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Abstract:
A cellobiose-phosphorylase was shown to be present in the cells of Clostridium thermocellum using
cell-free enzyme preparations.

This enzyme caused the phosphorolysis of cellobiose to glucose-1-phosphate and glucose. Its activity
was measured by following the decrease in inorganic phosphate or the increase in glucose-1-phosphate.
Phosphoglucomutase which destroys the glucose-1-phosphate was inactivated by freezing.

The phosphorylase was stable, being active over a wide range of temperature and pH. It was also
specific in its action, resembling other disaccharide phosphorylases in its specificity and inhibition by
the products of its action.

\ The finding of this enzyme gives a partial answer to the question of how Clostridium thermocellum
can use celldbiose as an energy source without being able to use exogenous glucose.
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ABSTRACT
A cellobiose-phosphorylese was shown to be present in the cells

of Clostridium thermocellum using cell-free enzyme p,repa.ra.-bions.‘

i’his enzyme caused the phosphorolysis of cellobiose to | f
glucose Ql-phosphate and glucose., Its activit& we-s measured by following
the c'lecreasel in inorgdnic phosphate or the increase -iﬁ glucose-l-phosphate.
Phosphoglucomutase which destroys the glucose-l-phosphate was inactivated
by freezing. | _ - | ' |

The phosphorylase was stable, being acti_fe over‘a. wide i'ange
of temperature and pH, It was also specific in its action, resembling
other disaccharide phosphorylases in its specificity and inhibition by
th_e products ?i‘ its action,. -

The finding of this enzyme gives a partial answer to the

question of how Clostridium thermocellum can use cellebiose as an

energy source without beiné able to use exogenous glucose.
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| INTRODUCTION AND HISTORICAL REVIEW
P]ﬁosphorolys is is any process whereby inorganic_: phbsphorus.
becomes es"l:er:’.fied.. In one 'l;ype of phosphorolysis, phosphoric acid is
substituted foi' water in a reaction similar to hydrol&sis. This 'resﬁl’cs
in the formation of a phosphate ester instead of the usual hydrolytic.
product. Living systems which often require 'bheg expenditure of large
amounts of energy to form sugar phosphates from monosaccharides mey be
able to obtain these same compounds from disaccharides and polysac-
charides by phosphoroiysis 1>rith a smaller outlay of energy. The phos-
pheorolytic reactions are catalyzed 'by a variety of enzymes called |
phosphorylases which are widely distribubed in animal anci plant tissues
where they play :;mportant roles j.n the synthesis and breakdowm of many
sugérs and. p-olysaccharid.es. ’
The first recognition of phosphorolysis occurred when Cori and..

Cori (1936) used. ‘dialyzed extracts of rabbit brain, heart, and liver to
demonstrate that the glycolytic reactions were initiated by the formation
of glucose -l-ﬁhosphate from glycogen and inorganic phosphafe. Hanes
(191L0a and b) discovered a similar énzyme in extracts from peas and
potatoes which would catalyze the phosphorolytic breakdown of starch ian'd.
glycogen. o ) ' N ‘ |

o The p_hogphorol_ysié of disacg_haridgs by bactng.a .was first -

discovered by Kegan, Latker, and Zfasman (1942) and Doudoroff, Kaplan,

and Hassid (1943). The former group found a sucrose phosphorylase in
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the cells of Leuconostoc mesenteroldes and the latter recognized a similar
enzyme in the cells of Pseudomonas saccharophila. The action of this

enzyme may be represented as

Sucrose + HMO" —Sucrose Phosphorylase ~ Glucose-!-phosphate + Fructose.

In 1952, Fitting and Scherp noted that maltose was broken down by phos-
phorolysis with an enzyme preparation from the cells of Neisseria

meningitidis:
Maltose + HgPO® —Maltose Phosphoryla.se ~ Glucose-1-phosphate + Glucose.

The glucose-I1-phosphate formed by these reactions is readily degraded by
one of several energy yielding processes. The fate of the monosac-
charide which is also formed by phosphorolysis is not as well understood.
Some bacteria such as Leuconostoc dextranicum polymerize the sugar to form
a dextran thus getting rid of a useless product. However, an unexplained
situation is encountered when the living cells of these organisms will use
disaccharides rapidly but not the monosaccharides, which are believed to
be products of phosphorolysis. Such a situation exists when Clostridium
thermocellum is grown on cellobiose. This species will use celloblose
but not glucose. Glucose is not found following growth on cellobiose,
either as the free sugar or as a polymer.

Before the recognition of phosphorylases, the growth peculiari-

ties of some of the cellulose-decomposing bacteria of the genus Cytophaga
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were explained by Hutchinson and Clayton (1919) and Imesenecki and
Solntseva in 1936 as inhibition of growth and cellulose decomposition by
traces of glucose and other reducing sugars. They postulated that these
were obligate cellulose-decomposing organismé, capable of utilizing
celiulose directly without\ its first béiné hydrolyzed to sugarls. Stainer
(1942) found the same phenomenon if the glucose had been stérilize'd by
heat. If, however, the 'glucose had been steriliz-ed by filtration, the
Cytophaga utilized it even more rapidly than cellulose. Therefore, he
concluded that heat sterilization decomposed élucose to form tpxic
products which inhibited the growfh of some cellulose-decomposing
organisms. On the other hand, many workers have found the rapid utiliza-

tion of disaccharides and p:c"actica_.lly non-utilization of monosaccharides.

Douderoff, Kaplan, and Hassid (1943) found that sucrose was rapidly

utilized by the intact cells of Pseudomonas saccharophila whereas glu-
cose was oxidized very slowly and fructose was not attacked. Yet fruc-
tose was the product both of the phosphorolysis and hydrolysis of sucrose

by ﬁacterial'pi'eparations. Doudoroff, et : gg__.,,_(19’+9) also found a similar

anomalous situation in the cells of a mutant strain of Escherichia coli.
. The 1:w_i_ng cells would métabq:!.iie_ma}tosé readi'ly but not glucosé. How-
ever, when bacterial-free enzyme ’preparatioﬁs were used, glucose was
formed in the breakdown of maltose.

Clostridium thermocellum is an anserobic, thermophilic, cellu-

lolytic orgenism. It was first obtained in pure culture by McBee (1948)
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who reported that this organism attacked celluiose and cellobiose but not ‘
glucose, regardless. of whether the glucose was sterilized ‘by.heaf or
filtration. The cellulose was first broken down fco cellobioge by the
enzyme cellulase and the latter was believed to be :E'ur‘t;h'err broken- down
by the enzyme cellobiase to form two molecules of glucose. Since thj.s
organism did not utilize glucose in the culture medium, “the hypothesis
that cellobiose was hyﬁrolyzed' to glucoée does not seem to be logical.
The p_.resent study was therefore undertsken.to determine whether .
unrecognized pathways of cellobiose utilization might occur in Clostridium

thermocellum.

MATERTAIS AND METHODS
Culture

dlostridium thermocellum, strain 157, was obtained from Dr. R.

H. McBee who isolated it from soil in l9h6. The characteristics of this
organism were given by McBee ( 1954). Stock cultures were ma;in'bained in

rolled tubes of cellulose agar using Hungate's (1950) anaerobiec technique,

Culture Mediuz’z;

The basic culture medium used. thréughout this work was composed
of .0.075 per cent NaCl; 0.03 per cent (NHu)asoh; '0.03 per cent IGQPGh;
0605 per cent I’(QIAI*"G)_L ; 0.0l per cent MgSDg0.0l per cent CaCly; 0.5 per )
cent baii-:ﬁifiled cellulose or other carbohydrate; 0.1 pez; cent yeast

extract; 0.02 per cent sodium thioglycollate; 0.5 per cent NaHCO3 and a.

- small amount of resazurin as an oxidation-reduction indicator. Because
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l\Te.HQ_0_3 is readily d‘ecompose.d_ by -heat, it was sterilized by

filtration of a 10 per cent soZ_lTut:I.on-.and added to the medium at a
temperature below 60 C. -'For the rolled tubes the ‘medium was solidified
with 2 per cent agar. The cellulose was prepared in a 5 per cent aqueous
. ‘suspension according to the directions of Hungate (1950).

Preparation of Large Cul'burés. Ten ml of a ligquid cellulose

medivm was . inpcﬁlated with a colony picked from a rolled ‘pube of cellulose
agar. After two or three d.a.&s' incubation at 55 C this culture’wa‘v.s used -
to inoculate 100 ml of medium. After three days at 55 C, .this 100 ml
served as an inoculum for two 1iters of medium which was in turn ‘incubated; ,
for three days and used as the inoculum for a five gallon cazjboy of the
medium. This was incubated at 55 C in a large water bath. Stérile medium
inA the carboy was kei)t reduced.by bubbling carbon dioxide through it friqf
to inoculation, s.ince it had been found that unless ‘ghe resazurin in the
medium was reduced to the colorless state s good growth could not be
expected. This flushing with' carbon dic.)xid.e was necessary for the first |
fifteen hours of inéubatiori,‘ éfter which time the organisms produced su:f‘-
ficient COp and Hy to keep the medium in a reduced state. A mechanical
stirrer was then used to disperse the remaining cellulose throughout the

: zﬁedium, s':‘.ncé it was found that fermentation proceeded more rapidly when
the cellm;'lose wa.s kept suspended. When all the cellulose had 'disappeared
(about 48 hours) the culture was neutralized with approximatély 50 ml of

glacial acetic acid. to prevent an alkaline condition due to the loss of
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COgp. T]:_le cells were tl;en harvested from the culture with a cream
sepazja-bor and vsed at once for making cell-free enzyme preparations. The

cell yield was usually about 20 g wet weight from each five gallon culture.

Preparation of the Enzyme

The cells were broken employing McIiwain's (1948) method as
recommended by Hayaishi and Stanier (1951). Grinding. of the c;ells was
done in a mortar at O to 5 C' for ten minutes with twice *bhéir weight of
alumina (Alcoa Chemicals alumina A-301). About 40 ml of M/35 sodium
acetate -barbital 'bu#fer at pH 7.0 was added during the grir_xd.i’ng to ex-
tract the soluble enzymes. The alumina and insoluble débr;s wei'é removed
by centrifugation. The speed of centrifugation was varied with th_e course
of the eJLperiﬁents. The ex‘t';racts obtained were 'used as the source of
crude enzyme. Thé treatment of the extract also varied according to the

experiment in which it was used.

- Phosphorus Determination

) Thé Fiskg and_Sub'bz_a.i'ow §1925_) method of inorganic _ph_p_spl_lg.te
determination was used following prec;ipitation of 'pz;ot_ein"s with lQO per -
gt_arit_ trichloroacetic acid. Heat-labile organic .phosphates were det_glj'mined
by the s.ame. method following hydrolysis with 1 N hydrochloric. acid for
seven minutes in a boiling water bath. - Inoréanic phosphate is designated

as Pi, the labile organic phosphate as PA.?'.
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Sugar Determination

Reducing sugars were determined by the Folin-Malmros (1929)
method.

Paper Chromatogrephy

Ascending paper chrometography was used to separate phosphate
derivatives of sugars. The method of Hanes and Isherwood ( l9h§) was
modified, using tertiary-butanol-picric acid-water (80 ml, 4 g, 20 ml)
and n-butanol-acetic acid-water (74 ml, 19 ul, 50.ml) (Benson et al.,
‘}950) as solvents. .Solutions containing unknown mixtures of sugar phos-
phates were spoﬁted. at 2.5 ecn intgrvals a.lqng 'Fhe starting line of a
sheet of filter p_apér (Whatman -No. 1 and 4) by means of a capillary
pipette and alloﬁed to air dry. The paper was then huné in a battery
Jjar containing the soivent mixture so that the edge of the paper near the
unknown spots dipped into the solvent. ﬁ'he Jar wé.s then covered with
'gla.ss plate and sealed with scotch 'Eape to prevent eveporation of the
s_o;Lvent. After a period of at least 15 hours, the filter paper wes
‘ removed from the_ Jjar, dried in an oven a-E 55 C, and develqped to detect
,ph_o_spha_a,te-l compounds. The papers were ‘sprajred. with a sq_]_.ution containing
2 ml of 50 per cent ’pe'rchlor'ic acid, lq ml of l‘I\T Hci and 25 ml of ’-L__per
cent ammonium molybdete per 100 ml. The sp;'ayed pape‘rs' Were_,d.ried. again
at 55 C for a few minutes to :‘rem_ove excess Water 3 ’chen.transfé:;red to an
85 C oven, ir; which they were heated for seven minutes. This treatmenf

even causes enough hyﬂroiysis of such resistant esters as.
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3-phospho-glyceric acid and glug_ose -6-phosphate to render them detectable V.
in minute amounts (Hanes and Isherwood 1949). The position of the
phosphoric esters was visible at this stage, but to develop the color
fully, the papers were allowed to regain niois*bure from the air and jphen
p}aced in a jar containing HyS for five minutes. The phospﬁoricA esters
Fhen appeared as intensely blue sbots é.gainst & buff “packground.‘ The

-type of compound could be determined by its position on the.chromé,togré.m.

EXPERIMENTAL  RESULTS

Growth Experiment

A preliminary examination of Clostridium thermocellum for the.

* presence 6:&'- a cellobiose phosphorylase was mede by a s'imple- growth e:&peri-
mem;. A liter culture Vof the organism was grown in the bgsal medj.um
containing cellobiose., After three da&s of incubation, nét oni& was

. vigorous growth apparez_;t s but also a decrease in inorganic i)hésphate_ ‘was
noted. However s when 0.5 per cent glucose was substituted for cellobiose
in the above medi;um, no groyth was obtained and no decrease in inorganic
phosphate waes noted (Tq.ble I). This conf:lrméd the earlier observation
-that gipcose, was not utilized by this organism, a'ﬁd suppbrted__,fhe_ theory
that a phosphorylase might be present in this organism. _ Pho_sphiat'e determi -
nations after 30 days incubation showed an even larger uptake of phosphéte

in the cellobio_se culture with no change in the glucose culture.




- 13 -

TABLE I. .

Changes 1in inorganic phosphate of the culture medium
during growth of Clostridium thermocellum.

Substrate
Glucose . Cellobiose
Pi - mg
Initial . - 2.81 | 2.86
After three days 2.81 2,6}
After one month 2.81 2.61

Cell-Free Enzyme Experiments

In order to study more cémpléfely the ph'osphoz;ylase which had .
peen demonstrateq in only a presumptive manner with a liv_:ing culture, it
was necessary to use enzyme preparations i‘ree of living cells, These
ﬁere prepared by gr.inding the cells obtained from f.ive gallon cultures
in the manner already outlined.

eriment 1. .An enzyme ;prepafation obtained from the grinding
of 20 g of cell paste with 40 g of alumina was extracted with 40 ml .of
an M/35 sodium-acetate-barbital buffer s PH 7.0, The alumina and larger

cell particles were removed by centrifuging for 20 minutes at a relastive
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centrifugal force of about 2000 d. The supernatant fluid was drawn off
with a pipgttg.“ Such Preparations yielded 25 to 30 ml of an opalescent
crude_enzyme mixtufe. A 6.15 % portioﬁ of this fluid wﬁs placed in each
of six 20 ml test tubes, two of which were then placed in a boiling water
| bqth for 15-20 minuies to inactivate the enéymes. Sufficient 0,01 M
phosphatg solution was added to give an inoréanic phosphate concentration
pf 0.16 mg/ml. Magnesium sulfate was added as an enzyme activator in a
final concentration of 1.63 mg/ml, and 0.03% mg/ml of sodium fluoridé was
used to inhibit phosphatases which might imterfere with the accumulation
of organic phosphates. To one boiled control tubé and to. two of the other
tubes was added 1.63 mg/ml of glucose. A éimilar quan£ity of cellobiose
was added to the other three tubes. Inorganic phosphates and heat-labile.
‘ phosphates were determined imﬁediate;y after the addition éf the sugars
and also following a ‘two-hour incﬁbation at 37 C.

There was no sighificant phosphate change in the tubes to
which glucose had been added (Table,II). The addifion of cellobiose,
however, resultea in a decrease of “the inorganic phosphate, indicating
that phosphorolysis of the cellobiose had taken place. But there was

no evidence that glucose-l-phosphate was a producf'of this reaction.
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TABLE 11

Changes in phosphate when a cell-free enzyme preparation acts on
glucose and celldbiose. Results are those of duplicate experiments.

Substrate
Glucose Control Celldbiose Control
Pi - mg
Initial 0.81 0.81 0.80 0.80 0.79 0.81
Final 0.72 0.95 0.83 0.64 0.8 0.82
+0.11 +0.1k*  +0.03 -0.15 -0.21 +0.01
SxT-irE
Initial 0.00 0.00 0.01 0.04 0.02 0.01
Final 0.00 0.01 0.05 0.01 0.06 0.01
0.00 +0.01 +0.04 -0.03 +0.04 0.00
P total - ng
Initial 0.81 0.81 0.81 0.84 0.81 0.83
Final 0.92 0.96 0.88 0.66 0.64 0.83
+0.11 +0.15 +0.07 -0.18 -0.17 0.00

*The increase in inorganic phosphate with glucose is probably due to
the action of non-specific phosphatases on organic phosphates from
the ground cells.



~ o - 16 - o ’

Experiment 2. A repetition of Experiment 1, using an enéyme :
preparation which had been frozen for several days geve simj.lar results
with respect to inorganic phosphate (Table III) and in addition showed
an increase in the heat —la'r_)ile phosphate. |

The decrease in the inorganicl phosphorus fraction was.
'propor'_bional to the increase in the 7'minute heat-labile organic phos-
pﬁate_ fraction which contains those esters in which.'bhe ﬁhospha’ce radical
is attached at the nunmber -. .l position on the sugar, such as glucose-l-
phosphaté. 'These are heat labile. in dilute acid solutioﬁs as compared
to the heat stable glucose -6-phospha’ce. Therefore, the T-minute heat-
1abil§ orgénic phosphate fraction may be determined by subtré,cting ‘the
concentration of the inorganic phosphate fraction prior to hyd;:'_cslysis

from that following heating for T minutes at 100 C in 1 N HCl. This

.aqcumplé,tion of heat-labile phosphate was encountered only when the

enzyme preparation had been frozen for a few days. Otherwise 'thex“‘e was
a decrease in inorganic phogphoru_s but no corresponding increase in" the
T-minute i)hosphorus fraction. This wes attributegl 'bq the pr.esen;ce of
phpsphoglucomutase, an enzyme which conver'bs-‘glucose -1-phosphate (heat
mbiie) to glucose-6-phosphate (heat stable). It appeared that the

phosphoglucomutase was inactivated by freezing.
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TABLE 111

Changes in phosphate when a frozen enzyme preparation acted on glucose
and cellohiose. Results are those of duplicate experiments.

Substrate

Glucose Control Cellohiose Control

Pi - mg
Initial 1.07 1.06 0.99 1.07 1.07 1.05
Final 1.07 1.0? 1.00 0.94 0.90 1.03
0.00 -0.01 +0.01 -0.13 -0.17 -0.02

(9p]
Initial 0.00 0.00 0.02 0.00 0.00 0.01
Final 0.01 0.01 0.02 0.11 0.13 0.00
+0.01 +0.01 0.00 +0.11 +0.13 -0.01

P total
Initial 1.07 1.06 1.01 1.07 1.07 1.06
Final 1.02 1.06 1.02 1.05 1.03 1.03

-0.05 0.00 +0.01 -0.02 -0.04 -0.03
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.Experiment 3. The effect of freezing of the enzyme shown in
Experiment ”,2 was confirmed on two ad.ditionalilenzyme preparatiqns‘. The
changes in phospha‘l;,es in the presence of cellobiose were determined on a
portion of the enzyme when it was p;'epared and again after having been \
frdzen for one week (Table IV). In both cases » 1t was found that the
phosphoglucomutase had been .inactivated and that glucose-i-phosphate
had accumulated.

| Experiment 4. To determine whether the effect of freezing the
enzyme preparation was truly due to an inactivation of ﬁhosphoglucomu‘base
or p_oséibly to some othgr reaction, an experiment using glucose;-l-phos wl T
phate as the substrate was _set up with fresh enzyme and with enzyme which
had been frozen for oné week. Freshly prepared enzyme coﬁerted nearly
all of the glucose-l-phosphate to a heat stab&.e compound, presumebly
glucose -6 -phosphate, whereas i:he frozen enzyme had little, if any, effect
on the coﬁcentration of heat -labiie phosphate, indiéating that the

glucose -1-phosphate remained unaltered (Table V).
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TABLE 1V

Changes in phosphate when freshly prepared and frozen
enzyme preparations were allowed to act on cellohiose.
Results are those of duplicate experiments.

Enzyme

Freshly prepared___ Frozen for one week
Pi - mg
Initial 0.73 0.73 0.77 0.77
Final 0.51 0,k9 0.59 0.59

-0.22 -0.24 -0.18 -0.18
PA7 - ‘e
Initial 0.00 0.00 0.00 0.00
Final 0.00 0.00 0.10 0.11

0.00 0.00 +0.10 +0.11
P total - mg
Initial 0.73 0.73 0.77 0.77
Final 0.51 0.49 0.69 0.70

-0.22 -0.24 -0.08 -0.07
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TABLE V
Changes in phosphate when fresh and frozen enzyme were

allowed to act on glucose-I-phosphate. Results are
those of duplicate experiments.

Enzyme
Freshly prepared Frozen for one week
Substrate
Glucose - 1-phosphate Glucose - I -phosphate
Pi - mg
Initial 0.2b 0.24 0.22 0.20
Final 0.22 0.23 0.18 0.15
-0.02 -0.01 -0.04 -0.05
Pa7 " nS
Initial 0.69 0.74 1.27 1.27
Final 0.17 0.16 1.23 1.31
-0.52 -0.58 -0.04 +0.04
P total - ng
Initial 0.93 0.98 1.49 1.46
Final 0.39 0.39 1.41 1.46

-0.5k -0.59 -0.08 0.00
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o - Isotope Experiments ' _
The study of the changes in inorganic and heat-labile phosphate

supported the belief that Clostridium thermocellum was capable of

éplitting cellobiose byVPhosphorolysis but failed to demonstrate con-
clusively that inorganic phosphate wasvincorporated into. the - phosphate
esters of glucose by this mechanism. It appéared that this prébiem-
could best be solved through the use of inorganic phosphate enriched
with radiocactive phosphorus, p32, Organic phosphates derived from the
inorganic phosphate could then be af least partially separated by
paper chromstography end the radioactivity of each group of qompounds
determined. |

The P32 was obtained from Oakridge, Tennessee, as an aqueoﬁs
solution of ortho-ﬁ3P0h'with a épécific acti#ity of about
0.025 mg/millicurié. This- solution was diluted 100 times and addeq to
enzyme preparations in quantifies sufficient to give a satisfactory
count. _ ‘

A cell-free enzyme preparation emriched with P32 yas set up
;n dupligatg with glucose anﬁ with ce;ldbiose as substrates. Boiled
enzyme controls were iﬁcluded for each sugar. Chromatographic analysés
were made immediately after adding the substrate and again fdl;gwing tﬁo
hours' incubation at 37 C.' Bach chromatographic analysis was pérformed
in duplicate, one being developed in the tertiary Butanolapicric acid-

water solvent and the other with the n-butanol-acetic acid-water solvent.
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. Development was for 15 hours at room temperature. Controls of knowﬁ'

phosphoric esters were :fncluded on each chromatogran.

The radiocactivity of the various phosphate esters formed during
the course of the experiment was determined with é. gelger counter. E"he ‘
spots were simply cut from the paper after coior develdpinent and counted
directly using a geiger tube with a thin mica windov}.

Paper chromatography did not separate glucose-l-phosphate and
glucose -6-phosphate. Since they were ':’.n’cerconver‘l.:i'ble;by 'enzymes in the
experimental system, no attempt was made to separa;’ce them by the use of |
other developing solvents. |

.Typical chromatograms of known phosphoric esters and those
formed by phosphorolysis are presented diagrammatically in ',Figure' 1.

(tertiary-butanol-picric acid-water) and Figure 2 (n-butanol-acetic

~acid -water) .

Radioé.ctivity was found only in the spbts,representing the
inorganic phosphaté, glucose -1-phosphate and glucose-6-phophate mi?xture, ‘
and the hexose diphosphate. There was no significant esterification of
rad.}it_)active‘ ‘phosphate in any of the co’ntrol tubes (boiled enzyme) or
those containing gluc'ose'. as a substrate (Table VI) Tht_are was ?- however,
1;11:_3 Aincorporation of meésurable quantities of radiocactive phosphorus

into the mixture of glucose-l-phosphate and glucose-6-phosbha.te. ‘Tt is

believed that most of this was in the form of glucose'-l—phospha”be since

the color of this spot developed very rapidly, indicafing the presence

)
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Figure 1. Diagrammatic representation of a chromatogram of organic
phosphate after development with tertiary-butanol-picric
acid-water.
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Inorganic
orthophosphate
3-phosphoglycerate

Glucose-6-phosphate
Fructose-6-phosphate

Glucose-1-phosphate

Fructose-1,6-diphosphate

The
The known phosphoric esters are spotted along this line unknown

Figure 2. Diagrammatic representation of a chromatogram of organic
phosphates after developing with n-butanol-acetic acid-
water.
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TABLE VI

Radioactivity of spots cut from chromatograms prepared before and after
enzyme action on cellobiose.

Tertlary-butanol-plcric acid-water

Initial - 0 hr. Final - 2 hrs incubation at 3'

X X

+ Hexose + Hexose
Substrate Pi  Glucose | &6 DiPOh Pi  Glucose | &6 DiPOU
Glucose 570 B. G. No spot 494 B. G. No spot
Glucose 726 B. G. No spot 466 6 No spot
Control Uk 8 No spot 717 B. G No spot
Cellobiose 381 B. G. No spot 536 30 No spot
Cellobiose 659 B. G. No spot 532 21 No spot
Control 1469 B. G. No spot 463 B. G. No spot

N-butanol-acetic acid-water

Initial - 0 hr. Final - 2 hrs incubation at 37C
Hexose Hexose
Substrate Pi  Glucose | £ 6 DiPOi4 Pi  Glucose | 6 DiPOu
Glucose 413 No spot 11 655 No spot 14
Glucose 520 No spot B. G. 762 No spot 8
Control 387 No spot 9 512 No spot B. G.
Cellobiose 351 No spot 7 656 92 15
Cellobiose 654 No spot B. G. 318 42 13
Control 620 No spot B. G. 385 No spot B. G.

P32 wag the source of inorganic phosphorus
Counts are in terms of corrected counts per minute above background
X - the unknown phosphoric ester B. G. - background
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of the more easily hydrolyzabie compoﬁnd. These' results confirmed the
presence of a cellobiose phosphorylase which could. split cellobiose with
;che férmation of glucése -l-phosphate.
' fl‘he relatively large variations in activity shown between
the various tubes in the same experiment are due 'bc; the use of drops of
liquid of tmequal size in the préparafcion Of the chromatograms. These.
- variations are not desirable but do not affect the relative results.
| The failure to find a spot ‘on the chromatogram de%reloped w:"ubh
One solvent whereas it was visible when another solvent was used
probably indicates the pi‘esence of unidentified phosphate. esters extracted
from the cells along with the enzymes. These were assécié,t'ed with the
glucose -l-phosphate and glucose-6-phosphate when the tertiary-butanol-.
picric aéid-water solvent was used é,nd with the hexose diphosphate when
’phe _n-butanol—acetic acid-water solvent was employed. This wandering-
fraction contained no measurable radioactivity and did not influence the

results of the experiment.

Characteristics of the Cellobiose-Phosphorylase

Effect of temperature. The phosphorylase was quite stable,

showing very little change in activity following storage fo:f several wéeké.;
It was also active over a relatively wide range of temperatures. Max:.ma
ard minima were not determined, but activity wes quite hié;h over the range
of 25 C and 55 C (Table VII). A decrease wals noted at 65. C; but the

enzyme was still active at 69 C B which‘is above the upper limit of

TR g e——
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Effect of temperature upon activity of celldbiose phosphorylase as

reflected by changes in phosphate.

experiments.

Pi - ng
Initial

Final

al’ nB
Initial

Final

P total -
Initial

Final

1.10
0.89

-0.21

0.00

0.19

+0.19

mg
1.10

1.08

-0.02

25 C

1.10

0.90

-0.20

0.00

0.17

+0.17

1.10

1.07

-0.03

1.08

0.9U

-0.11t

0.00
0.07

+0.07

1.08

1.00

-0.08

Results are those of duplicate

Temperature

37 C 55 C 65 C
1.09 1.05 1.05 1.01 1.02
0.91 0.90 0.90 0.91 0.92
-0.18 -0.15 -0.15 -0.10 -0.10
0.00 0.00 0.00 0.00 0.00
0.12 0.09 0.08 0.08 0.0U
+0.12 +0.09 +0.08 +0.08 +0»0U
1.09 1.05 1.05 1.01 1.02
1.02 0.99 0.98 0.99 0.96
-0.07 -0.06 -0.07 -0.02 -0-06
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growth of Clostridium thermocellum.

Effect of pH. A series of acetate -barbital "buffers of pH
ranging from U.5 to 8.0 was used to determine the pH range over which
the phosphorylase was active. Activity was measured as the amount of
inorganic phosphate taken up. The cellohlose-phosphorylase was active
over the entire range employed hut the maximum activity was between
pH 6.8 and 7.0. The pH changed during the course of the experiment. The
values given (Table VIII) are those found at the end of the experiment,

when the mixtures were checked with indicator paper.

TABLE V 111.
Effect of pH on activity of ceHoblose phosphorylase as reflected in
changes in phosphate.

pH
5.6 5.9 6.0 6.2 6.6 6.8 7.0 7.4

Pi - mg
Initial  1.28 1.30 1.29 1.29 1.29 1.28 1.29 1.27
Final 1.22 1.11 1.07 1.05 1.05 1.00 1.01 1.01

-0.06 -0.19 -0.22 -0.24 -0.24 -0.28 -0.28 -0.26
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Specificity of the phosphorylase. Enzymes are usually quite
specific in that they catalyze only a certain type of chemical reaction
or are active on compounds having similar structures. Since the phos-
phorylase was active on celloblose, a £-glueoside, it was tested for
activity on thejf-glucoslde sallcln, and on the f-galactosides melibiose,
raffinose, and lactose. Other sugars tested included maltose, sucrose,
and trehalose. Thef -glucoside gentioblose was not available.

The cellobiose phosphorylase was not active on any of the
sugars or glucosides tested other than cellobiose as indicated by the
changes in the concentration of inorganic phosphate (Table 1X). This
high degree of specificity is comparable to that found in other phos-

phorylases.

TABLE H

Action of cellobiose phosphorylase on various sugars as reflected by
phosphate changes. Results are those of duplicate experiments.

Substrate
Lactose Maltose Melibiose Raffinose
Pi - ng
Initial Q9og o o4 0.89 0.91 0.91 0.92 0.90 0.91
Final Qge o o4 0.91 0.90 0.91 0.9U 0.91 0.9%
©oeg © o0 +0.02 -0.01 0.00 +0.02 +0.01 +0.03
Substrate
Sucrose Trehalose Salicin Cellobiose
Initial 0.88 0.90 0.93 0.92 0.91 0.89 0.89 0.91
Final 0.88 0.91 0.95 0.91 0.96 0.89 0.77 0O.78

0.00 +0.01 +0.02 -0.01 +0.05 0.00 -0.12 -0.13
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Inhibition by glucose* It was observed by Doudoroff (1973)
that sucrose phosphorylase was inhibited by the accumulation of the free
monosaccharide which it produced. Since the products of a phosphorylase
acting on cellobiose should be glucose-I-phosphate and glucose, an
experiment was set up using |.63 mg/ml of cellobiose in one tube, and
1.63 mg/ml each of cellobiose and glucose in the other tube. The amount
of inorganic phosphate taken up in the tube containing cellobiose was
more than twice the phosphate uptake in the tube to which glucose had
been added (Table X). The cellobiose phosphorylase appears to be similar

to sucrose phosphorylase with respect to product inhibition.

TABLE X

Inhibition of cellobiose phosphorylase activity by glucose.
Results are those of duplicate experiments.

Substrate
Cellobiose Cellobiose and Glucose
Pi - mg
Initial 0.89 0.91 » .90 ©*91
Final 0.77 0.78 0.8% 0.8%

-0.12 -0.13 -0.05 -0.06
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DISCUSSION

The observation made by McBee (1948) that Clostridium

thermocellum could use cellulose and cellobiose as energy sources but

could not utilize glucose was not adequately explained at that time. The

finding of a cellobiose phosphorylase in the cells of this organism not

only helps to clarify the mechanism whereby it uses cellobiose without
hydrolysis. to 'glucose ’ but also adds a previouely unreported enzyme to -
the list of disaccharide phesphorylases. It also leads to the specula-
tion that disacc¢haride phosphorylases 'may be quite common in nature but
have not been found because it was believed that the sucrose phosphory-
lase reported by Kagan et al., (1942) and by Doudoroff et al., (1943)
was a unique type of enzyme. A search for other phosphorylases may
reveal their presence. The importance of this .'bype of enzyme to an
organism, is, apparent when energy yield from a complex substrate is

considered. The simple hyrdolys:Ls of cellobiose to two molecules of glu-

" cose may produce a sugar fermentable by many organisms, but a fairly

large expenditure of energy is requlred to change the glucose to

glucose -6-phospha’ce s the first step required for the u'bilizatlon of ’che
sugar. If 'bh_e_ .dlsa_c‘chariq.e_ is split by phosphorolysis, however, the
reaction is.e;cc\)tber@al and pi‘_édq,ces glucose -}-phospha*be_, which may
readily be converted to glucdse‘ -6-phosphate by the enzyme phosphogluco--

mutase. The organism is therefore able to form one molecule of

glucose-6-phosphate from each di’saccharide molecule without an energy

° N
'

.
if
!
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expenditure. This type of phosphorolysis is very similar to hydrdiysis,
the .onI_Ly difference being that phosphoric acid entgrs into the reaction
instead of water.

The cellobiose phosphorylase which can be liberated from the
cells of Clostridium thermocellum by grindihg with powdered alumina has
characteristics very gimi‘lar to those of the sucrose-and ma,itose phos -~
phorylases which have been studied (Douvdoroff, i9h3) (Fitting and Scherp,
1952), It is active over a wide pH range with an optimum activi'l;y neayr
neu‘l;;‘ality.. It is highly specific, being active on cellobiose but none
of the other compounds tested. It should be possiblé to syn;chesize
cellobiose from glucose and glucose -l-phosphaté by means of this enzyme.
It is also possible that a series of diéacchari_.des not found in natﬁre
could be symnthesized if other monosaccharides were substituteé. for the
glucose in the abo;re reaction. Such co@pmds have been syn'bl}esized by
the use of sucrosé phosphorylase (Doudoro:ﬂi‘, Hassid, end Barker, 194k),

The fate of ‘ghe nolecule of glucose formed by phosphorolysié
of “cel]Tobiose has not been determined. Since glucoée does not accumu-~

late in cultu:r;esw _of Clostridium‘thermbcellum it must be used by the

organism, even though glucose added to the medium is not utilized.
There are several possible explanations for this phenomenon. The
céll wall may not he permeable to glucose. The phosphorylase may serve
to carry cellobiose through the cell wall into an orderly sequence of

enzymes where glucose can be utilized. This is supported by the observa-




- 33 -
tion that a glucokinase is present in the enzymes extracted from the .
cells. The compound decomposed by the phosphorylase. in the cell may be
a derivative of cellobiose instead of free cellobilose. This would
;iberate a glucose derivative instead of free glucose. Thq_éviaence for
the existence of a cellobiokinase which might make a cellobiose phosphate
is negligible but it is still a possibility that_has‘nbt been ruled out.
W@atéver ﬁechanism is cpérative besides the phosphorylase is
still not defihiteljknum1and is a matter for further study. The
possible methods of cellobiose utilization ére indicéted in reactions
-outlined (Figure 3).
Reaction 1 is that which is found in bacteria containing a
celldbiésg’and which are capsble of ﬁtilizing glucose. Reaction 2 is
a summary'gé reactions that have been cbserved in enzyme preparations o

from Clostridium thermocellum. The glucokinase has been well established

although it is mnot a part of this thesis. Reaction 3 requires the
presence of a hypothetical disaccharide kinage, cellobiokinase, which is
. pgstulated but has not been proven to exist. The observations
presented in this study lead to the conclusiqn‘ﬁhat reaction 2 is the

-one which is most likely to occur in cells of Clostridium thermocellum

growing on cellobilose.




CellohloklInase Phosphorylase

Cellohiose Cellohlose -X-phosphate ®-Glucose -1-PO4 + Glucose -
X - PO,
Cello- Phosphoglucd-
mutase
Glucose
Glucose-6-POj4
Glucokinase Glucose-1-PO. + Glucose
Phospho-
gluco- Glucokinase
Glucose-6-PO, rautase
Glucose-6-POj4 Glucose-6-PO,

Figure 3» Possible methods of cellobiose utilization hy Clostridium thermocellum
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SUMMARY

Cell-free extracts off Clostridium thermocellum were found to

contain an enzyme, cellobiose-phosphorylase, which catalyzes the
followingnreaction: Cellobiose + H3P0h 5 GlﬁbqseTI-phOSphate‘+
Glucose. This réaction was confirmed by the use of qhemicai methods

to follow changes in oréanic and inorganic phosphateé and also bj the
use of radioactive P32 as a tracer. It was found that in the preéence
of cellobiose, the‘enzyme cauéed a decrease iﬁ:thé inorganic phosphate
and a corresponding inéreaéeiin glucose-1-phosphate. The formation of
glpcose-l-phosphate; however; could not be detected unless phospho-
glucomutase was inactivated. This could be done by storing the

enzyme preparation in the frozen state for a few days.

The phosphorylase was active over a wide range of pH anq
temperature. It was also specific in its-action,'aé it exerted
actfvity only oh eéellobiose.

This phosphorolytic reac%iop, howéver, still does not explain
the non-utilization of glucose in the culture medium, a phenomenon

which requires further investigation.
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