of inorganic phosphate, and
1 micromole of ethylene diaminetetraacetic acid. The reédtioﬁ mixtures
‘were incubated at 37 G.

.3) Beta-glucose-l»phosphate. In the phosphorolysis of maltose,

which is an alpha—gluooside,.beta—glﬁcbse-l—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 cccura in the
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reé.ction° .Sih g& al., (1957) demonstrated that a Walden inversion |
. occurs in the cellobiose phoéphpnylase reaction by syhthesizing a
beta-glucoside from alpha-glucose-l—phésphate'and glucose. It was
found in the present investigation that beta—glucose—l—phosphate
.wag unable tp replace a}pha-glucose-l-phosphate as a glucosyl donor
in the synthesis of cellobiose. There was no inorganic phosphate re-
leased wﬁen cellobiose pﬁosphorylase was incubated with béta—glucose«
l;phosphate and glucose (table XV). However, inorganic phosphate was
liberated in a similar ¥éaction mixture containing aipha—glncoée-lr'-
phosphate instead of betaFglhcose—l—phospﬁatea These data confirm the
evidence presented by Sih et al., (1957),‘that a Walden inversion occurs
in the cellobiose phosﬁhorylase reaction.

k) Arsenolysis. Arsenate is able to substitute for phosphate in
gome phosphorolytic reactions (Douderoff, 1947; Gohn and Cori, 19L8;
Katz and Hassid, 1948; and Fitting and Douderoff, 1952b) resulting in
the arSenoiysis of the substrate. Theréfore, the ability of cellobiose
phosphorylase to catalysze the arsenblysis of cellobiose was investigated.

The arsenolysis of cellobiose presum;bly would result in the forma-
tion of glucose-l-arsenate and glucose. Glucose-l-arsenate is unstable
(Siocum and Varner, 1958) and spontaneocusly dissociates int$ glucose and
‘inorganic arsenate, Thefefore, the reaction would be the same as for the
hydrolysis bf.cellobiosg and 2 moles of glucose would.be formed per mole
of.cellobiose;.

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

nearly 24 micromoles of glucose were formed (figure 5). At equilibrium
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TABLE XV

Iiberation of inorganic phosphate ﬁhen cellobiose phosphorylase

was incubated with g;ucoée and betafg}ucose-lrphosphate or alpha-

glucose-l1-phosphate. , ) }
Micromoles of inorganic phosphate
liberated per ml ’ .
Reaction .
mixture Compound added 30 min. 60 min.
1 - alpha-glucose-1-phosphate 2,00 3.19
2 alpha-glucose-l-phosphate 2,32 3.27
3 beta~glucose-1-phosphate 0.15 0,07
b (Boiled) beta-glucose-l-phosphate  ~ 0,03 -0.09

Each ml of reaction mixture contaiﬁed purified cellobiose phosphorylase
(2 mg protein), 20 micromoles of glucose and 6 micromoles of either bet.u.-
glucose-l—phoéphate or alpha-glucose~l-phosphate. HReaction mixture #2
contained 10 micremoles of BaCl, per ml and served as a control because
the beta—glucoée-l—phosphaté solution contained a small amount of barium.
Reaction mixture #l was boiled at O time.:. The reaction mixtures were

buffered in M/1)0 barbital-acetate buffer, pH 7.0, and incubated at 37 C.

less than 5 hicromoles of glucose would have been formed if glucose-1-
arsenate were stable. It seems iikely that glucose-l-arsenate was formed,
but decomposed spontaneously.

Iﬁ a siﬁilar reaction mixture, containing phosphate instead of arsen-
ate, k.9 micromoles of glucose per ml were formed (figure 5). Only 3.7
micromoles of glucose per ml unid be expected to be formed'at equilibrium.
According,to the phosphate analysis of the same réaction mixture (table XVI)

2.3 micromoles of inorganic phosphate per ml were esterified. This
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. relatively large amount of glugose formed may have been due in part
to tjhe hydz‘*qusiis of eeilobi@se'-'by ‘c.he betaeglt-xcosidé;s'e in the gluéos‘e
ox-idase preparationo Cemﬂae’c.mm mx"e made for the betawlucsos:,dase
activn:bn hmvever,, ‘these correctmons nay .ﬂ@‘b have been adequa.teo
b Anethe:e reaation mixture con'bammg czellobmse phosphorylase and
ca:i.:l.e‘b:.mse9 but no arsenate or phospha.tta s Was mcubated under S'imﬁ.lar
condi’eionso The glucose ana.lysis indicated tha{, 3.93 micxvomoles of
glueose per m} were forme& in 'bh:.s x“eaction mixbuz'e (fn.gux'e 5 Jo.
mmatn.on of g‘lucose in this reaetion mlxi;ure mqa,y have been due -ho the ‘
‘be‘bamglucosidase p?esent in the glucose oxidase prepax*ationo

) In smte cf the small discrepancies the msﬂts oi‘ the az'senolys:.s
mpef*ment clearly m‘:i:n.cate 'Ehat. cellabz.ose phosphoxsrlase was able t6
catalyze -bhe arsenelysis ef cellob:.oseo

T TABI.E XVI ,

The dlsappearance of inerganm phospha,’c.e in g:_,reaemon mi:d;ure used as

2 control in the arsenolvsas expexﬂiimento

Disappearance of inorganic phosphate ’

Houid ) in mmrbmoles per nl
| 0.03 -
B S W
ey 2,12
g | a3
i3 o R

The yoaction mixture was the same a8 the reaetion mixturs in figuve 5,




Micromoles of glucose formed / ml

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 phosphorylase,( 2.5 mg protein)# The arsenolysis
reaction mixture contained 5 micromoles of inorganic arsenate / ml#

The phosphorolysis reaction mixture contained $ micromoles of inorganic
phosphate /7 ml. A third reaction mixture contained no arsenate or
phosphate. The reaction mixtures were buffered in M/100 barbital-
acetate buffer pH 7.0 and incubated at 37 C*
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' (C) The mechanism of the cellobiose phosphorylase reactiono

‘The mechanism of phosphorylase reactions has been postulated on the basis
of the exchange reactions catalyzed by.the enzymes. .Maltosé phosphorylase
is unable to catalyze the exchange between glucose—iéphosphate and inor-
ganic phosphate or inorganie arsenate (fitting and Douderoff, 1952b).
Furthermore, this enzyme does not cataiyze the exchénge between maltose
énd glucose. On the basis of these resﬁlts Fitting and Déudéroff
postulated that a maltose-enzyme-complex was formed in tﬁe reaetion.

That a‘Waldén'inversién oceurs in both thé cellobiosé and maltose
phosphérylase 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 exchaﬁge between glucose~l-phosphate and arsenate.
'If this exchange-occurred glucosé—l—arsenate would be formed which pre-
éumably would undergo spontaneous decomposition resulting in the formatior‘l.
of glucose and inorganic arsenate. It was fouhd that no significant amecunt
of free glucose was.f6rmed when the enzyme was incubated with gluqose-l—
phosphate and arsenate (table XVII).

It has been shown ﬁhat arsenate is able to substitute for pﬁosphate
in the decompesition of cellobiose (figure 5). Therefore, it might be
inferred that the exchange reaction between glucbse—l—phosphate and
inorganic phosphate does not occur because the eXxchange between glucose-
l-phosphate and'inorganié arsenate does noﬁ occure

The following experiment was condﬁcted in order to determine the

ability of cellobiose phosphorylase to catalyze the exchange between
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TABLE XVII

The formation of free glueose wheh celloblose phosphoxylase was

incubated with glucose-l-phosphate and arsenate.

Formation of glucose in micromoles per ml

Hours Glﬁcose-lsphosphate Gluéose-l—phosphate
and arsenate .
i 0.22
2 " 0,29
3 0.26
5 0.25
7 0.31
12 ' 1. oi | 0,52

Eacﬁ ml of reaction mixture contained purified cellobiose phosphorylase
(2.5 mg pfotein/ﬁl), and.38 micromoies of glucose-l-phosphate. One
feaction mix%ure céﬁtainsd S micromoles of inorganic arsenate per mil,
the other contained ﬁone° The reaction mixtﬁres were buffered in
M/100 barbital-acetate buffer and incubated at 37 C. Glucose was

determined by the method of Saifer et al., (1941).

cellobiose'and D-xylose. If this éxchange toék place, glucosyl-D-
xylose would bg/expeéted to be formed in the absence of inorganié phosphate
by reaction (a). |
(a) cellobiose # D-xylose = glucosyl-D-xylose £ glucose

In this experiment; if glucosyl-D-xylose ha& been formed in the ex~
change reaction between ce;lobiose and D=-xylose, presumably it could be

detected on & chromatograph. The anilinewacid~phthalisbs eolor developer
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| forms a reddish~-pink coler with. D-xylose and glucosyl-D-xylose but
'no color is formed with eellobiose or glucose before the chromatograph’
is heated. It was shown that no spét corresponding to glucosyl-D-
Xylose was formed in a réaction mixture which contained cellobioze
phosphenylase, cellobiose and D«xylose (figure 6),

s a control, another reaetlon mixture was included in the experiment
which differed from the above in that the reaction mixture contained
& small amount of inorganic phosphate. It %as reasoned that in the
presence of a small amount of inorganiec éhosphate the foIlowingzreactions
would occurs ‘

() cellobiose # inorganic .phosphate = glucose # glﬁcose-l—phosphate

(e) glucose~1-phosphate # D-xylose = glucosyl-D-xylose # inorganic phosphate
The inorganic phosphate liberated in reaction (é) presumably would be able
to re;ct again in reaction (b). Reactioﬁs (b) and (c) apparently digd

occur for glucosyl-D-xylose was detected on.tﬁe chromatograph of this
reaction mixture as shown in figure 6, .

The results indicate that a small amount'of inorganiq phosphate must
be present in order for glucosyl-D~xylose to be formed under these con~
ditions. Therefore, it is concluded that the'exchange'bet&eenlcellobiose
and D-xylose is not catalyzed by cellobiose phosphofylasea Likewise, the
exchange between cellobiose and glucose would not be expecte& to be cat-
alyzed bf cellobiose phosphorylase.

The.inability of cellobioge phosphérylase to catalyze the exchange
reactions between glucose-l—phosphate and arsenate, and cellobiose and

1D~xylose is analogous to the results obtained with maltose phosphorylase
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glucoayl-D-xylose

Reaction Reaction Cellobiose D-xylose
Mixture 1 Mixture 2
Cellobiose Cellobiose
D-xylose D-xylose
Phosphate

Figure 6. Chromatograph of reaction mixtures incubated with cellobloee
and D-xylose. Reaction mixture 1 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 1 hour at 37 C.
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(Fitting and Douderoff, 1952b). This similarity in results suggests
that the cellobiese and maltose phosphorylase reactions have similaf
mechanisms.

D) Pethways of cellobiose metabolism in C. thermocellum,

In addition to cellobiose'phosphorylaseg C. thermocellum has been

reported to utilize cellobiose by a kinase reaction (Nelson and -
McBse, 1957) . In this reaction, cell free extracts from C, Egggggf
cellum, in the p:essnce of cellobiose and adenosine triphosphate,
catalysed the formation of a cellobiose=phosphate ester.

Nelson -and McBee used strain 157 of C. thermocellum in their

study (personal communication). 4 different strain (651) of C. ther-

.mocellum was ‘used in the present study, therefore, an ekﬁeriment

was conducted to determine whether strain 651 produced ‘cellobiokinase.

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

strain 651, was incubated with cellobiose, adenosine triphosphate, and
NeHCO3. The acid liberated during the phosphorylation of cellobiose,
resulted in the liberation of carbon dioxide from NeHCO, as shown in
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 wag due to adenosine

triphosphatase activity. The additional activity in the vessels ‘contain-

ing cellobioese presumably was due to cellobiokinase activity. ‘It appears

that strain 651 as well as strain 157 of C. thermocellum producss cello-
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kinase,
Cellobiase does mot appear to be produced by this organism (table IT),
which indicates that eellobiose is not utilized by hydrolysis. Therefore,

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

different pathways, one imvolving cellobiose phosphorylase and the other

involving cellobiokinase.
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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.
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DISCUSSION
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.

glueose-1-phosphate + glucose

4-adenosine
cellobiose triphosphate
phosphorylase
glucokinase
+ 1norganic phospho-
phosphate glucomutasel ®- adenosine
diphosphate
cellobiose
-£ adenosine glucose-6-phosphate
triphosphate \Yj

glycolytic scheme
cellobiokinase

+ adenosine
diphosphate

cellobiose-phosphate ——V ?
Figure 8. Pathways of cellobiose utilization by Clostridium thermocellum.
The products of phosphor®lysis presumably are converted to glucose-6-
phosphate by glucokinase and phosphogluccmutase. An active phosphogluco-
mutase has been found in cell-free extracts (table I1). 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



75 J

(Nelson and McBeeg; 1957). Glucose—é—phﬁsphate, the product of both
the ﬁhosphogluccmﬁtase reaction and the glucokinase reaction,
presumably can be metabo;ized through a conventional pathway .such as
the Embden-Meyerhof scheme.

| The fate of the cellobiose-phosphate ester formed in the celle—
biekinase reaction is unknown. It has been suggested that cellobiose-
phosphate acts as & substrate for the phosphorylase (8ih, 1955 and Sih
and McBee, 1955b). However, the inability of cellobiose phosphorylase
to catalyze the éondensation of glucose-l-phosphate and glucose—6-
phosbhate or the condensation of two molecules of glucose-1-phoaphate
renders this possibility unlikely. If cellobiose—l—phosphate were
able to act as é substrate for cellobiose phosphorylase then this cem-
pound ﬁould 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 liberatlon in this system indicates
_that cellobiose-l—phosphate was not synthesized.

Likewise, there was no significant amount of phosphate released.
when fhe enzyme was incubated with glucose-l-phosphate and g;ucoae-éj
phosphate (table XITI) as would happen if cellobiose—é;phosphate had
been formed. 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
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that cellobiose phosphorylase could act upon a cellobiose-phosphate
ester sueh as cellobiose-6~phosphate in which the phosphate radicle
is éttaehed to the glucosyl moiety.
| No evidence that ceilobiosé is decamposed by mechanisms other
than thosa‘involving cellobiose phosphorylase or cellobiokinase was

found. It appears that cellobiase is not produced by C. thermocellwn'

- (table II).

of the two enzymes which act upon cellobiose, the phosphorylase

appears to be more active than the klnase in vitro, A comparison of

the rates of activity of the two enzymes (figure 1 and figure 7)
indicates that cellobiose phosphorylease reacts about 5 to 10 times.
as fast as cellobiokinaseo 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 cenditions,
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.
ThlS possibility leads to the suggestion that the utilization of glucose
is 'a limiting factor in the growth of the organism.

Although the equilibriwm constant is unfavorable for £he phosphoro-
lysis of cellobiose the equilibria of the reactions in which the products
of phesphorolysis 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-;phosphate is about 2 to 1. Glucoses-
l-phosphate presumably ig converted to glucose-6~phosphate by phosphogiuw
comutase which has been shown to be present in cell-free extracts of the
organism (table I). At equi;ibrium the molar ratio of glucose-1-phosphate
to glucose-6~pﬁoéphate is about 1 to 19 (Colowick and Sutherland, 1942),
Glucose presumebly is converted to glucoée-6—phosphate by glucokinaseop
' The”moiar ratio of glucose and adenosine triphosphate to.glucosemé-
'phosphats and adenosine diphosphat@ at equilibrium is about 1 to Lo
(based upon Ky = 1550, Robbins and Boyer, 1957)s Thus the thermmdyh
namies of the rgactions'by which cellobiose is phosthorolyzed and the
phosphoroiytic'products'are converted to glucose-é-ﬁhosphate favor the
formation of glucose—6~phosphate;
‘ ~Cellobiose phosphorylase apparently acts as an-energy saving device

for C. thermocellum. For each mole of cellobiose which is decomposed by

phosphorolysis, one moie of glucose—l—phpsphate is formed ﬁhich pregumebly
retains the energy of the glucosidic linkage of cellobiose. Glucose—1-
phosphate apparentl} is convertea to glucose-6-phosphate which can enter
the glycolytic acheme without the expenditure of energy by the organism,
In conbrast, the hydrolysis of cellobiose would form two glucose units,
both of which would require adenosine triphosphate for the formation of
glucose-b6~phosphate, Therefore, for each mole of cellobiose phosphorolyzed,
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, L moles of adenosine triphosphate
per mole of cellobiose would be expended by the organism with a net gain

Sy
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of 'l __m’é‘l'es of adenosine triﬁahosphates On the other hazilt'ds the cdmr‘é‘x;sion
of cellobiose to lactate by & combinabion of phosphorolysis and gl‘yééiys:‘i’.a
wéﬁld require the expendiﬁu'x'el of 'o%zly 3 moles of adenosine tiiphosphate
per mole é£ cellobiose with a-net gain of S moles of &denosine tydiphos-
phates Thus, up to 20 per gkt more enérgy could be obtained by the
“phostphoz'oJ..‘ySis of eellobiose then by the hydrolysis of qellobio'se_b

Although the direct ubilization of cellobiose by Co thermocelium
led to the demonstration of celloblose phosphorylase, the ability of
the organism to utilize-_eéli@bj.ose bui_; ;zdﬁ glucose re_ma;'i.ngi unexplained,
The direct uwbilization of suérose‘ by cerbain pseudemonads g which |
appears to be analogous to i.he direct utilization of cellobiose by
Cu thermocellum, has ‘been discussed by Douderoff (1951)s It is

: in‘*berest:_lng to note that the“«a‘;‘bill:_it;‘r'_ of gertain bacteria to upilize
sucerose moye yapidly than either glucose or fructdse led to the discovery
of suérose 'phosphozylasg‘by‘]")bu‘derofi‘, :éevgral,expianations for the
direct wbilization of sucrose were proposeds The possibility bhat the
furanose. form of fructose was the p;rqduc'b. of sucrose phdspho’z#olySis _
and was ubilized more veadily than the pyranose form was discredited.

1% dppedred that a rapid equilibrium was attained between the pyranose

. and fuvanose form of fructoses

Another possibility, that the utilizatlon of free f!’uetese depended
upon the utillza‘bion of the giucose porbion of sutc:r’ase9 was quz.te con=
vineingly faliminatedo/‘ Intach cell_s adaptgd to sucrose u’&ilized the
glucose portion of glucosidawspijaside ‘but excreted sorbose into the .

medium, When fructose and glucusidomsor'bosi&e‘ were supplied together,
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fructose was not. utilized, which indicated that the utilization of
fructose was not dspéndant on the glucosé portion of a disaccharide.
- That a dérivative of sucrose, such as a sucrose-phosphate ester>
was phogphorolyzed instead of sucrose wes also considered. In such
a reaction a fructose-phesphate ester rather than free fructose would
be expected to be the product of phosphorolysis., Evidence was obtainsd
that sucrose was phosphorylated in the presence of adéqosine triphog-

phate and dried'oell suspensions. Douderoff suggested that the suerose-

_phosphate ester which appeared to have been formed serves as a substrate

for sucrose phosphorylase. The possibility that sucrose—éhosphate
ié phogphorolyzed, however, is not compatible with the inabllity of
sucrose phosphorylése to catalyze the condensation of fructose-1,6-
diphosphate, fructose—l—phospﬁate, or fructose-6-phosphate, with
glucose~-l-phosphate, |

Another altern#tive which was proposed was that sucrose is per-
meable to the cells but fructose is not. It was further suggestéd that
sucroge phosphorylase catalyzes the transpért of sucrose across the
permeability barrier.' That fructose is impermeable to the cells is
suggested by the inabil;tj of intact cells to catalyze the exchange
between either iabelled fructose and unlabelled sudrose or unlabelled
fructose and sucrose labelled in the fructose portiqn. The question
of the permease activity of sucrose phosphorylase, howevér, remains
unanswered. - |

It seems approﬁriate to consider the direct utilization of cello~

biose by C. thermoceldum in relation to the discussion presentéd by
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Douderoff. It is possible that glucofuranose is liberated during the
phosphorolysis of cellobiose and that glucose is utilized by the organism
in this form. _Glucofuranose, however, is unstable and Presumably it
readlly forms glusopyranose. Furthermore, no mechanism is known'whereby
glucofuranose is utilized but glucopyrannse is not utilized. It seens
unlikely that glucokinase would catalyze the phosphorylation of gluco~
. furenose without actiné upon glucopyranose.

The transphosphorylatien involving glucose-l-phosphate and glucose
appesars to have no bearing on the difect utilization of cellobiose,
Transphosphorylation would no’. r sult in the.phnsphonylation of both

| of the glucose units of cellohione, .

The possibility that a cellobiose~phosphate ester acts as a.sgub-
strate for cellobiose phosphorylase seems'uniikely because of the inabil-
ity of the enzyme to catalyze the condensation of glucose-phosphate
estere (see page 75).

Finally, that celloblose, but not glucose, is- permeable to the

_ cells, appears to have some merit. The 1mpermeability of glucose to

the cells is a possible explanation for the inability of C. thermocellgg
to ferment glucose. Cellobiose appareptly is permeable to the cells;
hoﬁever, it is not certein\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 triphoaphate provides a mechanism for trangporting sucrose
across the eell membrane; Likewise, the transport of cellobiose ascross

the permeability barrier may be dependent on celloblokinase activ1ty.




81 - S
On the other hand, it seems equally likely that cellebiese phos- _

'phorylase catslyzes the transport of cellobiose across the permeability )

" . barrier. If celldbiose phosphorylase were able to act as a permease

one might expsct that the organism could grow in a-medlum containing
the:end-pfodﬁcts of cellobiose'pﬁosphorolysis_as well as in & medium
eontaining cellobiose and phosphate. Cellobiose phosphofylases how-
ever,‘wosld not be expected to cataiyze the transport of glucose
’ apross the permeability barrier in the sbsence of'g}ncose—lrphosphate.
‘ Thus the permease activity of cellobiose ﬁhosphorylase coui& explain

_the ability of C. 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—

"olysisg Sucrose, maltose, and ce110biose phosphorylases have been
found in organisms which utilize disaccharides more readily than the

monosaccharide constituents.

- The specificity of cellobiose phosphorylsse. The ability of

| cellobiose phoséhorylase to catalyze the condensation of glucose-1-
phosphate with D-glucose, D-xylose,.2-deoxyg1uoose, or glucosamine

" oan be explained by assuming that the -enzyme is relatively non—specific
for the C-2 and C-S groups of these substrates. It seems reasonabie
to assume further that these compounds are attached to a glucosyi
redicle through a 1-L, beta-glucosidic linkage as in cellobiose. The
enzyme presumably attaches to different substrates at similar positions
on the molecules. . On the basis of these assumptions ce?tain interpre-

tations can be made in regard'to the specificity of cellobiose phosphorylase.
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Tt -appsars that the enzyme is fairly specific for groups attached

to C~1 (table XVIII)o Cellobiose phosphorylase is unable 0 catalyze

the- condensation of two molecules of glucoee-l-phosphate which indicates -
that a phosphate can not replace an. OH group at C=1l. The failure of
delta—gluconolactone and gluconate to react suggests- that a double bonded
oxygen group cannot be attached to C-1. Gluconate, however, m&y not
hewe reacted because of the absence of a ring structureo. Likewise,

it is possible that D—sorbitol did not react because of the abgence

~of a rlng structure.

The H and OH-groups of'co2 cannot be reversed because mannose
did not reacto However, 2-deoxyglucose did react, althouuh the reaction
was not as fast as with gluoose. Thus,. the OH group cannot replace ;he
H group ¢ €2, bus the Of. group al C 2 can be ruplucea by Ho These
data are difficult to interpret in terms of an enzyme—substrate complexo
It might be expected. that the hydrogen bondlng due to an CH group would

be stronger than the bondlng due to a H group° The enzyme, therefore,

. might be expected to attach more firmly to mannose than to 2-deoxyg1ucose.

-Mannose, homever, seemed to have no inhibitory effect on the synthesis of

cellobiose, which indicates that it has no affinity fer the enzyme.
The enzyme appears to'be relatively non~specific for the QH group.
of C~2 in glucose. This.OH group can be replaced by H as in 2-deoxy-

glucose, or by NHy as in glucosamine., The specificity is limited,‘

- however, because this OH group could not be replaced by the acetylamine

group of N’-—'acetylglucosamiﬁe°

The position of the H and OH groups attached to C-3 apparently can
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4 summary of the informsbion concerning the spée’ifigity of cgllobiosa

ph@pho:gvlase
darban‘ atom Group attached Esridehce
number to earbon atom S _
1 OH not replacéable by phosphate in
: glucose+l-phosphate
0 - Pailure of delta=gluconclachone
%o remet
# failure of glugonate or sorbitol
to reuet
2 H D-pavnngse doed not reach
038 replacesble by H in deoxyglucose
OH fepiaééablé by WH, in glucosamine
oH ndt veplaceabls by acetylamine
‘ S in Nv-acetylglucosamine _
3 H and’ OH ¢annot Deribosé doss not reach
‘ be veversed
i H and CH pannot; . D-galactose does not veact
be reversed : _
5 CHyOH Peplacesble by H in Dexylose
o 6 OH niot Z’eplaaeable by phosphate in.
e , glucose-bwphosphate
| ' GOHV _ glumi‘ron‘a‘he does ‘not Peact

* Lack of ving structure may have prevented these reactionss i

not bs reversed for Devibose did not react, Depibose differs fmm‘
D-xylose, wh:.ch was readily condensed with glucose«s-lwphwphate s in
the posita.on of the H and O groups of C=3.
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Likewise, the position of the H and OH groups attached to c-k
cannot be reversed for D-galactoge did not react. This positional
effect might be expected because the oxygen from this OH group
~ Probably forms the glucosidic bond in cellobiose.'

The ability of both D-glucose and D-xylose to react indicates
that the CHQOH group can be replaced by an H group, Therefore, the
enzyme appears to be eomewhat non-specific for the groups attached

to C=5. The failure of glucuronate to react indicates that C-6

* cannot be a oerboxyl group. Moreover, the failure of glucose-6~

phosphate to reaot indicatee that the OH group of -6 cannot be
replaced by a phosphate radicle,’ '

The substitutions.which apparently can be made in the reducing
pertion of cellobiose are shown in figure 9A. Tho encircled groups
are those which probably cannot be eubstituteda The arrows with
oross-bars indicate that the positions of the H and CH groups cannot
be reverseéo

The observation that I~xylose was able to react was surprising
in view of the other 1nformation on the specificity of the enzyme.
Iﬁxylose would not be expected to comblne with a glucosyl group

thrOugh C-k because the H and OH groups on ¢- 2, C-3, and C-k.would

be reversed from the position in which they occur in other compounds

which react (figure 94 and 9C). Tt seems possible, however, that I~
xylose could attach to the glucosyl group through C—2 This type of
11nkage seems to conform to the specificity requirements of the enzyme.

It appears that C-L4 of prylose could occupy the same position as (-2
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A. COPOH-
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 (~» ¢4 q 3 h/

would be similar to the sequence in the H and OH groups in D-glucose and"

D-xylose ( C ™ 30__ ™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 # 1, 2 gin-

cosidle linkage. Evidence for the formation of such a compound could

be obtained by determining its ability to form an osazone, because
both C-1 and C-2 must be free for osazone formation.
On the basis of the information on the specificity of the enzyme

it iIs suggested that 9 syntheses of the following compounds are

catalyzed by cellobiose phosphorylasei

glucesyl-0-xylose glucosyl-L-xyloee

H

glucosyl-deoxyglucose glucosyl-D-glacosamine
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I is p0331b1e that cellobiose phosphorylase is able to catalyze
synthesis of other disaccharides. For example L—idose and Irthreoee
have structural similarities at €-2, C-3 and G-L, which suggest that
these compounds would react. Unfortunately neither Iridose nor L~
threose could be obtained for experimentation. Further studies on‘
the speciflcity 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 vafious oompounds'may beeimportant in the synthesis of polysaccharides.
The compounds syntheelzed with cellobiose phosphorylase might serve as
building blocks in the synth631s of more complex compounda. - Although
it appears that these.disaccharldes haye not been encountered belore,
it is possible that they exist in nature. Cellobiose phosphon&lase
presumably could catalyze the phosphorplysis of these oisacoharides
with the formation of eompounds which could be funther metabolized.

The mechanism of the céllobiose phosphorylase reaction, The

" occurrence of an inversion in the cellobiose phosphorylaee reaotion
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—lf
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—l—phosnhate

and phosphate or arsenate nor the exchange between maltose and glucose
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(Pitting and Douderoffy iQSEb)e On the basis of the insbility of
maltose phosphorylase {-,o catalyza these exchange réactlons a maltose=
enzymesphosphate complex was postulated to be formed in the veaction.

In contrast to maltose phosphorylase, sucroge phosphorylase ca'balyzed
the exchange'reactims between glugosewlaphospha’ae znd phosphate or
arsenate (Eoudefofﬁ et al., 1947) and betiveen sucrose and fructose
(Walgcﬁow et al., 1949). On the basis of these exchange reactions &
glucose=-enzyme complex wa:xs'postulatedjo be formed. Thus a fundamerrba‘}
difference in the mechanism of .%he sucfdse phdéphoxyl&s‘.e veaction and 2
the mé.l‘&o'se ‘or cellobiose phosphorylase reactions is appsvent as illus-
trated n.n figurs 10. | o | .

. l’ur%her 1nte1~prétations of the meehanﬂ.sms of phosphorylaﬂe reacticbns
have been- made by Koshland (1951, 195ha, and 195).;‘0)., Koshland (1951,,
and 195ha) has praposed 8 doubie displacement mechanism for the suerose
phosphorylase x‘-c—:-action as shown in figures il and 120, As the carbon= -
oxygen bond m‘.‘ glucese—lwphosphate beglns to break,, _the electron donor
‘site, s D, on the enz;yme shares its electrons With Ga-l of glucoseq An
‘inverbed glucoSe«-enzyme ecmple}’ 15 fox'med and HOP03 :i.s 1iberated
(.figure 11) In the second s’oage of the x’eactlon, fructose accepts
glucose’ :f'rom the enzyme with the formation of sucrose and free enzyme
(figure 12). - ?he doublg displa¢e@ent mechanism offers an explanation
for the:reﬁehtioﬁ of the éonfigwation of the C-l atom of glucose and
takes inyh: accbunb c,he cleavage of 'the carbonn-owgen band which has
been reported by Gohn (19&9) ‘I‘he glucose-enzyme 1ntemed1a’ce explains
the exchange’ réaactions datalyzeéd by sucrose: phosphorylaSeq

i
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PHOSPHOROLYSIS OF SUCROSE*

SUCROSE + ENZYME ALRU-D-GLUCOSE-1-ph + ENZYME
Hh fructose 4- phosphate

GLUCOSE-ENZYME ~

N +arsenate

D-GLUCOS I1DO-L-ARABIMOGE  GLUCOSE-1-ARSENATE += ENZYME

Jz 4-water

GLUCOSE 4- ARSENATE

PHOSPHOROLYSIS OF MALTOSE*

MALTOSE 4- ENZYME BETA-D-GLUC OSB-1-ph 4- ENZYME
+ phosphate m4-D-glucose
T4- arsenate) (+=D-xylose)

MALTOSE-ENZYME-PHOSPHATE (arsenate)
(glucosldo-xylose-enzyme-phosphate)

+ phosphate r-glucose
(GLUOOS IDO-XYLOSE H- ENZYME) (GLUCOSE-IrAs 4-ENZYME)
\ +water

(GLUCOSE 4- ARSENATE)

PHOSPHOROLYSIS OF CELLOBIOSE

CELLOBIOSE 4- ENZYME ALPHA-D-GLUCOSE-1-ph +- ENZYME
+ phosphate +-D-glucose
N (arsenate) (+ D-xylose)

CELLOBIOSE-ENZYME-PHOSPHATE (arsenate)
(glucosid0”Xylo3e-enzyme-phosphate)l

dr phosphate glucose
(GLUCOSIDO-1YLOSE+ ENZYME) (GLUCOSE-1-As 4- ENZYME)
N 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 4f an jnverted glucose-enzyme complex from

i;gzaiglueoae-I—phosphate and sucrose phosphorylaae (After Koehland,
a).

Figure 12. The formation of sucrose and free sucrose phosphorylaae
from a glucose-enzyme complex and fructose (After Koshlandl 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 meohahism of the sucrose phosphorylase reaction
a single displacement.mechenism has been proposed'for the maltose phos-
phorylase reaction (Koshland, 1954b) which is shown in figure 13. In
this mechanlsm glucose replaces phosphate directly without the formation
of a glucose-enzyme intermediate. . When the bond between.the~phosphate—
oxygen and.the carbon atom starts to break, the bond'between the glucose-
oxygen and the carbonlatcm_beglns to form. The single dlsplacement mech-
anism explains the inversion of the cohfiguration of the C-1 atom of the
nonereducing glucose portion and predlcts that a cleavags occurs hetween
the carben-cxygen bond of glucoee-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—phosphate,
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 Douderoff, l952b), it seems unlikely that phos—
’ phate would be able to occupy this position. Thus the inability of maltose
phosphorylaee to catalyze this excha.nge and the specificity 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 gingle diSplacement mechanism for the cellobiose phoephorylase
reaction is proposed which is analogous to the mechanism of the maltose

phosphorylase reaction (figure 14).
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alpha glucoee»l~«pho6phate + enayew
glucose * enayme VANV/////8 /S//1//77/SS,

phosphate onsyw

111 17777777 4////7777777%

Figure Iit. 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-1 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 1U 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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‘speé{fici’c.y of the enzyme (bable XVIII and figure 9).

Since the cellobiose phqsppquylasé and the maltose phosphorylase
#egctighs appear to have {;he._'same ﬁechan;._i_sm and differ only in the
configux?a'bim of ‘the substrates; it seems possible that ﬁhe_ sites on
the enzymes fo which the substrates attach are similar, In fact,
the aci‘.:.ve surface of oné enzyme may- be esséntially a mirroy image
of ‘the obher. Thls velationship is consistent with the informa'blon

on the specificity of the two enzymes. D-g'lupose,, D-xylese, phosphatg,

'ahdj,arsgnate wera J":_iblé to act as glucose acceptors with both enkymes.

However, ngglactose 7 D«mannds‘e", D«ribose s and gluconate were unable
4o ach as glucose accepbors with either enzyme. And‘l;hérf gignificant

similarity is the free energy ehange which appears to be nearly the

~ same in the two reactions, Thus, a cbmlaaritive study of eellobiose

phosphorylase: and maltose phcasphorylase mght provide ﬂvalua‘ble infppe -

mation on the mechanism of enzyme ac'blonf
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SUMMARY |
Cellobiose phoaphorylasé, obtained from cell-free extracgs of

'Clostridium thermocellum strain 651, was purified sufficiently to

. remove interfering enzymess The purified enzyme catalyzed the
phosphorolytic decomposition of éellobiose.with the formation of
aquimélar quantities of alpha-glucose-1-phosthate and glucose. The
reaction was reversible for equimolar quantities of cellobiose and
phosphate were formed from Alpha»glucose-l—phésphate and glucose.

The equilibrium constant, K = (gluéose-lrphosphéte)(glucose)/
(cellobiose)(phosphate) at pH 7 and 37 C was found to be abéut 0.23.

The optimum pH for the activity of the enzyme is about 7.C. The
temperature coefficient between 20 C and LO C is about 2.4. The effect
of various inhibitors on the activity of the enzyme was determlned and
evidence .Was obtained which suggests that a sulfhydryl group is essential
for the activity of the enayme.

It appaars that D—glucose, D-xylose, I-xylose, 2-deoxyg1ucose,
glucosamine, phospha,te5 ‘and arsenate can act as glucose acceptors in
the reaction. It is suggested that the synthesis of glucosyl-D-
xylose, glucosyl—lrxylose, glucosyl—Z-deoxyglucose, and glucosyl—
D-glucosamine can be catalyged by cellobiose phosphorylése.' The
arsenolysis of cellobiose wﬁs demonstr#ted to take place in a'reaction
mixture in ghich arsenﬁte was substituted for phosphate. .Beta-glucose~
l-phosphaté was unable to.replﬁce alpha-glucose~l-phosphate which
indicates that a Walden in;ersion occurs during the synthesis of cello-

biose. The folloﬁigg compounds were unable to act as glucose acceptors:
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gluconstey; glucuronate, glucose=b-phosphate; Deribosé; Desorbitoly
delta~gliconolactone; N-acetylglueosamine, I-arabinose, L-fructose,
"Degalactose and Demanmose. ' |

Evidence was obtained which indicates that the exchange reactions
between glucoséul&phosphate and arseﬁéte“and between cellobiose and
D=xylose ave not catalyzed by the enzyme. These results suggest that
a gellobiose~enzyme~phosphate compiex is formed in the veaction, A
single displacement mechanism is proposed for the eellobiose phosphory=
lase reaction in which a ¢leavage ocours at the G-l atom between the

carbon and oxygen atoms of glucoge~l=phosphate.
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