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[57] ABSTRACT

Microbial cells having active enzymes associated there-
with are subjected to flocculation conditions to pro-
duce a flocculated whole cell aggregate that is useful In
effecting enzyme-catalyzed chemical transformations.
Substrates are brought into contact with the floccu-
lated cell aggregates where they undergo chemical
transformations in the presence of active enzymes asso-
ciated with the cells.

14 Claims, No Drawings
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ENZYMATIC PROCESS USING IMMOBILIZED
MICROBIAL CELLS

Matter enclosed in heavy bracketsL Jappears in the
original patent but forms no part of this reissue specifi-
cation: matter printed in italics indicates the additions
made by reissue.

SUMMARY OF THE INVENTION

This invention relates to a process for effecting trans-
formation of various substrates in the presence of mi-
crobial cells containing active enzymes. More specifi-
cally, this invention relates to the use of microbial cells
in enzymatic processes wherein the cells are adapted
for use in batch or continuous-type processes by sub-
jecting them to flocculation techniques.

BACKGROUND OF THE INVENTION

The use of enzymes derived from microbial cells to
effect specific chemical transformations is well known.
In carrying out such transformations, cell-free prepara-
tions are commonly employed in batch-type processes.
The enzymes are usually liberated from the cell by
mechanical means or by autolysis but this 1s an expen-
sive process which often leads to additional technical
problems as well as to questions of economic feasibil-
ity. The use of whole cells is also generally avoided
because they do not lend themselves to continuous
industrial scale processes.

Various difficulties encountered with the use of
whole cells as well as cell-free enzymes have led In
recent years to an increased interest in the preparation
of various forms of immobilized enzymes. Such immo-
bilized enzymes can be used in a batch-wise process as
well as in a continuous column process. The use of
immobilized enzymes requires separation of the en-
zyme from the microorganism, purification and attach-
ment to support materials such as dextran or cellulose
derivatives, organic resins and glass beads. The pro-
cesses of extraction, purification and insolubilization
are time consuming and are usually accompanied by a
substantial loss of initial enzyme activity.

It has long been known that insoluble materials such
as cells are more efficiently removed from liquids by
the use of polyelectrolytes, natural gums or alum. For
example, fermentations involving extracellular en-
zymes commonly use polyelectrolytes to aid in the
removal of the unwanted cells and improve clarity of
the enzyme-containing filtrate. Some of the mechanis-
tic aspects associated with the polyelectrolyte floccula-
tion of bacteria are presented by P. L. Busch and W.
Stumm in “Environmental Science and Technology 2,”
49-53 (January, 1968) as well as by L. L. Gasner and
D. I. C. Wang in “Biotechnology and Bioengineering
12,” 873-887 (1970). |

DETAILED DESCRIPTION

The present invention provides a convenient and
effective means of adapting enzymes for use in either
continuous- or batch-type processes by the use of floc-
culated microbial cells having the desired enzyme ac-
tivity. The method disclosed herein makes separation
of the enzyme from the microorganism unnecessary.
This, in turn, obviates the need for any enzyme purifi-
cation or insolubilization procedures. Although this
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invention may be applied to any microorganism, it is
particularly suited to those organisms producing intra-
cellular enzymes useful in effecting specific transfor-
mations of substrates.

As mentioned previously, the flocculation of micro-
bial cells has received considerable attention in recent
years primarily in connection with biological waste
treatment and clarification of fermentation liquors. It
has now been found that whole microbial cells which
have been formed into aggregates by the use of suttable
flocculating agents may be used directly in a wide vari-
ety of enzymatic processes. Quite unexpectedly, it has
been discovered that subjecting flocculated microbial
cells to freezing temperatures [ or to dehydrating con-
ditions J imparts a certain rigidity or structural integ-
rity to the flocculated cells without impairing the en-
zyme activity thus resulting in a material that is particu-
larly adaptable to use in continuous- or batch-type
enzymatic processes. For example, a bed of flocculated
microbial cells prepared in accordance with the teach-
ings of this invention is able to withstand repeated
passage of substrate solutions through the bed with
retention of satisfactory flow rates and enzyme activity
for extended periods of time.

A variety of flocculating agents are useful in promot-
ing the desired cell aggregation. Such agents include
anionic polyelectrolytes such as carboxyl-substituted
polyacrylamides, polystyrene sulfonates and polycar-
boxylic acids; cationic polyelectrolytes such as poly-
amines, polyethyleneimine and cationic polyacryl-
amides; polycids such as polylysine; and mineral hydro-
colloids such as activated silicate and colloidal clay.
Combinations of two or more flocculants may be used
in effecting the desired aggregation. Selection of the
proper flocculating agent in a given instance is easily
determined by adding various agents to small samples
of the cell-containing broth and comparing the texture
and appearance of the cell aggregates formed. The use
of filter aids and polymeric adsorbents in conjunction
with the flocculating agents may be advantageous In
some instances. For example, amberlite polymeric ad-
sorbents such as acrylic esters and filter aids such as
diatomaceous earth and asbestos are effective when
added to the broth at the time of flocculation. Amounts
of adsorbent or filter aid used may range up to 100
percent by weight based on the weight of wet cells 1n
the broth. The present invention is not limited to the
above-listed agents since similar materials would be
expected to give equally satisfactory resulits.

Addition of flocculant to the cell-containing broth is
most conveniently carried out in the form of a solution
or suspension. It may also be necessary to adjust the pH
of the flocculant solution and/or the broth prior to
mixing. This will depend on the microorganism used,
the stability of the enzyme of interest and the pH range
in which the flocculant is most effective. Flocculation 1s
preferably conducted at ambient temperatures and the
quantity of flocculant required is generally 1 to 50% by
weight based on the weight of the wet cells contained in
the broth.

Agitation of the flocculant-containing fermentation
broth must be vigorous enough to cause relatively com-
plete exposure of the cells to the flocculant. Excessive
agitation is to be avoided, however, since this tends to
break down the size of the aggregates already formed
thus defeating the purpose of the flocculant. Careful
control of the agitation gives cell aggregates which
agglomerate in the fermentor and facilitates virtually
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complete recovery of the available cells by standard
techniques such as decantation, filtration and centrifu-
gation.

The harvested flocculated cells may be used In a
contemplated enzymatic process without further treat-
ment; however, the useful life of such cell material in a
continuous column operation is reduced considerably
due to packing and settling of the material which af-
fects the flow rates adversely. It is preferable, there-
fore, to subject the harvested flocculated cells to freez-
ing temperatures Lor to dry the flocculated cells 1
prior to use in an enzymatic process. Such treatments
serve not only to enhance the substrate solution flow
rates but also to improve the handling and storage
properties of the flocculated cells. The freezing tem-
peratures required in the treatment of the harvested
cell material are not particularly critical with 0° C. and
below being satisfactory. Freezing times will, of course,
depend on the temperatures used and the bulk of the
cell aggregates being frozen.

The consistency of the harvested flocculated cells 1s
such that the material may be extruded into various
shapes suitable for use in an enzymatic process. The
extruded cell aggregates may be used in conjunction
with inert support materials in preparing packed col-
umns for continuous operation or the extrudate may be
frozen [ or dried Y prior to use.

L Drying of the flocculated cells is particularly useful
because it permits milling of the dried material and
selection of particle sizes by sieving the milled cells.
Control of particle size, in turn, insures a uniform bed
when the material is packed into columns for continu-
ous flow of substrate solutions through the packed bed.
Drying of the flocculated cells also permits storage of
the dried material at ambient temperatures for ex-
tended periods of time. The drying procedure may be
carried out in any convenient manner such as by forced
draft oven, vacuum, drum dryer, etc. provided that the
drying temperatures and times used do not result in
appreciable denaturation of the desired enzyme. Dry-
ing times will vary but it is preferred that the drying
process be continued until the material is sufficiently
brittle to permit milling.J

The flocculated cells may be used for a wide variety
of enzyme-catalyzed transformations such as 1someri-
zation, oxidation, dehydrogenation, hydrolysis and re-
duction. The material is adaptable to either batch or
continuous operations although transformations in-
volving the liberation of a gas are somewhat less ame-
nable to continuous column processes. The quantity of
cell material required for a given process will depend
on a number of factors including the specific enzyme
activity of the material and its availability to the sub-
strate as well as the rate and degree of transformation
desired. In continuous column operations the dimen-
sions of the column and the flow rates desired will also
influence the quantity of cell material required.

The substrate, preferably in the form of a solution or
emulsion, is contacted with the flocculated cell mate-
rial for a time sufficient to effect the desired transfor-
mation. Operating parameters such as temperature, pH
and substrate concentration are determined by the
stability and conditions for optimum activity displayed
by the enzyme responsible for the transformation. The
product of the transformation is recovered by any suit-
able means or subjected to further treatment as de-

sired.
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The invention can best be illustrated by referring to a
specific organism and enzyme. A selected strain of
Arthrobacter such as NRRL B-3724, NRRL B-3725,
NRRL B-3726, NRRL B-3727 or NRRL B-3728 1s
cultivated in a sterile medium containing sources of
carbohydrate, nitrogen and inorganic salts. The fer-
mentation is carried out at 30° C. in the manner de-
scribed in copending application, U.S. Ser. No.
877.474 filed on Nov. 17, 1969, now U.S. Pat. No.
3,645,848. Fermentation is allowed to proceed until
maximum isomerase activity is attained as determined
by standard assay methods. At this point the wet cells
suspended in the broth usually constitute about 4 per-
cent by weight of the total broth. A polyvinylimidazo-
line such as Primafloc C-7 (a cationic flocculant avail-
able from Rohm and Haas of Philadelphia, Pa.) 1s
added to the broth in the form of a 2 percent aqueous
solution whose pH has been previously adjusted to 5.0.
The amount of flocculant added is approximately 0.25
percent by weight based on the total broth and the
addition is effected with gentle agitation of the broth.
Formation of the whole cell aggregates is usually com-
plete within 10-15 minutes. Agitation is then stopped
and the flocculated cell mass settles to the bottom of
the fermentor. The cells are harvested by decanting
most of the clear broth and subjecting the wet floccu-
lated cells to vacuum filtration.

The harvested whole cell aggregates are frozen and
maintaned at —5° C. for about 8 hours before preparing
a packed column using the material is thawed form. In
preparing the packed columns the aggregates are slur-
ried in water and subjected to mechanical crushing to
give a more uniform particle size. A Waring blendor is
suitable for this purpose provided that the blending
period is limited to very short periods of time. The
slurry is poured into a column partially filled with water
and sedimentation of the cells occurs. A glucose solu-
tion in concentrations ranging up to 50 weight percent
containing sufficient Mg** to obtain maximum isomeri-
zation and adjusted to about pH 6 to 10 is passed
through the packed column. The column 1s preferably
heated to about 50°-75° C. to increase the rate of con-
version of glucose to fructose and to inhibit growth of
any contaminating organisms. The flow rate of the
effluent stream is controlled so as to give glucose to
fructose conversions of 40—45 percent. The degree of
glucose to fructose conversion obtainable by the pro-
cess of this inention ranges up to 50 percent. Two or
more packed columns may be operated in series if
desired and the packed cells may be recovered from
the columns for subsequent use in glucose 1someriza-
tions. The isomerase activity is retained even when the
cell material is recovered and refrigerated, frozen or
dried prior to reuse.

Isomerization of glucose to fructose may also be
effected by various species of Streptomyces which have
been flocculated. Species which are useful for this pur-
pose include S. albus, S. echinatur, S. achromogenes, S.
phaeochromogenes, S. flavovirens and S. olivaceus.
Flocculation of whole cells obtained from the cultiva-
tion of various species of Streptomyces is effected in a
manner analogous to that described for Arthrobacter
and the isomerization is also carried out similarly.

The following examples will further illustrate the
application of this invention.
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EXAMPLE 1

A species of Arthrobacter such as NRRL B-37281s
placed in a sterilized growth medium containing 2 per-
cent dextrose, 0.3 percent meat protein, 0.1 percent
yeast extract, 0.6 percent (NH,);HPO,, 0.2 percent
KH.PO, and 0.01 percent MgSO,.7H;O. The pH of the
resulting medium is 6.9. Fermentation is allowed to
proceed with agitation at 28° C. for 60 hours at the end
of which time the pH of the broth is approximately 3.35.
To this broth is added a 2 percent (weight per volume)
solution of a suitable polyelectrolyte such as Primafloc
C-7 to give a final polyelectrolyte concentration of .25
percent (weight per volume). The pH of the polyelec-
trolyte solution is first adjusted to about 5.0 and the
ferementation broth is slowly agitated during addition
of the polyelectrolyte. If desired, a filter aid such as
Celite 545 (available from Johns-Manville of
Baltimore, Maryland) is added to the broth at a con-
centration of about 0.5 percent (weight per volume)
just prior to addition of the polyelectrolyte solution.
Gentle agitation of the broth containing the polyelec-
trolyte (and filter aid, if added) is continued until stable
cell aggregates are formed (approximately 10 min-
utes). The agitation is then stopped and the cell aggre-
gates are allowed to agglomerate thus allowing most of
the clear broth to be separated from the cell matenal.
The cell material is then collected by vacuum filtration
or other suitable means. The harvested cell aggregates
are Leither) frozen at —5° C. [ or dried at 55°C. 1}
before use. Isomerase activity of the harvested aggre-
gates, as determined by standard assay methods, is
comparable to the enzymatic activity of cells 1solated
from the fermentation broth prior to treatment with the
flocculant and filter aid. Moreover, an assay of the
separated fermentation broth shows no isomerase ac-
tivity indicating complete recovery of the isomerase by
the flocculating technique.

EXAMPLE 2

This example illustrates the continuous conversion of
glucose to fructose using flocculated cells that are ob-
tained by the procedure of Example 1 and stored at —5°

C. for several hours.
Frozen flocculated cells are immersed in water or a

glucose syrup. The ‘cell mass is allowed to thaw and is
gently crushed by mechanical means or stirring to give
particles of approximately uniform size. This slurry is
then subjected to vacuum conditions for approximately
30 minutes to remove occluded gases from the cell
particles. A jacketed column of 1 inch diameter 1s par-

10

IS

20

25

30

35

40

45

50

tially filled with water or glucose syrup and the de-

gassed slurry is then poured into the column. The
packed column is heated to 60° C. and a 2 M solution
of glucose having a pH of 8.0 and containing 0.004 M
MgCl,.6H;0 is passed through the column at flow rates
which are regulated to give the degree of glucose con-
version desired. Conversions ranging up to 30 percent
are attainable by this process.

EXAMPLE 3

This example illustrates the preparation of dried floc-
culated cells and the use of the dried cells in continuous
column type isomerization of glucose to fructose.

Flocculation is obtained by the combined use of a
cationic and an anionic flocculating agent. Five parts of
fresh Arthrobacter culture (pH 5.6) are treated with
one part of a 1 percent (weight per volume) solution of
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cationic Primafloc C-7. The broth containing the floc-
culant is slowly stirred until large cell aggregates are
formed. One part of a 1 percent (weight per volume)
anionic Primafloc A-10 (an anionic flocculant avail-
able from Rohm and Haas) solution is then added and
stirring is continued until the large aggregates break
into fine particles. The flocculated cells are allowed to
agglomerate as in Example 1. The cleared broth is
separated and the flocculated cells are recovered by
simple vacuum filtration. The pH of both flocculating
solutions is adjusted with caustic before adding to the
broth. The cationic Primafloc C-7 solution is adjusted
to pH 5 and the anionic Primafloc A-10 is adjusted to
pH 7. The final pH of the flocculated culture is about
5.6.

The filtered cell cake is extruded through a suitable
die before drying the extrudate in a forced draft oven
for about 24 hours at approximately 55° C. The dried
cell material is granulated in a mill and sieved to 20-40
mesh. The granulated dried cells are packed into a
column and glucose isomerization is carried out in the
manner described in Example 2.

EXAMPLE 4

Aspergillus niger is cultivated in a nutrient medium
containing glucose, fructose, MgS0O,.7H,O, KH;PO,,
(NH,);HPO,, urea and comn steep liquor. At the end of
the fermentation period a cationic polyelectrolyte
equivalent to 0.3% by weight based on the volume of
the broth is added to the medium. Sufficient agitation is
effected to produce aggregation of the cells. The floc-
culated cells are harvested and packed into a jacketed
column of suitable size. The packed column is heated
to 40° C. and a 5 percent solution of invert sugar is
passed through the column to give an effluent contain-
ing gluconic acid and fructose.

EXAMPLE 5

Streptomyces olivaceus, strain NRRL B-3583, is cul-
tivated in a nutrient medium containing 0.7 percent
xylose, 0.3 percent dextrose, 0.5 percent beef extract,
0.25 percent yeast extract, 1.0 percent peptone, 0.5
percent NaCl, 0.05% MgS0O,.7H;0 and 0.024 percent
CoCl;.6H;0. The fermentation is allowed to proceed at
28° C. for 24 hours. A 2 percent {weight per volume)
solution of a catinic polyelectrolyte is added to the
fermentation broth in amounts equivalent to 0.05 per-
cent (weight per volume) of the dry flocculant. The
broth is briefly agitated to promote aggregation of the
cells. Agitation is then stopped and sedimentation of
the flocculated cells is allowed to proceed. The cell
aggregates are harvested in a manner analogous to that
described in Example 1. The flocculated cells are dried
at 60° C. for 24 hours before subjecting the dried cell
mass to gentle mechanical crushing action to reduce to
particle sizes suitable for column operation. The
crushed cell material is poured into a jacketed column
partially filled with a 1.0 M glucose solution. The
packed column is heated to 70° C. and a 1.0 M glucose
solution containing 0.04 M MgCl,.6H,0 adjusted to pH
8 is passed through the column to give conversion of
glucose to fructose.

EXAMPLE 6

Saccaromyces cerevisiae is cultivated in a nutrient
medium containing molasses. After a suitable fermen-
tation period, a polyelectrolyte solution is added to the
broth with sufficient agitation to effect aggregation of
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the cells. The flocculated cell mass is harvested and
used in a continuous column operation wherein the
column temperature is 60° C. and a 0.5 M solution of
sucrose with pH 5.0 is passed through the column and
sucrose Is converted to Invert sugar.

EXAMPLE 7

Aspergillus oryzae is cultivated in a nutrient medium
containing wheat bran mixed with additional carbohy-
drates, minerals and buffering substances. Fermenta-
tion is allowed to proceed for 48 hours at 30° C. at the
end of which time a solution of a suitable polyelectro-
Iyte is added to the broth. The resulting aggregation of
the flocculated cells is aided by gentle agitation. The
flocculated ceHs are harvested by decantation and fil-
tration. The flocculated cells are then placed in a jack-
eted column and heated to 50° C. A neutral 0.2 M
solution of acetyl-DL-methionine containing 5 X 107
M CO** is passed through the column to give an efflu-
ent containing L-methionine.

The advantages of the invention are readily apparent
from the foregoing. It will be appreciated that any num-
ber of variations in the basic process described herein
may be made. Those modifications and equivalents
which fall within the spirit of the invention and scope of
the appended claims are to be considered part of the
Invention,

What is claimed is:

1. A process for effecting an enzyme-catalyzed trans-
formation of a substrate in the presence of flocculated
whole microbial cells having associated therewith ac-
tive quantities of said enzyme which comprises contact-
ing said substrate with an aggregate comprising said
cells and a polyelectrolyte flocculating agent under
conditions suitable for effecting said enzyme-catalyzed
transformation and recovering transformed substrate.

2. A process according to claim 1 in which said floc-
culating agent is selected from the group consisting of
anionic polyelectrolytes and cationic polyelectrolytes.

3. A process according to claim 1 in which said ag-
gregate comprises whole microbial cells, a flocculating
agent and a filter aid.

[ 4. A process according to claim 1 in which said
aggregate is dried prior to use in said enzyme-catalyzed
transformation. }

§. A process according to claim 1 in which said ag-
gregate is frozen prior to use in said enzyme-catalyzed
transformation.

6. In a process for converting glucose to fructose in
the presence of whole microbial cells containing active
quantities of a glucose-isomerizing enzyme, the im-
provement which comprises contacting a glucose-con-
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taining liquor with an aggregate possessing glucose-iso-
merizing enzyme activity and comprising said cells
flocculated with a polyelectrolyte flocculating agent.

7. A process according to claim 6 in which said cells
are derived from a microorganism belonging to the
genus Arthrobacter.

L 8. A process according to claim 7 in which said
aggregate is dried prior to use in said process.}

9. A process according to claim 6 in which said cells
are derived from a microorganism belonging to the
genus Streptomyces.

10. A continuous process for converting glucose to
fructose in the presence of polyelectrolyte-flocculated
whole microbial cells containing active quantities of a
glucose-isomerizing enzyme which comprises passing a
glucose-containing liquor through a bed of said cells to
convert a portion of the glucose in said liquor to fruc-
tose and recovering an effluent liquor containing glu-
cose and fructose.

11. A process according to claim 10 in which said
cells are derived from a microorganism belonging to
the genus Arthrobacter.

12. A process according to claim 11 in which said
[ cells are dried prior to use, said J bed is maintained
at a temperature between 50° and 90° C., said glucose-
containing liquor has a pH of about 6 to 10 and the
portion of glucose converted to fructose is between |
and 50 percent.

13. A process according to claim 10 in which said
cells are derived from a microorganism belonging to
the genus Streptomyces.

14. A process for converting glucose to fructose
which comprises contacting under conditions suitable
for glucose isomerization an aqueous glucose-contain-
ing solution with flocculated microbial cells having
active quantities of a glucose-1somerizing enzyme asso-
ciated therewith to effect isomerization of a portion of
said glucose, wherein said flocculated cells are used In

the form of an aggregate resulting from prior treament

of unflocculated cells with a polyelectrolyte flocculat-
ing agent with said flocculating agent including a cati-
onic polyelectrolyte [ and said aggregate being dried

prior to use J .
15. A process according to claim 14 in which said

aggregate is maintained at a temperature between 50°
and 90° C., said glucose-containing solution has a pH of
about 6 to 10 and said cells are derived from a microor-
ganism belonging to the genus Arthrobacter.

16. A process according to claim 14 in which said
cells are derived from a microorganism belonging to

the genus Streptomyces.
* i ¥ W L
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