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PRODUCTION OF L-ASPARAGINASE BY
CULTURES OF ERWINIA AROIDEAE

Thomas F. Murphy and Charles R. Wilke
Lawrence Berkeley Laboratory

University of Celifornia
Berkeley, California 94720

 ABSTRACT

Since 1967, L-asparaginase from E. gg;i_has been used successfully
in the treatment of certain human leukemias. Although more than half the
patients treated in early stages undergo one rémission, treatments for
subsequent relapses often fail because patients develoé immunity to the

E. coli enzyme. Erwinia aroidease and other microorganisms produce L-

asparaginases which are immunologically distinct from E. coli L-asparagi--

nases and could be used successfully with patients immune to E. coli

~ L-asparaginase. The production of L-asparéginasé by cultures of Erwinia

aroideae was studied to provide basic background information for large

‘scale fermentation of the organism for use as an alternate source of

‘L-asparaginase.

Five liter stirred jJar batch and continuous cultures were used to
analyze the effects of medium composition, temperature, pH, dissolved

oxygen concentration, and growth rate on production of L-asparaginase by

. submerged fermentations of Erwinie aroideae.' Experimental work was directed

toward maximizing specific L-asparaginase sctivity. Maximum specifie
activity leads to minimum recovery and purification costs. These costs
are prdbably priméry in determining the cost of L-asparaginase produced

for medical use.
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Survey of complex and chemically defined media showed that

I~asparaginase is inducible in Erwinia aroideae and that high specific

activities are obtained when L-asparagine is the sole carbon and nitro-
gen source. In this case, production of I~asparaginase is growth
associated and specific éctivity, growth rate, and cell mass yieid are
all maximized by the same set of fermentation conditions. Thé optimum
temperature is 29°C and the optimum pH is T.O. Operétion with pH control
is essentiai for optimum I~asparaginase production. Submerged cultures
nmust be vigorously aerated for best L-asparaginase production, although
dissolved oxygen tensions above atﬁospheric are not beneficial. Growth

of Erwinia aroideae in L-asparagine limited continuous culture is

characterized by specific I~asparaginase activity independent of growth
rate and cell mass yield which decreases with increaéing growth rate.

Two areas of further investigation are indicated by this study.
First, two stage cultures, batéh or continuous, may be advéntageous in
increasing the efficiency of lL-asparagine use for L-asparaginase induc-
tion. Second, other more readily available substances may also be effec-

tive L-asparaginase inducers. In the event production of L-asparaginase

from Erwinia arcoideae becomes a reality, these areas should be investigated.

Ay
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INTRODUCTION
L-asparaginase is an enzyme which catalyzes the hydrolysis of

L-asparagine to L-aspartic acid and ammonia:

COOH . COOH

I |
HCNH2 _ HCNH2

| + H20 I—-asparaginase | + NH
CH > CH 3
| 2 l 2
COCH
CONH2

L-asparaginase activity is measured in International Units (IU), defined
as the amount of enzyme able to produce one micromole of ammonia per

- minute at 37°C when the enzyme is saturated. L—aspgraginase is present.
in a variety of plant tissues, animal tissues, and microorganisms.

Current interest in the enzyme is largely due to its use in the
treatment of certain human leukemias. Unlike other anti-cancer drugs,
‘L~asparaginase is toxic only to neoplastic cells. ZEarly workers hoped
that the enzyme would later prove useful against a wide variety of cancers,
and thus nake it aﬁ idegl cancer treatment. IL-asparsginase is now known
to be effective against only three cencers: acute lymphoblastic léukemia,
leukemic lymphosarcoma, and lymphosarcoma. More than half the patients

. treated in early stages achieve a "complete" remiésion (median duration,
sixty days). Far fewer achieve a permanent remission. Patients typically
suffer side effects such as nausea and anorexia when treated and ebout
twenty percent show an allergy to the drug. ZEarly patients also suffered

fevers when treated with L-asparaginase, although the availability of high

)



purity preparations has now minimized this problem;- One of the most
serious limitations of L-~asparaginase chemotherapj is ihat patients
often develop an immunity to the drug and will not respond to treatment
with it for a relapse following an earlier remission. Despite its
limitations, L-asparaginase, used alone or in combination with other
drugs, is considered the most effective treatment for several forms of
leukemia at this time.

The first L-asparaginase available for clinical trials was taken
from guinea pig serum. A typical treatment leading to & complete remis-
sion involves intravenous injection of aboutvonevmillién IU over a period
of several weeks. Production of this much L—asparaginase would require
© approximately 20,000 guinea pigs. Growth of L-asparaginase producing
microorganisus in submerged culture presents a much more feasible alter-

native source of the drug. Escherichiz coli and other microorganisms

produce cancer inhibitory l-asparaginases and are now the source of the
‘enzyme for clinical use.

Most L-asparaginase fermentation research has been with E. coli
and it is the source of the currently available IL-asparaginase prepara-
tions. Chemically and immunologically distinct L-asparaginases with
antitumor activity have been found in other microorganisms, such es

-Erwinia srcideze. The availability of such different L-asparaginases in

amounts sufficient for clinical use would be of considerable practical
advantage in treating patients who develop immunity to E. coli L-aspara-

ginase. For this reason, a systematic analysis of L-asparaginase production

in Erwinies arocideae fermentations was made. This analysis includes batch"
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and confinuous cultures. Medium composition, temperature, pH, dissolved
oxygen coﬁcentration, gnd esge of cﬁlture were studied for their effects
on specific L-asparaginase activity (IU per mg. cellular protein), growth
rate, and yiéld of cell mass in batch cultures. In continuous culture,
the effect of specific growth rate (i.e. dillution rate) on specific
L-asparaginase. activity and concentrations of cell mass, substrate, and
L-asparaginase was studied. The importance given to specific activity
(IU/mg. protein) as opposed to L-asparaginase concentration (IU/ml.)
comes from the preﬁise that the cost of producing an enzyme of acceptable
purity for medical use is determined largely by purification and not
synthesis operations.

This research does not constitute a true optimization of L-aspara-

ginase activity in Erwinia aroideae fermentations. Each variable of

interest was studied independently of all others, whiech were controlled

at constapt values; Rigorously, the effect of any one parameter on
L-asparaginase activity is a function not only of its own value, but of
all the other parameters as well. A true optimization of four variables
would require et least lOOO.experiments. Nevértheless, the experimental
results of this study are significant in showing the sensitivity of the
fermentation to each varieble independent of the others, showing the
influence of the different variables relative to each other, and comparing

batch and continuous fermentation.
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BACKGROUND

L-asparaginase as an Antitumor Drug

Like & number of other events in scientific history, the discovery
of the antitumor property of L-asparaginase began fortuitously. In 1953,
Kidd (37) reported the results of experiments in which mice bearing trans-
planted lymphomas were injected with a mixture of serum from rabbits
immunized against lymphoma and guinea pig serum. Kidd was hopeful that
antiboidies in the rabbit serum would have an immunological reaction with
the rat tumor and that compliment in the guinea pig serum would enhance
the immune response. Instead, he vbserved that tumors in mice injected
with the sera mixture and in control mice injected only with guinea pig
serum both regressed. Although Kidd concluded that guinea pig serum was
active against tumors, the active component and its mechanism of action
were unknovm.

Broome (5), working in the same laboratory as Kidd, conclusively
demonstrated in 1961 that L-aspareginase was the active antitumor com-
ponent of guinea'pig serum. This conclusion was further supported by
Clementi’s (15) cbservation in 1922 of high L-asparaginase levels in the
blood of guinea pigs and by several demcnstrations of an L-asparagine
requiremenf_for in vitro growth of several tumors (43,25).

In 1966, Dolowy et al. (20) reported the use of a partially
rurified L-asparaginase preparation from guinea pig serum in the treat-
ment of an eight year old boy with acute lymphoblastic leukemia. Although
" this patient died of complications in ten days, a reduction in blast cells

was noted. Hill et al. (32), using E. coli L-asperaginase, reported the
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first complete remission of acute lymphoblastic leukemia in 1967. Oettgen
et al. (44) also reported some success with E. gg;i L-asparaginase treatments
in 1967.

.The mechanism of I-asparaginase toxicity to neoplastic cells is
not known at this time. Many kinds of tumor célls do not contain L-aspara-
giné'synthetase and require an external supply of L-asparagine synthesized
by normal cells for growth. When L-asparaginase is injected into the
bloodstream, it depletes the available L-asparagine and thus stops prolif-
eration of the dependent tumor cells. While not all tumors requiring an
exogenous I-asparagine source are treatable with L—a;paraginase, those
tumors which are treatable with the enzyme are all dependent on an exter-
nal supply Qf L~asparagine. Death of aependent tumor cells when treated
with L-asparaginese may be associated with increased ribonuclezse activity
observed in regressing tumors. It has been suggested that L-asparaginase
may remove an inhibitor of ribonuclease which, by increasing ribonuclease
activity, could result in unbalanced protein synthesis and death of the
tumor (h2). .It is significant that I-~asparaginases from different sources
are not all toxic to susceptible neoplasms. The feilure of some L-aspara-
ginases_to stop tumor groﬁth is often associated with rapid élearance of
these enzymes from the patients' blood.

Acute lymphoblastic leukemia is the mosﬁ sensitive human cancer
to L-asperaginase chemotherapy. Typically, déses of 200 to 1000 IU per
kg. body wéight are administered by daily intravenous injection over a
period of two to four weeks. Reported complete\remission rates vary widely,

averaging a little more than fifty percent. The complete remission rate



is apparently independgqt of the dose size within the above limits, al-
though the dﬁration of thé.remission may increase for.large doses of.
71000 IU/kg. or more. Other cancers have been successfully treated with
L—asparaginase. Howewe?t, the response rates have been less than that
for acute.lymphoblasiic leukemia. ’ -

Cytotgxic agents such as vineristine, cytosine arabinoside,
actinomycin D, daunorubicin, adriamycin, and various cytosine antagonists
have had a s&nergistic effect when applied with L-asparaginase in treat-
ment of mouse tumors and may prove useful against human cancers (18).
The success of L-asparaginase chem;therapy haé §timuig§ed interest in
the use of inhibitors of L-asparagine synthesis in combiﬁation with
L-asparaginase (10). Similarly, amino acid analogues of L-asparagine
may be useful theraputic agents (1L).

L~asparsginase has a reported half life of eight to thirty hours
in plasma, independent of the dosage or disease (10). The enzyme's high
clearance rate from the blood along with patients' acquired immunity to
it are major weaknesses of L-asparaginase as an antileukemia dfug. The
use of extra-corporeal devices and insolubilized Lfasparagihase inside
the body have been suggested as solutions to these'problems. Hasselberger
_E_g;,‘(27) found that E. coli L-asparaginase could be bonded covalently
to several watér insoluble matrices, increasing its in vitro stability.
They suggested the use of insolubilized L-asparaginase in an extracorporeal

_ L-asparagine filter, thus reducing problems of in vivo instability and

imounity to the drug. Weetal (59) covalently bonded E. coli I~asparaginase

]

to a Dacren vascular prosthesis and observed that the immobilized enzyme

LYY



retained L44.5% of its initial activity after seven days' implantation in
a dog. Chang (12) microencapsulated E. ggli.L—asparéginase and injected
it into mice bearing transplanted 1ymphosarcoma. The time preceding
lymphosarcoma appearance wasvmuch increased when compared fo that of mice

injected with L-asparaginase solution. Apple (2) dialyzed blood of

. leukemia patients against L-asparaginase in a small cellulose capillary

dialyzer and demonstirated an eighty percent removal of L-asparagine from

the blood.

Production of l—asparaginase by,Micrdorganisms

Despite the promising early observations of tumor inhibition by

guinea pig serum L-asparaginase, sufficient amounts for treatment of a

large number of patients were not initially available. In l96h, Mashburn

and Wriston (41) reported that an L-asparaginase extracted and purified

from Escherichi coli B had activity against tumors comparable to guinea

pig serum L-asparaginase. E. coli is an attractive source of large

amounts of L—asparaginasé because.it can be grown quickly in large scale
submerged fermentations using inexpensive media. A number of other micro-
organisms produce L-asparaginases, although not all of these enzymes are
tumor ihhibitory. Pseudomohas.species‘produce an'L—asparaginése-L-glut—
aminaée complex with only weak antitumor activity (21). Cancer inhibitory

L-asparaginases have also been discovered in Aspergillus terreus (19) and

an avirulent strain of Mycobacterium tuberculosis (49). Presently, the

most attractive organisms for large scale L-asparaginase production are

E. coli, Serratia marcescens, Erwinia carotovora, and Erwinia aroideae.



These are similar enteric bacteria which produce high yields of tumor
inhibitory L-~asparaginases when grown on inexpensive media in submerged
culture. All of the L-asparaginase manufactured commercially at this
time is from E. coli. Interest in the development of large scale
L-asparaginase production using other organisms haé decreased in recent
years as the iimited applicability of L-asparaginase chemothe?apy became
apparent. Nevertheless, there is a need for immunologically different
L-asparaginases from other sources for treatment éf leukemia patients
with an acquired immunity to E. coli L-asparaginase.

The properties of E. coli L-asparaginase have been widely studied
and, as a result, the enzyme is now fairly well characterized. Campbell
et al., (8) found two distinct L-asparaginases in E. coli, which they
designated EC-1 and EC-2. Only the EC-2 L-asparaginase was found to be
ﬁumor inhibitory. The two enzymes have different pH optima which can be
used to determine the proportion of each enzyme in E. coli extracts.
Whelen and Wriston (61) reported a molecular weight of 139,000 for EC-2
I~asparaginase. This value has been corroborated by other investigators.
Some early confusion ekisted concerning the subunit nature of the EC-2
enzyme, although it is now generally accepted that_there are four subunits
of about 35,000 molecular weight with one active site each. The amino
acid composition of the enzyme has been determined, indicating a2 large
number of L-asparagine residues (61). The specific activity of pure

C-2 L-asparaginase is about 300 IU/mg. (33), although higher values

have been reported. PReported isocelectric points vary, although the velue



of h.85 is £ypical (61). The pH optimum is broad, with maximum activity
occuring between pH 6 end pH 8 (8). EC-2 L-asparaginase has a Michaelis
;onstant of 1.25 X 107> M (6). E. QQ;E_L-asparaginaée usually exhibits
e small amount of I~glutaminase activity (8). D-asparagine and lL-aspara-
gine analogues>such as the B—hydrazidé and B-hydroxamate of L-asparagine
are inhibitdrs of E. coli L-asparaginase (17). Ammonia has also been
reported tb inhibit at basic pH's (9).

Since the discovery of a tumor active L—asﬁaraginase from E. coli,
there has been considerable effort_in developingvfenhentations of this
organism‘with high yields of L-asparaginase. Schwartz et al. (53) grew
g: ggli_KlE in a stirred jar fermentor and observéd that L-asparaginase
activity of well aerated cultures increased by more than one order of mag-
nitude when dense cultures were held without aeration for twenty minutes
and then harvested. Roberts et al. (50) screened a number of bacteria,
molds, and yeasts for L-asparaginase activity in corn steep liquor shake
flask cultures at 37°C. E. coli HAP was found to have the highest activity
in corn sﬁeep medium. Other media were tried with fhis orggnism, but néne
wgs superior to corn steep liguor. These investigafors observed a strong
maximua in specific activity (IU/g. dry weight) during the late exponential
growth phase. They also found that specific L—asparaginase activity de-
creased in‘proportion to the initiai glucose content of the medium, and
that serobic growth resulted in twice.aé_much activify as anaerobic growth
. on corn steep meaium. Cedar and Schwartz (11) grew E. coli K12 in a

tryptone-yeast éxtract—glucose medium in shake flasks. They found a quick
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100 to 1000 fold rise in specific activity forty minutes after shaking was
stopped. Specific activities of anaerobic cultuigs ﬁere about the‘same

as £he two cycle shake flask cultures. They found that additions of
L-asparagine or other amino acids to the medium did not induce L-aspara-
ginase and that L-asparasgine could not be used aerdbically or anaercbically

. as the sole carbon source. Robison and Berk (52) screened several E. goli

‘L

strains for L—-asparaginase activity in casein hydrolysate~soy peptone-
glucose shake flask cultures and found E. coli B to have the highest speci-
fic activity. They found that a low sugar or glycerol concentration in

the medium was necessary for highest specific activity.and'that supplements
of I-asparagine, L-aspartic acid, and L-glutamic acid were not beneficial.

- Essentially growth associated L-asparaginase production was observed. The
tenperature for growth yielding maximum specific aétivity was found to be
25°C. Bilimoria (3), working with E. coli UM, found that stationary flasks
vwith sparged air had dense growth but low specific activity. Cultures

‘with rotary shaking had both dense growth and high specific activity. A
casein hydrolysate-yeast extract medium was superior to a peptone-beef
extract-L-asparagine medium in this study. Boeck et al. (4) grew a phage
resistant mutant of E. coli B in stirred jars using a casein hydrolysate-
soy medium. A two cycle system of aerated growth followed by static holding
- without aeraﬁion was found to inrcrease IL~esparaginase activity. An addition
of glucose at the beginuing of the static cycle and control at pH 7.5 lead “
to highest activity. Theée workers found L-asparaginase activity in well

aerated cultures to be very high and nﬁn-growth associated, with maximum

activity occuring during the mid-exponential phase of growth. The two cycle
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technique resulted in no improvement in activity when tried with cultures

of several other gram negative l—asparaginase producing microorgsnisms.

Erwinia aroideae was not among those tested. Hernadi et al. (31) scréened _
136 gb_gg;i_strains for l—asparaginase activity in é% corn steep liquor
shake flasks at 37°C. They followed production df tﬁe two L~asparaginases
by the highesf producing E. coli strain and observed that the EC-1 ehzyme
has maximum activity during exponential growth, while_the,EC-2 enzyme has
maximum.activity‘during.Stationary phase. |

Anbthér organism whose fermentations have been studied for possible

large scale development is Serratia marcescens. ﬁeinémann and Howard (28)
screened several §:7marcéscens strainé in 4% autolyzed yéast extract shake.
. flask cultures for L—gsparaginase activity. With:théir most productive
stfain, they found h%iautolyzed yeast extract medium to be superior to
several othér complex media end that the_presence of'sugars in the mediﬁm
inhibits L;asparaginase synthesis. These investigaﬁors observed that
synthesis of L-asparaginase in shake flask cultures took place only after
the dissolved oxygen.concentrafion reached Zero. .Heinemann 33_3;. (29)
la§e¥ reported more conclusivevevidencé that S. marcescens synthesizes
L—asparaginéée only in oxygen limited cultures. In bilot fermentor experi-
meﬁté,'fermentations with a loﬁ oxygen transfer rate which were oxygen
limited ﬁad_about twice the L—asparaginase activity of well aerated, non-
oxygen limited fermentations. Khan et al. (36)vfound that S. marcescens
L-asparaginase is inducible by the brgsence of L;ésparagine or L-glutamic

_ acid,in.thé medium. Addition of 0.3% l-asparagine to a 1% peptone-0.5%

beef éxtract—oﬁs% yeast extract shake flask mediunm increased specific.
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L-asparaginase activity about fourfold. These workers also reported that
addition of sugars to the medium caused small increases in activity.

Erwinia aroideae, like S. marcescens, produces a tumor inhibitory

I-asparaginase which is immunologically_differenﬁJfrom E. coli L-aspara-

ginase EC-2 (47). These enzymes may be useful in treating cases where

antigenic reactions to the EC-2 enzyme are exbected. Although Erwinis 4
aroideae L-asparaginase has not been as widely studied as E. coli

L-asparaginase, a number of its properties have beeh.reported. Peterson

and Ciegler (L47) first reported high yields of an L-asparaginase from

FErwinia aroideae, which was serologically distinct,from both E. coli and

S. marcescens l-asparaginases and active against tumors in mice. Unlike

E. coli, Erwinia arcideae produces only one L-asparaginase of about 122,500

moleculr weight (55). The specific activity of the pure enzyme is between

550 and 600 IU/mg. (55). Erwinia aroideae L-asparaginase is a basic

protein with an isoelectric point of 8.2 (55). The pH optimum is between

pH 7 and pH 8, and is less broad than that of the EC?2 enzyme (55). The
3

enzyme has a Michaelis constant of 3 X 10 M, which is much larger than

that of EC-2 IL~asparaginase (47). British researchers have also experi-

mented with L-asparaginase from Erwinia carotovora and suggest that this
microofganism may be another attractive alternate source of the enzyme (57).
Relatively little has been published concerning submerged fermen- .

tation of Erwinia aroideae for production of L-asparaginase. Peterson ™

and Ciegler (47) grew Erwinia sroideae in shake flasks on a 0.5% tryptone-
0.5% yeast extract-0.1% glucose phosphate buffered medium at 28°C. They

observed that during the first three hours of growth, the pH dropped from -



-13-

pH 7.5 to pH 6.8. No L-asparaginase activity’was'detected during this
1nterval. Later, the pH rose to a final value of pH 8.4 and essentially
growth assoc1ated I~asparaginase production took’ place. This pH-time
profile suggésts that glucose probably was metabolized first, resulting
in acid productlon, followed by metabolism of free amino acids in the

- medium and consequent base (NH ) formation. If this is the case, then

synthesis of L-asparaginase by Erwinia aroidese is assoc1ated only with

metabolism of the free amino acids. These investigators also studied

the effect of aeration on L-asparaginase activity of stirred jar fermen-

tations of Erwinia aroideae. Mild aeration (low air fiow, low agitation
rate, ferméntor without baffles) promotea-highest 5pecific activity, while

: vigorous.aeration (high air flow, high agitationvrAte, fermentor with
baffles) fesulted in lowest specific activity. .This behavior is similar to .
the dissolved oxygen dependence of S. marcéscens. ‘Peterson and Ciegler (L48)
later reported further analysis of medium and aeration influences on

‘l~aspareginase production by Erwinia aroideae. Fach component of the medium

described above was added in two different concentrations to the original
medium in shake flasks in an effort to defermine‘which was responsible for
L~asparaginase synthesis. Only yeast extract pfoiotéd L-asparaginase
synthesis in proportioﬁ.to_the original sﬁbstrate»éoncentration.' The other

- components appeared to havevlittle influehce. Substitutes for yeast extract
- were testéd with the original medium, although nbne.proved superior. .The ‘
véffeét of zeration on shake flask cultures growihg ét several yeast éxtract
-concentrgfibns was studied. Highest activity (IU/ml.) occured when the yeast .

extract concentration was 5% and aeration conditions were most vigorous. The
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results of this aération study are difficult to interpret'because L-aspa-
raginase activities were reported on a voiumetric (per ml.) basis rather
‘than a specific (per g. dry weight or per mg. protgin) basis. The pub-
lished data actﬁally suggest that yeast extract as a substrate in low
concentrations may result in éonstant specific activity and decrease
specific activity at higher concentrations. Liu aﬁd‘Zajic,(38) analyzed
the separate roles of carbon sources and nitrogen sources in l-asparaginase

production by Erwinia aroideae. The carbon source which gave highest

specificbactivity in sheke flasks also containing tryptone and yeast extract
was lactose. The nitrogen source which gave highest specific activity in
shake flasks also containing lactose was 0.5% tryptone—o.s% yeast extract.
Actually, the terms ''carbon source"” and "nitrogen éource" used in this

research are misleading in that Erwinia arcideae is sble to use the free

amino acids in the various nitrogen sources as bOth qarbon and nitrogen
source. Therefore, the medium promoting highest lL-aspardginase specific
activity need not be a mixture of a carbohydrate ahd:an organic nitrogen
source.

A summary of l-asparaginase specific activities reported for E. coli,

S. marcescens, and Erwinia aroideae by various investigators is given in

Table 1.



. of Several Microbial Fermentations

Taeble 1. Specific L-asparaginase Activities

Organism

Meximum I~asparaginase
Activity (IU/g. dry wt.)

Investigators

E. coli K12

jtd

. coli K12

=1

coli B

1=

coli B

. coli

=t

E. coli

5. marcescens

Frwinia aroideze

E. coli HAP

S. marcescens

y8*

960

130

- 533

848
6600

Lo2

Loo**

¥R

5T
1250

Erwinia aroidesae

1080

Schwartz et al.
(53)

Roberts et al.
(50)

Cedar and
Schwartz (11)

Robison and
Berk (52)

Bilimoria (3)

Boeck et al.
(k)

Hernadi et al.

(31)

Heinemann and
Howard (28)

Khan (36)

Peterson and
Ceigler (47)

Liu and Zajic

(38)

¥Reported as 0.096 IU/mg. protein. Estimated by.assuming 50% of dry
weight is protein. ’ '

¥¥peported as 100 IU/g. wet cells.
weight is water. ’

Estimated by assuming 75% of wet

¥¥¥Reported as 0.113 IU/mg. protein. Estimated by assuming 50% of dry
weight is protein.

TPhage resistant mutant.




THEORY

Batch Culture of Microorganisms

Growth of microorganisms on a singie limiting substrate in batch
culture éharacteristically is in five different phases: (1) lag phase,
(2) exponential phase, (3) period of decreasing growth rate, (4) stationary
" phase, and (5) death phase. A typical batch growth curve is shown in
Fig. 1. A lag period of no growth may follow inoculation of a fresh medium
with cells unadapted to tﬁe new medium. During the'lag ﬁeriod, cells and
synthesize additional enzymes needed to begin growing ;n the new medium.
A lag period is uéually-not observed when cells for inoculation are grown
in the same medium found in the new culture. Exponential growth of micro-
) organisms follows first order kinetics:

an _ - *

For well mixed, constant volume systems this reduces to

ax _
. - M- | (2).

When one or nmore substrates in the medium near depletion, the growth rate
decreases from its maximum value (exponential phase) to zero (stationary
phase). The dependence of growth rate on substrate concentration is often

. modeled by the Monod equation:

- P max S '
u rowrar- (3)

where Ks is usually quite small. When oxygen is the substrate which limits .

growth, a different terminolgy is often used. |

*Refer to Nomenclature of p. 83.

..



(4)

(5)

LOG‘ (CELL MASS CONCENTRATION)

TIME ' _ :
"XBL 72114-5865

Fig. 1. Uypical batch growth curve showing (1) lag phese, (2) exponential
phase, (3) period of decreasing growth rate, (L) stationary phase and
(5) death phase. : : -
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The respiration rate is defined (S = dissolved oxygen concentration) as

()

O
H
et L
91m
|0

2
The dissolved oxygen concentration at whiéh the respiration rate first
becomes less than its maximum value is called the critical oxygen
- concentration.
In order to use the Monod equation to describe upteke of substrate
or productioh of cells, it is necessary to define & yield factor for

substrate conversion to cell mass:

_ ax/at
Y3</s ~ -as/at (5)

_ Often it is assumed that Yx/s is a constant, independent of S for & given

culture system and thus

_ X -=Xo
XX/S ~ S -8 ° : (6)

The validity of this assumption can be tested, as will be described later. .
A yield factor for product (extracellular or intracellular) formation can

be defined in terms of cell mass concentration:

_  dPp/dat .
Yp/x Tax/dt (7)

If the product is growth associated, Yp/x is a constant independent of X

" and

' . P.~- Po '
Yp/x T X -Xo (8)

The yield of product can also be written in terms of substrate concentration:

_ apfat _
YP/s T o-gs/at Yp/xYx/s (9)



s
A
o~
v
-
.
'
R
2ans
“
o
et
e

~19~

. 1 tant:
When Yx/s and Yp/s are both constant, Yp/s is also a constan

- P - Po : - 10)
Yp/s - S -8 ° (

When S is large compared to Ks and Yﬁ/s is constant, the integrated forms

of Eq. (2) reduce to

pmax | ' (11)

X = Xo e ‘ s

5 = So -3 (M) | (12)
x/s

P = Po e v, _ (13)

General implicit relationships between X, S, P, and t can be found by
integration of Eq. (2) with appropriate substitutions, however no explicit

equations can be written.

Continuous Culture of Microorganisms

Batch submerged fermentation can be modifiedvto incorporate con-
tinuous flow of fresh nutrients into the fermentor and continuous flow of
cell'suspension.out of the fermentor. Several assumptions are made to
simplify mathematical modeling of continuous culture! (1) the tank is
well mixed so that the conaition of the exit stream is identical to the
condition of the fluid in the tank, (2) only ong.substrate limits the
growth rate, (3) the Monod equation describes the relationship between
limiting substrate concentration and gréwth réte, and (4) Yx/s is a con-
stant, independent df the growth rate.

A cell mass balance can be written around the continuous fermentor

(also called & chemostat):
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cell mass cell mass = cell mass .cell mass ' (1k)
flow in generation flow out accumulation

At steady state, there is no accumulation of cell mass and

Cax
FXo + V> =FX . (1_5)

%% is given by Eq. (2). If no cells enter the fermentor, Xo = 0 and

pn=f-p . (16)

<"

If Xo # 0 (e.g. in systems with recycle or more than one stage),

< - .
u=67ﬂﬂn : (17)
Similarly, a substrate mass balance can be written around the chemostat:

substrate - substrate substrate substrate (18)
flow in flow out depletion -accumulation

At steady state, there is no accumulation of substrate and

DSo = DS + (%f—) growth (19)

Using (g%)growth = uX from Eq. (2) and Egs. (3), (6), (9), and (16), Eq. (19)

can be factored to give

DKS
S =_—_———pmax—D 2 (20)

DKs ‘ )

Y = — ——

X Yx/s So Te— . (21)
DKS (22)

P=Y , [So - —2—] .

' p/s \° umax - D _

The volumetric rate of production of cell mass and product are defined as

DX and DP respectively:
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' DK . '
DX = Yx/sD (So - m K (23)
DKS _
DP = Yp/sD (So - m . , (2k)

Typical piots of Egs. (20), (21), (22), (23), and (24) are shown in Fig. 2.
Setting the first derivative of either Eq. (23) or (24) equal to zero and

solving for D gives the dilution rate at which productivity is maximum:

D=mna.x(1—V'K—s'_-;K-s-éB-)'- . (25)
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(2) or (3)

DEPENDENT VARTABLE

DILUTIOK RATE

XBL 7211-5866

Fig. 2. Typical steady state dependence of (1) substrate concentration,
(2) cell mass concentration, (4) cell mass productivity, and (5)

growth associated
Monod equation.

product productivity on dilution rate based on



EXPERIMENTAL

Analytical Procedures

a. Cell Mass Concentration Determination

Cell meass concentrations‘of microbial suspensions are someﬁimes
measured by first oven drying or freeze drying suspéﬁsions-of known volume
* and then wéighing the dried material. However, cell mass concentrations
found in this manner can often be correlated to light absorbance measured
with a spectrophotometer, thus permitting rapid indirect cell mass con-
centration determination by absorbance measurement of cell suspensions.
Samples aseptically withdrawn from a growth vessel were either diluted
with distilied water and placed in glass cuvettes or, when the samples
" were sufficiently dilute, placed directly in cuveﬁtes; The cuvettes were
inserted into a Fisher Electrophotometer II and their absorbances read
at 650 my against a distilled water blankQ' Dilute cultures growing in
sidearm flasks were analyzed simply by insefting the suspension filled
‘arm of the flask into the spectrophotometer. Absorbances of uninoculated
media were measured at the appropriate dilutions and then subtracted as
blank rgadings from cell suspensioﬁ absorbances. The net absorbance values
were then converted to cell mass concentrations by use of a standard curve.

A standard curve of absorbance versus cell mess concentration was

- prepared for Erwinia aroideae. A culture was grown to high concentration

in a complex medium and then divided into two parts; One part, of mea-
' sured volume, was centrifuged in several tubes with the supernatant solu-
tions discarded. The cell pellets were washed with distilled water,

recentrifuged, and the supernatants again discarded. The tubes, previously
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tared, wefe'dried in a 90°C oven for 24 hours, placed in a dessicatof féf
22 hours, and weighed. In this manner, the ceil mass concentration of

the original‘suspension was measured. The second part of .the original
culture was diluted with fresh medium to several different concentrations.
The absorbances of these suspensions were read and corrected for the back-

~ ground absorbance of fresh medium. Net absorbance ﬁas then plotted against .
cell mass concentration, calculated from the dilution factors and the con-
centration of thé original suspension. The standard curve generated by
this procedure is showmn in Fig. 3.

b. L-asmaraginase Assay

L-asparaginase activity was measured by a'method adapted from that
. of Mashburn and Wriston (L0O). Cell suspension samples were aseptically
removed from the growth vessel and centrifuged in a Sorvall Superspeed RC-2
automatic refrigerated centrifuge at 10,000 RPM for fifteen minutes. The
supernatant fermentation liquor was décanted and saved. The cell pellet

was resuspended in 0.1 M sodium phophate buffer at pH 8.0. Both the liquor'

and resuspended cells were assayed for L-asparaginase. Erwinia aroidese
samples quickly lose L~asparaginase activity when frozen and stored for
later assay. For this reason, assays were alweys performed on fresh samples.
Resuspended cells were assayed intact for L-asparaginase activity.
.Intact cells and cell free extracts prepared by sonic diéruption were found
to have the same L-asparaginase activity under the conditions of the assay;'.
Whole cell assays have also been reported by other workers (28). 0.1 ml.
of resuspended cells and 0.1 ml. of sufernatant liquor were added to separate

tubes containing 2.5 ml. of 0.2 M tris (hydroxymethyl) aminomethane buffer



I .
[ :
~al,
i

ABSORBANCE AT 650 mu

o 111 |

-0 0.1 . 0.2 - 0.3 0.b 0.5

CELL MASS CONCENTRATION (g./1.)

XBL 7241-5867

Fig. 3. Standerd curve for Erivinia aroideae éell mass determination.
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at pH 8.0 and 2.5 ml. of 0.133 M L-asparagine in’a'37°C bath. The en-
zymatic reaction between L-asparaginase and L-asparagine was allowed to
proceed for thirty minutes. At the end of this interval, protein was
precipitatéd by the addition of 0.2%5 ml. of 1.5 M trichloroacetic acid
and the reaction was stopped. Blank samples were prépared in an analogous
manner to enzymatic reaction samples except that 0.25 ml. of 1.5 M tri-
chloroacetic acid were added before the 0.1 ml. supernatant liquor or
resuspended cell addition and the thirty minute incubation of 37°C was
not carried out.

Ammonia formed by L—asparaéinase action on l-asparagine or present
in the sample from other sources was detected by & sensitive color reaction
with Nesslef's reagent. 1.0 ml. of solution from enzymatic reaction tubes
or blank tubes was diluted with 3.0 ml. of distilled water. 1.5 ml. of
Nessler's reagent was added and the absorbance at 420 my was read after
exactly one minute with a Beckman DU-2 spectrophotometer using a glass
cuvette. By.the use of a standard curve for Nesslerization, prepared
with ammonium sulfate, rates of ammonia production, and hence L-asparagi-
nase activity, were computed. The Nesslerization standard curve is shown
in Pig. L.

c. Protein Assay

Bacterial protein concentrations were assayed by the method of
Lowry et al. (39). Samples for protein analysis were aseptically removed
from the growth vessel, transferred to small bottles,; chilled in an ice
bath to stop growth, frozen, and stored for later'analysié. Frozen

samples were thawed and diluted in distilled water, if necessary, before
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3

Fig. L. Standard curve for ammonia concentration measurement by
Nesslerization in L~asparasginase assay.



—28-

analysis. 2% sodium carbonate-0.1 N sodium hydroxide, 1% cupric sulfate,
and 2% sodium tartrate solutions were mixed in the ratio 100:1:1 immedi-
ately before use. 0.8 ml. of cell sample was added to 4.0 ml. of the
reagent solution and the mixture was placed in a boilihg water bath for
fifteen minutes. 0.4 ml. of Folin—Ciocalteaﬁ reagent was then added with
simultaneous mixing. Samples were held at room temperature for sixty
minutes, at which time they were transferred to glassbcuvettes and their
absorbances read at 520 mp against distilled water in a Beckman DU-2
spectrophotometer. A standard curve was prepared by analyzing boviﬁe
serun albumin solutions of known concentration by'thiswmethod and plotting
absorbance versus protein concentration. Absorbance*readiﬁgs of;;xperi—
mental samples were converted to proteih concentration by use of the
standard curve shown in Fig. 5. An assumption in ﬁsing this stendard is
that bovine serum albumin has the same proportion ofltyrosine as Erwinia
aroidezae. Tyfosine is the amino acid.detected‘by the Lowry assay.

d. L-asparsgine Assay

I~asparagine concentrations were measured colorimetrically by the
method described by Snell end Snell (54). Semples were taken and stofed
in the same'manner as protein samples. L-asparagine samples were centri-
fuged to remove cells and then diluted in distilled water so that the
concentration of L-asparazine was less than 0.01 M. Equal parts of 16.4%
hydroxylamine hydrochloride and 14.0% sodium hydroxide were mixed. 2.0
ml. of this mixture were added to 1.0 ml. of L-asparagine solution and
placed in a 60°C bath. After three hours at 60°C, the tubes were ccoled

to room temperature. 1.0 ml. of 4 M hydrochloric ecid and 1.0 ml. of 20.0%
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_ Fig. 5. 'Standard curve for protein assay with boVine serun albunmin
standard. : ' '
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ferric chloride hexahydrate—0.0TS M hydrochloric acid were added to the
cooled tubes and mixed. Solutions were transferred to glass cuvettes and
the absorbances read at 540 mp against distilled water in a Beckman DU-2
spectrophotometer. Standards of knowgup-asparaginé concentration were

analyzed with the experimental samples.

. Experimental Apparatus

a. Batch Fermentation

Batch culture experiments were done with 4 Fermentation Design
Model MAS501 five_liter stirred Jjar fermentor system. The fermentor con~
tained 3.6 iiters of medium initially for batch experiﬁents. The fermen-
tor and accéssories are shown schematically in Fig. 6.

Agitation was supplied by two six-bladed turbines on a vertical
shaft attached to a magnetic rotor which rested on the bottom of the jar
and was coupled with an external variable épeed magnetic drive. The
fermentor was fitted with four baffles attached to the head plate. Air
‘was forced first through a rotometer, then into a glass\wool packed filter
for particle entrap;ent to achieve sterilization, ana finally through a
sintered glasc sparger in a column of sterile water for humidif;cation
before entering the fermentor through a éingle hole sparger under the
lower turbine. Exhaust from the fermentor also passed through a glass
-wool filter. Temperature was controlled by alternating flow of hot and
cold water through a coil inside the fermentor. A'thermistor was inserted
into a well in the head plate to sense the liquid temperature and transmit

a signal to an on-off temperature controller. Temperature was measured

.-
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Fig. 6. Batch;ferﬁentation system. .

drive

XBL 7211-5870



-32-

with a thermometer placed in another well in the head plate. The magne-
tic drive, air supply, and temperature control system were all contained
}n one modu;e.

pH was measured with an Ingold 761-351 B combination pH electrode.
The signal from this electrode went to a Fermentation Design PH-RT re-
corder-controller module. The on-off controller acfuated Sigmamotor ALl
peristaltic pumps which added either 10 N hydrochloric acid or 4 N sodium
hydroxide to the fermentor to maintain constant pH;

Dissolved oxygen concentration was measured'with a Ferﬁentation
Design ElQO—9 teflon membrane type- electrode. Thevcurrent from this
probe was passed through an appropriate resistance and the voltage drop
recorded with & Leeds and Northrup Speedomax Type G recorder. In this
system, voltage was proportional to dissolved oxygen concentration in
the fermentor.

The fermentor was steam sterilized in a vertical autoclave, with
a holding time of at least thirty minutes at 121°C. Both the pH and dis-
solved oxygen probes vere steam sterilizable, but wére short circuited
during sterilization to avoid rapid decomrosition of electrolyte solutions.
The inlet air filter and humidifying column were autoclaved separately
and connected to the fermentor aseptically after stéfilization. The acid
and base reservoirs for pH control were autoclaved individually to avoid
vapcr phase chemical reactions during sterilization.

b. Continuous Fermentaticn

Continuous culture studies were done in & New Brunswick MMF-05

five liter stirred jar fermentor. The continuous culture system, shown
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schematically in Fig. 7, was constructed of apparatus from a va:iety of
sources,vin contrast to the modular Fermentation.Design batch culture
aéparatus described above.

The fermentor.was fitted with four baffles and two six-bladed
turbines. The agitator shaftlwas couplea through an aseptic séal and
two universal joints to an overhead 1/h HP. General Electric Statotrol
variable speed motor.

Air was supplied to the fermentor in the séme'manner as it was
supplied‘to the batch fermentor, passing through a rotometer, glass wool
filter, humidifier, and single hole sparger in the fermentor. Exhaust
from the fefmentorvpassed through a glass wool-filter.

Temperature was controlled by circulation_of‘water by an Eastern
Industries-Model ﬁ—l éentrifugal pump from a heatéd béth through the
hollow baffles in the fermentor which also-served.as a temperature control
coil. A thermistor in a well in the head plate transmitted a signal to
.a Yelloﬁ Springs Instrumenté Model T2 proportionél controller which regu-
lated power input to the heater immersed in the temperature control bath.
*vTemperature was meaéured with é thermometer in another well in the head
plate. |

pH was measured with Leeds and Northrup reference and measuring
~electrodes. The signals from thesg electrodes went to a Beckmaﬁ Model

900 on-off pH conﬁroller-analyzer coupled to a Hew Brunswick PA-6 peri-
staltic pump which added 10 N hydrochloric acid to the fermentor to

maintain constant pH.
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Fig. 7. Continuous fermentation éystem.



Dissolvéd oxygen coﬁcéntration was measured’wi%h a teflon membraﬁe
type electrode. The current from the electrode was converted to a volt-
age drop.by’an appropiiate resistance, and the vqltage was recorded with

“a leeds and Northrup Speedoméx Type G recorder. Recorded voltage was
proportional to dissOlved'oxygen concentration in the fermentor.‘

Sterile medium in.a five gallon glass carboy was pumped into the
fermentor bjia Sigmamotor Model T8 peristaltic pump coupled to a Westing-
house Type FH 1/8 HP. ﬁétor by & Zeromax Model E variable speed drive.
Before entering the fermentor, medium passed through a glass sight tube,
at which point the flow separated_into distinct pulsés. The discontinu- -
ity in flow ét the sight tube inhibited growth of hicroorganisms back
up int¢ the sterile medium reservoir. Microbial culfure left the fermentor
through an overflow arm whose height was adjusted to maintain a constant
culture vbluﬁe inside the fermentor. The overflow arm end the air exhaust
were connected by a siphén breakef line to equalize the pressures in both
lines. |

For continuous operation, the ferﬁentor fiiled with medium, medium
feed line, inlet air filter, and humidifying column were steam sterilized
in a vertical autociave.with a holding time of at least thirty minutes.
The pH ‘electrodes and oxygen electrodeb(shdrted) were steam'stefilizable.

. Additional mediﬁm was steam sterilized in five gallon carboys, holding
at leaét two hours inmé verticél autoclave. Carbéys of fresh sterile
medium were connected aseptically to the medium feed line as required to

maintain continuous operation. Acid for pH control was sterilized

separately.



Experimental Procedures

a. Culture Maintenance -

A lyophilized culture of Erwinia aroideae NRRL B-138 was obtained

from the American Type Culture Collection (ATCC 25206). All reported

FErwinia aroideae L-asparaginase studies have been with this strain. The

lyophilized culture was revived by aseptically transferring the bacterial
pellet from a glass ampule to a smgll flask of sterile nutrient dbroth.

The nutriént broth culture was grown to high cell dehsity and then streaked
on a nutriént agar slope. The culture was maintained'By aseptic transfer
to fresh nutrient agar slopes ét approximately three Qeek intervals.
Freshly streaked slopes were allowed to grow for oné day and were then
stored in.a refrigerator for latter use.

b. Media for L-asparaginase Production

Al]l submerged cultures of Erwinia aroideae were grown in the same

mineral base solution, irrespective of the carbon soﬁrce. The formulation
of this solution is shown in Table 2. When a source of coﬁbined organic
nitrogen (e.g. amino acids) was not present naturally with thé éarbon |
source of a medium, inorganic nitrogen was added in the form of 3.0 g./1.
of ammonium chloride. A mineral base solution of greater complexity waé
compared with the simple solution of Table 2, but resulted in no improve-

ment in growth rate or yield of Erwinia aroideae in shake flasks with

glucose as carbon source.
A variety of carbon sources were screened in shake flask cultures

for their influence on the production of L-asparasginase by Erwinia groideze.

To avoid caramelization, two carbohydrate substrates of interest, glucose
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Table 2. Mineral Base Solution for Submerged
Growth of Erwinia aroideae.

Constitﬁent - | Concentration (g./1.)
K,HPO, | _ 10
KH,PO,, , | | - 1.0
MgS0, - THAO - | -~ 0.2
CaCl,.2H,0 | - o.02
MnClz;hHZOF | | . o.002
NaMoO) 28,0 | - o.00

Ferric-EDTA solution 1.ml./1.

Antifoam Emulsion

(General Electric AF-T2) o : 0.25 ml./1.

Férric-EDTA solution was prepared by first dissolving 17 g. of
(ethylenedinit}iié)'tetraacetic acid‘(EDTA’ and 3.23 g. of KOH in 186
ml. of distilled water. Then a solution of 13.7 g. of FeSOu-THzo_iﬁ
364 ml. of distilled water was mixed with the first éolution. Thé mix-
ture was aerated overnight to oxidize the iroh and waé fhen filtered and

stored in a dark bottle.
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and pectin, were autoclavéd in the absence of minerai salts, which were
added aseptically from a sterile concentrated solution after cooling.
Corn steep water was prepared by the method of Robérfs et al. (50).
Other media were generally prepared in single batchgs, except when small
amounts of glucosé were required. Then glucose was added aseptically
- from a separately sterilizea 10% glucose solution. All media were adjusted
to pH 7.0 by addition of concentrated hydrochloric_acid or sodium hydroxide
before sterilization.

Cultures were grown in 100 ml. of medium in 300 ml. sidearm flasks.
Flasks were placed in a New Brunswick Aquatherm Wéter éath Shaker Model
G86 at 30°C and 225 RPM. All cultures were inoculated with 1 ml. of a
" dense liquid culture grown on the medium of interest. Lag periods ﬁre—
ceding the exponential growth phase were thus avoided by inoculation with
8 nutritionally adapted culture. Inoculum.culfures were started by direct

aseptic transfer of cells from a nutrient agar slope of Erwinia aroideae.

Absorbance readings were made on the céll suspensions throughout
the growth of the cultures. Cell mass concentrations were found from this
data and the growth curves were plotted. L-asparaginase acitivity was
assayed at two different periods in the growth of each culture: during
exponential growth and at the onset of the stationary phase.

"c. Temperature Effects on I—asparaginase P'roduction

The influence of temperature on growth and production of L-aspara-

ginase by Erwinia aroideae in batch culture was studied with the five liter

batch fermentation system. The medium giving highest specific activity,

determined by the screening of media in previous experiments, was used in



the temperature study. Stirred jaf fermentations were run at five differ-
enf controlled temperatures: 21.0°C, 25.0°C, 29.2°C, 32.9°C, and 37.0°C.
.Fermentor temperature was controlled within d.3°C of the set point temper-
ature by the on-off temperature control system. Other conditions influ-
encing the fermentation were kept uniform for éll.temperatures. pH was
controlled at pH 7.0. Aeration was vigorous (360 l./hr. air flow rate
andv700 ﬁPM agitation rate) so that dissolved oxygen concentration ﬁas
always near saturation level. |

The five liter fermentor was inoculated with 100 ml. of a dense,

nutritionally adapted culture of Erwinia arcideae, grown at a temperature
close'to‘that of the fermentor. Samples were removed from the fermentor
with sterile pipéttes for absorbance measurements throughout the growth
of s culture. Growth curves were plotted from this-déta. L-asbaraginase
' activiﬁy of the cultures was assayed only once during a run, at a time
:ﬁﬁen cultuies'were in the exponential growth phase. Small samples of
the cell suspension were frozén and later assayea for protein. Specific
activities of cultures growing at verious temperatures Werevcompared bn
~this basis; giater experiments indicated that specific L—ésparaginase
sctivity is at an essentially constant maximum vélﬁe for rapidly dividihg

cells of Erwinia aroideae under conditions ofvconstant temperature and

PH and vigorous aeration. Hence, measurement of'énzyme activity at more

than one time during a run would have been superfluous.

d. pH Effects on I-asparaginase Production
The influence of medium pH on grbwth and_production of L-aspara-

ginase was studied in five liter batch fermentor experiments. The medium
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and temperature giving highest specific activity, bésed on previous
experiments, were used in these experiments. Three runs were made at
constant, controlled pH's of 6.0, 7.0, and 8.0. fhe pH of the buffered
medium was controlled within 0.05 pH units of the setbpoint by the on-
off pH control system. The procedure for inoculation and sampling of
the culture, aeration and agitation conditions, and the basis for mea-
surement of L-asparaginase activity were the same as those used in the
temperature study.
Mlthough industrial fermentations are typically run with some

form of tempefature control, they often are run without external pH

control, reiying only on the buffering capacity of the medium. An addi-
. tional five liter batch run was made without external pH control to
characterize this mode of ogeration and to compare it with batch fermen-
tation witﬁ pH control. Unlike the pH controlled fermentations where
the important environmental parameters were all invarient with time and
.specific L-asparaginase activity was constant during growth of the cul-
ture, growth without pH control introduces a time variant pH which pre-
sumably makes specific L~asparaginaese activity also a function of time.
During the batch run without pH control, cell suspension semples were
assayed for L-asparaginase activity at several times during the growth
~of the culture. Corresponding samples for protein'assay were frozen and
assayed later. |

e. Dissolved Oxveen Concentration Effects on L-asparaginase Production

The infliuence of dissolved oxygen concentration in the fermentation

medium on growth and production of L-asparaginase by Erwinia aroideae was




studied with both flask and five litér fermentor cultures. The medium,
temperature, and pH of these fermentations were those which resulted in
highest specific activity in the experiments described above.

Twé experiments were done to characterize the role of dissolved

oxygen concentration in the growth of Erwinia aroideae. Air and nitrogen

. blended in several ratios were supplied at different ﬁimes to a single
batch cultpre. Growth was allowed to proceed for several hours at each
measured dissolved oxygen concentration in equilibrium with an air-nitrogen
gas mixture until uniform exponential growth was observed (determined by
absorbance data). The change in exponential growth rafe with dissolved
oxygen concentration was used to estimate the critical oxygen concentra-

- tion. During exponential growth of Erwinia aroideae with the dissolved

oxygen tension in equilibrium with pure air, aeration was stopped for
several minutes. The depletion of dissolved oxygen during this time was
found to be linear with time and the slope of the oxygen uptake curve‘was

‘used to find Q. .
0y

Four experiments were done to determine the influence of dissolved

oxygen concentration on the production of L-asparaginase by Erwinia aroideae.

A flask culture sparged with pure nitrogen was checked for growth and
I~asparaginase production under snaerobic conditioms. A five liter fer-
“mentor éulture was grown under conditions of vigorous aeration (700 RPM
agitation and 360 1./hr. aeration) and constant, controlled temperature
and pH. The cuiture was inoculated and sampled in the same manner as

previous stirred Jar fermentations. Semples of the culture were assayed
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for L—asParéginase activity at several times during its growth. Corre-
sponding sampies‘for protein analysis were frozen for later asssay.
knother experiment, identical to the experiment described above except
that agitgtion was at only 212 RPM, was done to chéracterize growth and

I~asparaginase production by'Erwinia aroideae in oxygen limited batch

culture. A final stirred jar culture was grown with aeration by an
approximately 1l:1 mixture of oxygen and air and agitation at TOO RPM.
L-asparaginase activity and protein concentration vere measured at one
time during exponential growth of this cultufe.

f. Production of L-asparaginase by Continuous Culture

Erwinia aroideae was grown in continuous culture using the medium,

temperature, pH, and dissolved oxygen concentration which gave highest
specific activity in batch expefiments. The five liter continuous cul-
ture apparatus was used for this work. In this experiment, the effects
of steady state growth rate (i.e. dilution rate) on L-asparaginase
production wefe analyzed.

To begin the continuous culture experiment, the chemostat was
inoculated with 100 ml. of nutritionally adapted shake flask culture of

Erwinia aroideae. The fermentor was operated batchwise until the culture

reached stationéry phase. At this time, inflow of sterile medium and
outflow of culture were initiated and the continuous fermentation allowed
to proceéd at a‘constant flow rate untii variestions in the cell mass

- concentration were no longer observed (based on absorbence measurements).
A szmple of the steady state culture was then aseptically pipetted from

the fermentor Jar for analysis. After steady'state was attained, a step



change in medium flow rate was made and the approachiof the culture to a
new steady state observed. AAsample was taken and the procedure repeated
-until a total of nine steady states had been analyzed. At the ;ast flow
rate tested, the culture "washed out” and the expgrimént ended. Flow
rates were calculated by marking fluid levels in the sterile medium reser-
" voir at different times and later measuring the correspondirg volumes.

As flow.rate was increased, aeration and agitation were also increased

to maintain dissolved oxygen concentration above the growth limiting
level; Changes in aeration and agitation produced dif?erent gas hold—up
and steady state fluid volume in the fermentor at.each flow rate; The
stea&y state level of ungassed liquid in the fermgntor was marked and

) the correépénding volume measured at each condition. Cell suspension
sémples were analyzed for protein and substrate (Lfasparagine) concen- |
trations and L-asparsginase activity. Samﬁles were f:ozen for protein
and substrate (L-asparagine) assays, which were performed later. The
.L—asparaginaée assays, however, were done on freshly sémpled culture.

g. Production of I—asparaginase by Two Stage Batch Culture

Previous experiments showed that I-asparaginase is inducible in

Erwinia aroideae by the presence of L-asparagine_in the medium. Erwinia
aroideae.was,grown in two'stages in a.five liter batch fermentor. In the
" first stage, cells were grown to a high density on a non-inducing sub-
strate. In the second stage, L—asparagine‘was added to the dense culture
fo cause induction of L-asparaginase.

1% glucose ﬁas used gs a readily available, non-inducing substrate

for the first stage. The culture was started with a glucose-adepted shake
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flask culture. When glucose was exhausted and the cﬁlture reached sta-
tionary phase, the second stage was begun by additibn of L~asparagine
crystals to the culture to make a 1% solution. During both steges, the
fermentor was controlled at the conditions of temperature, pH, and
aeration which gave highest specific I-asparaginase activity in previous
experiments. Growth of the culture in both stages was followed by ab-
sorbance measurements on cell suspension samples. L-asparaginase activity
was assayed for with fresh samples. Samples were frozen for 1ater‘protein

assay.
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RESULTS

Media for lL-asparaginase Production .
The fesults of shake flask screening of different media for the

production of L-asparaginase by Erwinia arcoideae are shown in Table 3.

Specific L—asparaginase activitj is lowest in cells gfdwn on carbohydfate
substrates (glucose and peétin)';;d much higher in cells grown on complex
substrates such as peptone, tryptone, beef extradﬁ, and coérn steep water.
The 0.5% tryptone, 0.5% yeast extract, 0.1% glucose-mineral medium listed

in Table 2 is the medium reported by Peterson and Ciegler (47) in their

early studies. Erwinia aroidege was also.grown with 0.1% L—asparagine-H2O

as sole carbon and nitrogen source. The high specific IL-~asparaginase

activity of this culture indicates that L-asparaginase is inducible in.

Erwinia aroideae. Another shake flask expefiment showed that supplementa-

© A

tion of the.ériginal medium of Peterson and Ciegle: with 0.2% L-aspara-

gine-H20 significantly increases specific L—aspa;aginase activity, fprming
further evidence of L-asparaginase inducibility.

Aushake flask experiment was done to find if the presence of an
L-asparaginase inhibitor, such as D-asparagine, in the medium_would enhance

the induction of L-asparaginase by Erwinia aroideae. It was hypothesized

that an inhibitor might stimulate overproduction of the enzyme by reducing
its epparant activity in the cell and create a need for larger amounts of

enzyme. However, when a mixture of 0.2% lL-asparagine.H,.0 and 0.75%

2
'D—asparagine-HEO was the sole carbon and nitrogen sburce,_L-asparaginase
activity was actually diminished and with 1.0% D-asparegine as sole carbon

and nitrogen source, no growth was observed.



Teble 3. Production of L-asparaginase by Erwinia aroidese in Several Media

Exponential Growth

Cell Mass Yield

Specific L-asparaginase

Medium Composition Rate (hr.-1) (g. dry wt./1.) Activity (IU/g.dw)
1.0% glucose-mineral 0.640 4.19 79
1.0% pectin-mineral 0.547 .21 101
1.0% peptone-mineral 0.966 0.57 341
0.5% tryptone, 0.5% yeast extract, |
0.1% glucose-mineral 1.012 2.19 L28
1.0% tryptone-mineral 0.966 0.81 503
5.0% corn steep water-mineral 0.7h42 3.77 506
0.5% tryptone, 0.5% yeast extract,
0.1% glucose, 0.2% L-asparagine:
Hgo-mineral 0.966 2.95 565
1.0% beef extract-mineral — 0.35 610
1.0% L-asparagine-H,0-mineral 0.611 '1.69 780
0.25% L-asparagine-H.O,
0.75% D-asparagine.H,0-mineral 0.325 0.56 TN
1.0% D-asparagine:H, O-mineral 0 0 -

2

100 ml. shake flask cultures groﬁn at 30°C and initial pH of T in 300 ml. side arm flasks

with 225 RPM shaking.

i
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Additional experiments with 1.5% and 2.0%'L—asparagine4H20 (not

shown in Table 3) revealed that Erwinia aroideae cultures grown in media
containing 2.0% L—asparagine'H20 have less than maximum activity; Most
later experiments analyzing other fermentation parameters were done with

1.5% L-asparagine.H

,0-mineral medium, which gave the highest specific

L-asparaginase activity of the media examined in this first study.

Temperature Effects on I—asvaraginase Production

The effects of temperature on growth and production of L-aspara-

ginase by Erwinia aroideae in 1.5% L-gsparagine-H2O mineral medium are
shown in Fig. 8. Growth rate, yield of cell mass, and specific L-aspara-
ginase activity all are highest at 29°Cﬂ Although cell mass yield is
essentially independent of temperature between 21°C and 29°C, growth fate
and specific lL~asparaginase activity exhibit strqngér.and somewhat parallel
dependences on temperature. Subsequent experiments analyzing other |
parameters ﬁere done at 29°C.

pH Effects.on L~asparaginese Producticn

The effects of pH controlled at three different levels on growth

and production of L-asparaginase by Brwinia azroidea are summarized in

‘Table 4, The resﬁlts show.that growth rate, yield, and specific L—aSﬁa—
raginase activity are near optimum when pH is controlled at pH 7 or-pH 8,
but when pH is controlled at pH 6, yield and specifié activity decrease
quickly.

Batch growth of Erwinia aroideae without external pH control is

characterized by the curves of Fig. 9. Ammonia liberated during the

metabolism of L-asparagine caused an almost linear rise from PH 7.0 to
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Fig. 9. Batch growth of Erwinia arocideae without pH control. Cell mass
concentration (@ ), L-asparaginase activity (B ), specific activity
(&), dissolved oxygen (dashed line), and pH (dotted line) versus
time. Medium = 1.5% L-asparagine-HpoO-mineral, temperature = 29°C,
aeration rate = 360 1./hr., agitation = 700 RPM, inoculun = 100 mi.
dense, adapted culture, 5 1. fermentor.




Table 4. Production of L-asparaginase by Erwinia aroideae in pH Controlled Fermentations.

Exponential Growth

Cell Mass Yield

Specific L-asparaginase

Medium pH ‘Rate (hr.-1) (g, dry wt./1.) Activity (IU/mg. protein)
6.0 0.420 2.51 0.588
7.0 0.51k 5.17 1.233
8.0 0.420 4,55 0.942

Cultures were grown in 1.5% L-asparagine-HZO—mineral medium in 5 1. fermentor with pH and

temperature control. Temperature = 29°C, aeration = 360 1l.’hr., RPM = 700, inoculum = 100 mi. dense,

adapted culture.

...Og..



pH 8.1 duringvgrowth of the culture. In late stages, growth of this
culture was nonexponential and‘specifich-asparagingse,activity'was at
all time§ iess thgﬁ that of the culture controlled at pH 7. Later
experiments were ail done with control at pH T. v

Diss@lved Oxygen Concentration Effects on L-asparaginase‘Production

T

Figure 10 shows the dependence of the exponentigl growth rate of

Ezginia.aroideae on dissolved oxygen congentration in 1.5% L—asparagine-HQO-
mineral medium at 29°C and pH 7. At dissolVed dfygen.concentrat;ons

betyfeen about 3 umoles/l. and zero, the expo‘nent‘lial“ grqwth rg.te vdecreasevd
'frombits maximum value to zero. The critical oxygén cdncentratibp for
grdwtﬁ>of Erwinia aroidease at thevconditions specified above i§ estihated

- to be'3'ﬁmoles/l., although critical oxygen concenfration is'aétually
defined as the concentration at which the respirafion rate (rather than-
‘growth rate) first deviates from its maximum value.

Figure 11 represents the uptéke of dissolved oxygen by an exponen-

tial phase Cﬁlture of Erwinia aroideae growing in‘l.B% L—aspéraginefHQO-
mineral medium at 29°C and pH 7 without air input. The élope of the
linear part of fhis.curve divided by the cell mass concentration eqﬁals
the.repsiration rate under the conditions of the experiment. ‘The

respiration rate found by this method is 9.18 mmoles/g. dry wt.-hr.

"Growth of Erwinia aroideae and production of L-asparaginase in
~well aerated batch culture are characterized by the curves shown in Fig. 12.
. Cell mass coﬁcentration and L—asparagiﬁase activify increased essentially‘
in a parallel, exponential manner, while specific L-asparaginase activity

remained elmost constant during the fermentation. Although dissolved
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Fig. 10. Effect of dissolved oxygen concentraiion on exponential growth
rate of Erwinia aroideze in submerged culture. Cultures were grown -
on 1.5% L—asParagine-Hgo-mineral mediun, vH = 7.0, temperature = 30°C.
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Fig. 11. Oxygen ustake by Erwinia aroideae in sﬁbmerged culture with air
input stopped. Initial medium coxposition: 1.5% L-asparagine-mineral,
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oxygen concentration-dropped to about forty percent of the éaturation
value near the end of the fermentation, it was always well above the
critical concentration.

Growth of Erwinia aroideae and production of L-asparaginase in

‘a poorly aerated batch culture are characterized by the curves shown in
‘.'Fig; 13. Dissolved oxygen quickly bécame depleted during this fermen-'
tation and both cell mass concentration and L—aspafaginése ﬁctivity
increased nonexponentially. After oxygen became depleted, specific'
I~asparaginase activity decreased to between sixty and eigﬁty percent
-of its value in the well aerated fermentation. -

Teble 5 summarizes the relationship.of growth and production of

. L—asparéginase by Erwinia aroideae to aeration and dissolved oxygen
" concentration. Included in this table are characteristics of a fermen-

tation with dissolved oxygen tension above atmospheric and an anaerobic

culture. Erwinia aroideae is unable to ferment L-asparagine in the

-absence of oxygen.

" Production of L-asparaginase by Continuous Culture

‘The steady ;tate values of cell mass concentration, L—aspéraginase
activity, and L-asparagine (substrate) concentration are shoﬁn for Séve—
ral dilution rates in Fig. lh, Washoﬁt, indicated by the rapid decrease
~in cell mass‘concentfation and I~-asparaginase acti&ity and rapid increase
f;in substrate concentration, apparently occurs when»the dilution raté 
- approaches the value of umax~measured in batch operaﬁion‘(see.Table L).
i Although>subétrate concentration folloﬁs a charaéteristic Monod form,
cell mass concentration -and L-asparaginase activity,.which béth.decrease

steadily with increasing dilution rate, do not (see Fig. 2).
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Fig. 13. Growth of Erwinia aroidese in poorly aerated batch culture. Cell

mass concentration (@), L-asparaginase activity (B), specific activity
(B), 2nd dissolved oxygen concentration (dashed line) versus tinme.
Mediun = 1.57 L-asparagine.HyO-mineral, temperature = 29°C, pH = 7.0,
zeration rate = 360 1l./hr., agitation = 212 RPM, inoculum = 100 ml.
dense, adapted culture, 5 1. fermentor.
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Table 5. Production of L-asparaginase by Erwinia aroideae under
Several Conditions of Aeration and Dissolved Oxygen Concentration

Dissolved Oxygen

Concentration (mmole/l1.)

Cell Mass Yield
(g, dry wt./1.)

Exponential Growth
Rate (hr.=%)

Specific L-asparaginase
Activity (IU/mg. protein)

0 (completely anerobic
culture)

0 (oxygen transfer limited
culture)

(well serated culture)

0.545 (oxygen supplemented

culture)

o "o

.nonexponential
growth 3.66
0.51k 5.1T .
0.3L4k k.39

0.736
1.233

0.765

A1l cultures were grown in L-asparagine-mineral medium at 29 - 30°C and pH 7.

agitation conditions and growth vessels varied and are described in the Appendix.

Aeration and

-85~



The dependence:of steady state productivitieé‘of-cell méss §nd‘
I—-asparaginase on diluiidn'fate are shown in Fig. l5. These curves also
différ from tﬁe,chéracteristic Monod form at high dilﬁtion rates.

Steady state specific L—asparaginase activity is shown as a func-
tion of dilution rate in Fig. 16. Within the limits of accuracy of the |
analyses,.SPécific l~asparaginase activity is independent of the growth
rate on L-asparagine.

The yield factor for conversion of-subétréteuto cell mass, Yx/s’
decreases significahtlyvas dilution rate increaseé, as can be seen in
Fig. 17. The variation of yiéld facféf with dilﬁtion rate is a deviation
from the constant yield factor case of Eq. (21) and Fig. 2 and éccounts
for the apparent inconsistency between fhe cell mass concentration ana
substrate concentration curves of Fig; lh;
| The specific rate of L~asparaginasé productiaﬁ,.%-%%, is shown
as a functioh of specific growth rate for batch anavéontihﬁQus cultures
in Fig. 18. In continuous culture, l"'d'l—D-iS equal to Yﬁ/xD’ based on

X dt
Egs. (2), (7), and (16). In batch culture, %'%g;gan be found by measuring

slopes off a P versus t curve and dividing by celi mass concentration._
: Similar;y, H. for batch culfure cah bé found by.di?iding slopes 6ff an X
~ versus t curve by X. The data of Fig. 12 was'analyzed in this manner for
comparison of batch and continuous production of L*aSparaginasé. Figure
18 shows ﬁﬁat batch and continuous production rates are essentially the

same and'that the yield of L-asparaginase from cell mass, Yp/x’ is a

constant (565 IU/g. dry wt.) independent of specific growth rate.
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Production of'L—aéparaginase by Two Sﬁage Batch Culture

Growth and production of L-asparaginase by Erwinia aroideae in a

two stage batch culture are characterized by the curves in Fig. 19.

Growth on 1% glucose in the first stage was exponential. However, pro-
duction of L-asparaginase in glu&ése limited medium was not exponential
and was not growth associated. Specific L—aspéféginase activity decreased
slightly with the age of.the culture. The eddition of L-asparagine
beginning the second stage was f&llowed by irmediate, but slow, growth.
The rate of L-asparaginase productién and specific activity increased
during the‘second stage, indicatiné I~asparaginase induction. However,

as L-asparagine depleted, L-asparaginese activity dropped markedly.



. - £ ’ B
L I % {% i§

1 ] 1 i ¥ Ty 1 |
| 114
- : l , B
, First Second
Stage I Stage
10 l ’ —41.2

CELL MASS CONCENTRATION (g./1.) OR
L-ASPARAGINASE ACTIVITY (IU/ml.)
’..J

SPECIFIC L-ASPARAGINASE ACTIVITY (IU/mg. protein)

0.1

tlnllllt'lo
o 2 4 6 8 10 12 14 16 18

?IME (hr.)
XBL 7211-5883

. Fig. 19. Growth of Ervinia aroideae in two stage batch culture. First
. stage:  growth on 10 g./1. glucose. Second stage: addition to 10 g./1.

. L-asparegine and subsequent growth. Cell mass concentration (@), '
L-asparaginase activity (@), and specific activity (4 ) versus tinme.
Tenperzture = 29°C, pH = 7.0, aeration rate = 360 1./hr., sgitation = 700 -
RPM, inoculun = 200 ml. dense, glucose-adapted culture, 5 1. fermentor.
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DISCUSSION

Interpretation and Implications of Experimental Results

The'screening of several media for L-asparaginase production,
sumarized in Table 3, shows that specific L-asparaginase ectivity is

lowest in Erwinia aroideae cells grown on carbohydrate substrates, higher

in cells grown on complex media, and highest in cells grown on L-aspara-
"gine as sole carbon and nitrogen-source.. These observations indicate

that L-asparaginase is inducible in Erwinia aroideae by the presence of

L-asparagine (and perhaps other similar molecules) in the growth medium.
Coiplex media such as peptones, tryptones, yeast extract, beef extract,
and corn steep water all contain a variety of aminé-acids, including
potential L-asparaginase inducers such as L—asparagine, L~aspartic acid,
L—glutamine, and Leglutamic acid. The presence of these molecules in low
concentratlono apnarently leads to varying degreeg of partlal I-asparagi-

nase 1nductlon when Erwinia aroideae is grown in complex media. When the

inducer content of a complex medium was increased by supplementation with
L¥asparagine, specific activity increased but remained below the completely

induced level of cells grown on pure L-asparagine. Erwinia aroideae grown

in the absence of any inducer molecules exhibits a small, constitutive
L-asparéginase activity.

Investigators working with E. gg;i_generall& observed that complex
madie give highest specific L-asparaginese acfivities. However, supple-
mentatlon of complex medxa with possible inducers or growth on inducing
substrates fails to increase activity. The apparent conclusion is that

certain precursor molecules in a complex medium are beneficial to

-
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L—asparagihase synthesis, but the enzyme is not inducible in E. coli.
Whether the presence of precursor molecules in complex media are bene-

fical to I~asparaginase synthesis by Erwinia aroidese is uncertain. It

is clear, however, that the enzyme is inducible in Erwinia arcideae.

‘L-asparaginase is also inducible in Serratia marcescens by L-asparagine.

Erwinia aroideae is taxonomically closer to Serratia marcescens than‘to
E. coli, which may be associated yiéﬁ both microorgénisms having inducible
L-asparaginases.

The cell mass yields and growth rates reporfed in Table 3 follow
typical patterns. Highest growth }ates fesult with complex media, wheresas
defined media give lower growth rates. Cells growing in a simple, dgfined
medium must synthesize a variety'of precursor molecﬁlés for themselves
which may be naturally available to cells growing in a complex medium.
Growth rate in a simple medium may , therefore, be limited by slow éna—
5olic reactions while growth rate in a complex medium may be limited by
faster catabolic reactions. Cell mass yield, however, is highest in
defined media and lower in complex media. Although biosynthesis is more
efficient in complex media due to the presence of biosynthetic precur-
éors, much of the material in a complex medium is unsuiteble for energy
metabolism and the net effect is reduced cell mass. yield.

The attempt to stimulate overproduction of L-asparaginase by

growing Erwinia aroideae on an inducer-inhibitor mixture of L-asparagine
and D-asparagine resulted in lower growth rate and specific activity
than growth on l~asparagine alone. Toxicity of D-amino acids to Erwinia

species has been reported elsewhere (2L). D-asparagine probably reduces
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the growth rate of Erwinia aroideae on L-asparagine, to some extent, by

reducing the rate of L-asparagine hydrolysis in the presence of the
inhibitor. D-asparagine may also compete with Irasparggine for attach-
ment to the repressor of l~asparaginase synthesis. However, D-aspara-
gine may not be effective in releasing the repressor frdm the operon and
© L—~asparaginase synthesis in the presence of mixtures of D and l-aspara-
gine may be partially repressed. The reduced L-asparaginase activity
of the culture may also have been due to failure of the microorganism
to effectively distinguish between L~asparagine and D-asparagine during
synthesis of L-asparagine polypeptides. E. ¢oli I-asparaginase, for
example, is known to have a large number of l-asparagine residues.
Figure 12 shows the growth associated L-aspafaginase production

by Erwinia aroideae when L-asparagine is the only carbon and nitrogen

source. A theoretical maximum growth rate; if L-asparagine conversion
to L-aspartic acid is the growth rate limiting reaction, was calculated
‘from the I~asparaginase activity and cell mass yield of this culture.
This theoretical maximum growth rate is several times larger than

the observed maximun growth rate, indicating thai the hydrolysis of

. . s e ¥
L-asparagine is not growth rate limiting.

* X
1 ds uriole I~—azsparecine min. - .
= =2 - 5645 D) : Lilile . X
X dt D2 g, dry wt. cells min. 60 hr. 1.32x10 umoleL—asparaglne
14ds _ b.LT g. dry wi. cells
X dat ) g. L—-asparagine hr.
£

- g. dry wt. cells

Yx/s 0.392 g. L-asparagine
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Althdugh L—asparagine as sole carbon and nitrogen source gives

highest specific L-~asparaginase activity in Erwinia aroideae, its use as-

a substrate in larger scale fermentations may be of limited practicality
due to the ﬁnavailability of bulk quanities of the amino acid. The two
stage batch culture described by Fig. 19 was an attempt tooproduce a. com-

pletely induced culture of Erwinia aroideae with less L-asparagine con-

sumption.._The procedure was°n9t effécﬁive because the rate of I-aspara-
ginase indﬁction was too slow in glucose adapted c¢l1s7 L~asparagine
added to the culture to cause induction was depietéd by cellular metab-
olism before indpction was complete. Only about a sixteen percent in-
crease in specific activity from the constitutive_ievel toward the com-
pletely induced level was achieved when glucose ahd L-asparagine were
used in equal concentrations. The sudden drop in spécific activity after
second stagé growth stopped is peculiar and is not consistent_with the -

observed stability of I-asparaginase in stationary phase Erwinia aroideze

grown only on L-asparagine.

Other schemes for producing fully induced Erwinia aroideae cul-

tures with less L-asparegine consumption might be more effective thean

the method discussed above. For example, second stage induction using

iL(Footnotegcont.)

(p__ ) L-asparagine

max = 1 dX 148
" limited growth X dt x/s¥X dt
(u__.) I~asparazine  _ : -1
max limited growth - l'TS_hr' v
(umax) experimentally _ 0.51 -

observed



a nonmetabolizable inducer (if available) could be allowed to go to com-
pletion without premature consumption of the induéer. Similarly, a
growth inhibitory substance could be added with L-asparagine in the
second stage. In addition, camplex media could bé used in the first
stage to reduce the degree of induction necessary in fhe second stage.
The temperature study, summarized in Fig. 8, shows that, fortui-
tously, all three parameters characterizing L;asparaginase production by

Ervinia aroideae are optimum at 29°C. No compromise of specific activity,

enzyme yield, or rate considerations with fermentation temperature is
necessary for optimal operation.

Up through 33°C, growth rate and specific l-~asparaginase activity
have an esséntiully parallel dependence on temperature. Continuous cul-
ture expériments showed, however, that specific activity does not change
in response to changes in growth rate (see Fig. 16). The parallelism is
probably only coincidental. The increase in specific activity with tem-
perature below 29°C may be the result of decreasing affinity of the
repressor of L-asparaginase synthesis for the operon. At high temperatures,
the rapid drop in specific activity may be due to'anvuncoupling of energy
metabolism and biosynthesis of I-asparaginase or to thermal denaturation
of the'engyﬁe. At high temperatures, the dependence of growth rate on
temperature is somewhat unusual. Usually a more rapid drop in growth rate
is observed after temperature exceeds the optimum value. Cell mass yield
is essentially constant-at low temperatures but drops rapidly above 29°C.
This phenomenon is typical and is due to a breakdown in the coupling of
energy yielding metabolism and biosynthesis at high temperatures. Extensive

thermal denaturation of cellular proteins may also be in effect at 37°C.

»



All_three,pgrameters charaéterizing thevproductipn of L-asparagi-

nase by Erﬁiqia aroideae are. optimum when the pH is controlled at pH T.

Like fhe temperature depe@@encé discussed above, this situation a;so
obviates ﬁhé_nééd té compfomise parameteré having different pH optima to
achie{e an op£ima1 fermentation. Variation of the measured pargméters

~was smaii befween pH'Y and pH 8. However, cell mass‘yield'and specific
activity wefq significanﬁl& decréqsed by éperation:at pH 6. L-aspéraginasé .

from Efwinia aroideae exhibits maximum activity between pH 7 and pH 8, but

has abouf_ﬁhirty percent ;ower gctivity at pH 6 (h?). This L-asparaginase
may be in fhe class of enzymés Vhich are only effgctivély induced when cellu-
lar PH 18 near the pH optimum of the enzyme (22)._.The sharp decrease in

. yield at pH 6 could be dﬁe to increased Eellulér bfotein denaﬁuration and
the_resulﬁing increase in biosynthetic energy reéuirement followed by an
overall reduced cell mass yieldﬁ Howgver,'such a.sﬁrong‘effect at a pH
closg tonneutral seems improbable. kThe observed phenomena are not.éxplain—
.able'by variations in thevionic ngpure of L-asparagiﬁevénd ifs permeability
to cells-éf different pH's. Between pH 6 and pH 8,.L—asparagine is almost

entirely in the Zwitterion form which can permeate the cells.

Figures 9 and 12 show that growth of Erwinia sroidese without pH
control is clearly inferior to growth with pH control for production_éf
_ L—asparaéinaée. Growth is.none#ponential.and celi-mass yield and specific
activity are significgntly less than maximum. These effects are not due
only tovtﬁe increase‘from pH 7.0 andva‘B.l during the fermentation be;
cause the effects are more Severe‘thap they'are when a culture is main-
tained at pH 8.0 from the béginning. During growth controlled at a.

constant pH, ammonia produced by metabolism of L-asparagine was neutralized
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by automatié géid addition and accumulated in the‘ﬁgdéupf_ However, ?ith—
out pH contréi; amﬁonia can only be neutralized By'phosphate buffer in
the culture médium,' After the buffering capacity was saturated by
ammonia, fﬁrther anmonia produced by metabolism of L;asparagine was no .
longer neutralized but was stripped f;om the culture by the air flow
through the fermentor. In this situation, much of the nitrogen needed
for growth was lost as ammonia in the exit air stfeam (a strohg ammonie
odor was noticed). Growth may have been limited by nitrogen supply,
rather than carbon supply, explaining the low yield. NNitrogen limitation
may also have adversely affected L-asparaginase synthesis;

The critical oxygen concentration for growth of Erwinia aroideae

on L—asparaglne at pH 7 and 30°C is estlmated to be 3 pmoles/1 based on
the data in Fig. 10. This is consistent with reported critical oxygen
concentrations'for bacteria and yeast which are ip;the fange 0.08 to 16
pmole/1 (26). Iow critical oxygen concentration has the processing ad-
vantage of somewhat reducing the minimum aeratioﬁ and power requifements
needed to maintain a nonlimiting dissolved oxygeh'concentrationvin dense
cultures.

The respiretion rate measured for Erwinia aroideae growing ex-

pongntialiy on L-asparagine is high (9.18 mmole/g. dry wt.~hr.) but
consistent with respirzation rates reported for other fast growing micro-
orgaenisms (7). This high respiration rate necessitates vigorous aeration
of fermentations to.avoid oxygen limitation end diminishéd specific
L-asparaginase activity. It is important to notice thet the oxygen

uptake curve of Fig. 11 does not include an initial lag period which
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could indicate an oxygén probe réspoﬂse too slow.fo‘méasurelthe dxygen 
uptake rate without error.

The four‘fermentations run at different aeration conditions show
that vigorous agitation and aeration with air is most effective for ﬁro—

duction of LQasparaginase by Erwinia aroidese. Growth rate, cell mass

yield, and specific activity were all highest when dissolved oxygen
tension was close to atmospheric. Poor aeration, resulting in oxygen
~ limited aritbmetic growth, leads to lower L-asparaginase activity and.

cell mass yield. These effects are not due to a partial switch from

aerobic to anaerobic metabolism of L-asparagine because Erwinia aroideae

is unable td ferment L-asparagine anaerobically. When growth is limited
v,by dissolved oxygen supply, it méy‘be that biosynthesis is more heavily
directed toward synthesis of reépiratory machinery, resulting in iess
efficient growth and reducing ﬁhe cellular content of‘enzymes such as
-I~-asparaginase. Growth and production of lL-asparaginase by Erwinia.
‘.aroideae in.gubmerged culture with dissolved oxygen.fenSion'aBove
atmospheric is &lso inferior tQ growth gt lower, nonlimiting concentra-

_ tions of oxyéen. Ih this situation, the-reducedIL—aéparaginase activity

| may be.due to the enzyme's instebility in strong oxidizing enyironments.,
Reduced growth rate and cell mass yield may alsovﬁe due.to_the oﬁygén.

©+ lability of certain cellular cémponents. B
Comparison of the experimental continuous culturé curves iniFigs.

" 14 and 15 wi%h the curves in Figﬁ 2 shows that only substrate concentration,
of the ﬁarmneters plotted,_qualitatively follows a Monod form. The'steady,

substantial decrease in cell mass concentration with increasing dilution
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rate indicates that the yield of Erwinia aroideae cell mass from L-aspara-

gine substrate decreases as growth rate increases, a$ ¢an be seen in Fig.
17. The-depehdence of yield factor on dilution rate explains the atypical
forms of the other curves in Figs. 1lU4 and 15. The observed results are.
not due to . oxygen starvation, which can produce si@ilar results. At each
. steady sta£e, dissolved oxygen concentration vasvwéll_above the critical . . i
level. The steady state yield is higher than batch culture yield at low
dilution rates and less than batch culture yield at high dilution rates.
Since growth rate decreases during the course of Eatch growth, the final ‘ |
batch yield is actually an average value, resulting frém integration of
a growth rate depeqdent yield factor.

Growth of Erwinia aroideze in steady state continuous culture

has no other unusual features. Washout occurs when dilution rate equals i 5
umax’ indicating adequate mixing of nutrients and cells‘and the absence ;
of wall growth. There is no large requirement for maintenance energy,
‘which would be indicated by a drop in cell mass poncentratioﬁ as dilution
rate approaches zero. More data at low dilution rates would be necessary
however, to characterize accurately a maintenance energy requirement.

The RNA content of microorganisms growing,in continuous culture

is usually several times higher at high dilution rates than it is at low

. d@ilution rates (30). This fact may help explain the decrease in yield of

Erwinia aroideaze with increasing dilution rate in I-esparagine limited . i
continuous culture. L-aspartic acid is a principal precursor in the
biosynthesis of the purine end pyrimidine molecules in RNA. When growing

on L-asparagine, Erwinie aroideae is eble to produce I~aspartic acid for
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nucleotide synthesis in one step.by hydrolysis of L?asparagine. loss of
'large amounts of L-asparaglne to RNA synthe51s may sxgnlflcantly decrease
the portion of L—asparaglne whlch can be oxldlzed to produce energy (i e.
ATP) to drlve blosynthetlc reactlons, thereby reduclng cell mass yleld.
The draln‘on’L-asparaglne and resultlngAloss of yleld 1ncrea$es as,dllution
rete iucreases and RNA synthesis presumably increases; YMicfoofgauismsi |
growingioo_substrates less closely releted'to"RNA precursors'wouid not
ordinafil& experience such large decreases‘in'energy production andlyield
as RNA'SYnthesis increases at high dilution rateSa' Usually the suostrate
is‘abie_fo pess partiaily through -the TCA cycle,'produoing some ;hé£gy,
before beiug.shunted off .for nucleotide synthesis._v . |
Sbeoific-aciivity, measured on a protein basis, is ihdependeuf of
growfh:rafe, as indicated by Fig. 18. Figure 18ec0mpares-thevspecific
rate of l~asparaginase production in batch and continuous’ou;ture. The
linearityKOf this plot shows that specific activity,'meesufedvon a eell '
mass besis;”is also independent of growth rate.r Although the spec1f1c
‘L-a.sparagn nase productlon rates of ba.tch ‘and contlnuous cultures are
comparable,,ﬁhe usual productivity advantage of contlnuous culture ovefv
‘_ bafch cuiture does not exist because of the iow yield ofvcell ﬁess at high
dilution.rates.v . | -

Economic Considerations

The eXpefimental‘work preSented above was directed toward maximii—
‘ing spec1flc o—asparaglnase activity rather than Lpasparaglnase product1v1ty

" of Erw1n1a_ar01deae fermentatlons. The premlse behlnd this obJectlve is

~that purification costs are primary in determlnlng the cost of pu:e
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L-asparaginase for medical use e.nd fha.t fermentation eosts are of minor

importance. A rough estimation of manufacturing costs in L-asparaginase

production was made to give some perspectiie of the actual cost breakdown.
In 1972, approximately 360 million IU ova-asparaginase were

distributed for worldwide medical ﬁee. A process for'producing twenty

- percent of this volume (72 million IU per year) was proposed and the

manufacturing costs were estimated.v The design was based on the fermen-

tation data for Erwinia aroideae presented above and the recovery and

purification data for E. coli presented by Ho et al. (34). A process flow
diagram and details of the cost estimates are in Appeneix II. The recov-

ery and purification_scheme presented is a representative design, hpwever

" no experimental data are available to verify its aﬁplicability to Erwinia

aroideae L-asperaginase.

Production of I~asparaginase involfes six basic operations: fer-
mentation, Culture harvest, cell disruption, ammonium sulfate fractionation,
‘ethanol fractionation, and lyophilization. All steps after'fermentetion
must be done at 5°Q, necessitating construction andfoperation‘ef a refrige-
reted cold room. The breakdown of yearly menufacturieg costs (equipment,
labor, materials, and utilities) for each of the six basic operations
(plus refrigerated cold room) is shown in Table 6. Iﬁ general, utilities
~eand equipmenﬁ are minor costs compared to labor and materials eosts.
Fermentation costs and combined armmonium sulfate and ethanol fractionation
costs are about ejual and together aceount for abeut three~fourths of
the manufaeturing cost. Cell disruption is also important in determining
the'manufaeturing cost, while cold room, culture harvest, and iyophilization

costs are minor.



Table 6. Estimated Annual Manufacturing Costs for

l~asparaginase Production from Erwinia aroideae.

.- Equipment (depreciated

at 109 per year) Labor ) Materials Utilities Total
 Fe;mentation o | $ 9#7_ $18,ood. »$h1,167 "$ 107 $ 66,251’
Refrigerated Cold Room $ 916 $ o $ 0 $1,%00° $ 2,316
Culture Harvest - $1,983 $7,200 $ 0 $ ko $ 9,223
Cell ﬁisruption : - -. -
(Enzyme Release) $4,176 $ 7,200  $21,892 $ 8 $ 33,276
Azmonium Sulfate . : o
Fractionation .~ . $ 361 $ 9,000 $31,200 $ 8 $ 40,569
Ethanol Fractionation $ 322 $10,800 $ 108 . $ 0 $ 20,230
Lyophilization - $ '135- $ 3,600 $ 'o $ 0 $ 3,735
TOTAL o o $8,87o' $64,800 $94,367 $1,563 -$169,6Qo

Manufacturing Cost: $169,600 per year.

Production Basis: T2 Million‘IU-pef year.

. Unit Cost: $0.00235 per TU.




Economic analysis indicates that fermentation post is a significant
portion of the total manufacturing cost of L—asparéginasé. Modification
of the fermentation process could perhaps reduce the fotal manufacturing
cost. If L-asparagine were replaced by a less_expénsive substrate, such
as a casein hydrolysate, without substantial chﬁngé in productivity of
L-asparaginase, the cost for fermentation materials.could be reduced from
$41,167.00 to about $13,000.00, while other ferménfatibn costs would re-
main aboutlthe same. However, specific L-asparaginaSe aétivity of Erwinia
aroideae is significantly reduced when L-asparagine is replaced by complex
media (see Table 3). This alteration would have several effects. First,
more fractionation steps would be required to produce an l~asparaginase of
acceptable purity from crude protein with é lower initial L-asparaginasé
content. The principal change resulting would be énjincrease in labor cost.
Second, the fraction of L-asparaginase recovered.could drop substantially
with the addition of extra purification steps. This, in turn, would result
in an incregée in the scale of all operations to produce the same amount
of L—aspgraginase. Equibment and, more importantly, materials éosts would
also be uniformly increased. In conclusion, savings in media expense could
be counterbalanced by an increase in purification Steps and reduction in
the ovérall‘efficiency of purification. |

The eéﬁimétea total manufacturing cost of:L—asparaginase is $0.00235
per IU. I~asparaginese for non-nmedical use is pricéd at about $0.15 per
v (Worthington.Biochemical Corporation). No iﬁfonmation is aveilable con-
cerning the cost of Irasparaginase'for7cliqicgl use. 'If the latter cost

is comparable, then the manufacturing cost is only'about 1;6% of the final




cost and the rémainder_vould be attributable to various fixed cé#ts or.
' high‘prbfits, if this ¢os£ distribution is_Cgrreét, optimization of thg
‘production process would be of little value. onmmercial mahufactu:ers
may bevwriting off several years' expenses in developing the drug. The
i‘éelling pri¢e.may decrease substantially afterAthése expenses have . been

accounted for and processing costs will increase in importance. . .-



CONCLUSIONS

Careful control of conditions during growth on L~asparagine signi-

"ficantly incfeases specific l~asparaginase activify1of Erwinia aroideaé.
However, the improvements due to process optimizétion are less substantial
than those-typically resulting from genetic,straiﬁ iﬁprovement procedﬁres.
Penicillin production is one case in point. The1signifiéance of the
processing_variables'and Schemes analyied in this work is summarized below.

Erwinia aroideae possesses an inducible I~asparaginase. IL~aspara-

. gine used as the solé carbon and nitrogen source for fermentation produces
higher specific activity than any';f the other complei or defined media
tested. The‘presence of an l-~asparaginase inhibitor (D-asparegine) in the
culture medium doeé not increase specific L—asparéginase activity énd
actually restricts growth and synthesis of L—asparagiﬁase. Because I—~aspa-
ragine is not available in bulk quantities, alternatives to its usé_should
be considered. ther pétential.inducers such as glutamicvacid and gluta-
mine are produced in bulk and might serve as equally effective substrates,
although no experimentél evidence of this exists. vSupplementafion of a
complex medium with L~asparagine is effective in‘indreasing'the specific
L-asparaginese activity. Two stage batch cﬁlture involving glucose and
L—aspa;agihe was not effective. However, ofher combinations could prove
effective.

Temperature has significant effects on‘production of L—asparaginase

by Erwinis arcideae. The temperature resulting in meximum sgecific L—espa-

raginase activity, growth rate, and cell mass yield with I-asparagine mine-

ral medium is 29°C. Temperatures above the ovtimum of 29°C are especially

deleterious to specific activity ‘and cell mass yield.
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pH control is olso an important factor in optimizingvL—asparaginase

production by Erwinia aroidese. Growth rate, specifio activity, and es-

pecially ‘cell mass y1eld are adversely affected by fermentatlon without pH
control. Control at pH T is superior in all respects to control at PH 6
or pH 8. Antomatic addition of acid was used to control pH, although
increased buffering might also be satisfactory.

Vigorous aeration is essential for growth. and productiop_of L-aspa-~

raginase by Erwinia aroideae in'L-asparagine-minéral_medium. The organism

~ is unable to:ferment L-asparegine anaerobically and grows poorly when

dissolved ongen concentration drops below the critical level of 3 umoles/1.

Dissolved oxygen concentrations above atmospheric appear to be harmful.

Growth of Erwinia aroideae in L-asparagine limited continuous cul-

- ture is characterized by cell mass yield which decreases as dilution rate
‘ increases.l'Continuous cuitﬁre isvordinarily more productive than batch
- culture. However, in this case, thevadvantage'of'continuous culture is

" offset by cell mass yields lower than batch culture. Production of

L-asparaginase is growth associated in continuous culture. There is no

optimum dilution raté, therefore, associated with3maximum specific .

‘L-asparaginaSQ activity.

An important assumption of this work is that it. is more important

. to maximize specific L-asparaglnase activity than product1vity of L—asparagi—z
,'nase‘because most of-the ‘cost of manufacturlng.Lpasparaglnase is in purlfi-

. cation rathér.than in fermentation. A crude-economic’analysis was done which

is supportive of this assumption. Much more information concerning purifi-

cation of Erwinia arvideae l-asparaginase is needed before any assumption

about fermentation objectives can be made with certointy, however.
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 dilution rate

' Po_-

x/s
p/x
/e

‘umax - :
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- NOMENCLATURE
Defimt@ion

" volume flow rate
. 'Monod constant
“-dry cell mass

' inifial_or inlet product concentration

product concentration

. respiration rate

initial or inlet substrete concentration

"‘:substfate concentration
'-timé
.flui& volume
initial or inlet cell maSs_concentratién :

cell mass concentration

yield‘of_cell'mass from substrate

’ yieid of product from cell mass
“»yiéld-of product from substrate
maximui specific growth rate

'._‘épecific growth rate

| pr.” L
1./mr.
g./1.

- g8./1.

(L~asparaginase) -

IU/1.
(L-asparaginase)

~mmole
: go-hr-

g./1.
g./1.

hr.



Experiment 1.1 - Media Analysis

300 ml. side arm flask

Appafatus: Temperature:
,Fldid Volumé: lod-ml; pH:
Medium: 0.5% tryvtone, 0.5% veast extract, Aeration:
- 0.1% glucose-mineral ' :
L . - Agitation:
Inoculum: 1 ml. dense, adapted culture
_ o Cell Mass Substrate Oxygen .
~Time Flow Rate Concentr. Ccneentr.  Concentr. Tempera~
{(rr.)  (ml./min.) (e./2.) {r./1.) (mmole/1.) ture (°C)
0.1 - 0.025 —— : - -
1.0 - - 0,047 - - -
2.2 ' - -+ 0.139 ' - - -
3.1 - 0.362 - - -
L.2 ‘ - 0.595 . - - -
5.8 - _ 1.08 - - -
T =T anw - -
9.6 e 2.05 . - -~ -
11.7 - 2.22. . = ' - -
15.9 . - 2.60 - - -

27.8 -

30°C’

initially 7.0, not controlled

pH  Activity (IU/m1.) -(ug;/ml.l :

none

225 RPM shaking

L-asparaginase

Protein
Concentr.

-S 8-



Experiment 1.2 - Media Analysis

Apparatus: 300 ml. side arm flask Temperature: 30°C

Fluid Volume: 100 ml. N o - pH: initially 7.0, not controlled

Mediunm: 1.0% glucose-mineral ' Aeration: none

Inoculum: 1 ml. dense, adapted culture " Agitation: 225 RPM shaking

Cell‘Mass Substrate Oxygen Protein

Time ‘Flow Rate Concentr. Concentr. Concentr. Tempera- L-asparaginase Concentr.

(hr.) (ml./min.) (g./1.) (g./1.) (mmole/1.) ture (°C) pH Activity (IU/m1.) (ug./ml.)

0.1 - 0.0025 - - - - - -

1.2 - 0.0025 - - - - - - )
2.2 - 0.004% - - - - - - K
b - 0.010 - - - - - -

4.6 - 0.021 - - - - - -

6.0 - 0.050 g ! - - - - -

7.6 - 0-175 o - A - | - fb' - 3 -

9.0 - 0.L62 - - S : - -
11.8 - 1.89 - - - - - : -
15.1 - 3.22 ’ - - - - 0.25k4 -
23.4 - L.21 - ’ - - - 10.265 -

27.4 - 3.96 - - - - - -



Experiment 1.3 - Media Analysis

-~

g

coron

£

Apparatus:-.' 300 ml. side arm flask _’ S Temperature:-30?c
Fluid Volume: 100 ml. : pH: initially 7.0, not controlled |
Medium: 1.0% L—aspardgine-Heo—mineral | - Aeration: ~ none
Inoculum: - 1 ml. dense, adapted culture : Agitafian:_ 225 RPM shaking
: Cell Mass Substrate Oxygen : . . | ‘ Profein
Time  .Flow Rate Concentr. Concentr. Concentr. Tempera= - L-asparaginase Concentr.
;hf;)> (ml./min.) {(g./1.) (g./1.) (mmole[l.) ture_(°C) PH Activi§¥ (IU/ml.) .(Ug./ml.) 
0.1 - ‘ 0.014 - - - - - -
1.0 - 0.017 - - - - - -
2.2 - 0.03k - - - - = -
3.1 - 0.056 - - - - - -
b2 - 0.102 - - - - - -
588 - . 0.315 “ - - - - -
A - ome - : .- ~ -
8.7 - 0.750 - - - - - ‘-
0.1 - 1.5k - - - - 1.372 -
1.7 - 1.50 - - - - - -
C16.1 - R - - - - 1.260 -
21.8 - 1 - - - -

-lg~



Experiment 1.4 - Media Analysis

Apparatus: _300 ml. side arm flask _ Temperature: 30°C

Fluid Volume: _lOO’ml.i. ' - _ v PH: ‘initially 7.0, not controlled

Mediun: 1.07 pectin-mineral Aeration: none

Inoculum: 1 ml. dense, adapted culture .Agitation: 225 RPM shaking

Cell Mass  Substrate Oxygen Protein

Time Flow Rate Concentr. Concentr. Concentr.  Tempera- L-aspareginase Concentr.

(hr.) (ml./min.) (g./1.) (g-/1.)  (rmole/l.) ture (°C) pH Activity (IU/ml.) (ug./ml.)

0.1 - 0.021 - - - - - T

1.2 - 0.022 - - - - - -

2.2 - 0.023 - - - - - -

3.4 - 0.025 - - ' - - - -

k.6 - 0.030 - - - - - -

6.1 - 0.039 - - - 7 - - | -

7.6 - 0.059 - - - - = -

9.0 - . 0.128 - - B - - =
11.8 - 0.582 - - - - - | -
15.1 - ©1.87 - - - - - -
16.5 - 2.29 - - - - 0.231 -
23.1 - 3.33 - - - - 0.386 -

27.5 - h.23 - - - - - -

‘Bgf



Experiment 1.5 -~ Media Analysis

Appaiatus:_

Fluid Volume:

300 ml. cside arm flask

100 ml.

0.5% trypteone, 0.5% yeast extract,

Temperature:

pH:

Aeration:

2.5

2.99 - -

Medium:
: 0.1% glucose, 0.2% L-asparagine-
Hzo—mineral ' Agitation:
Inoculum: 1l ml. denée, adapted culture
Cell Mass Substrate Oxygen
- Tinme Flow Rate Concentr. Concentr. Concentr. Tempera-
ihrf) (ml./min.) (g./1.) (g./1.) (mmole/l.) ture (°C)
0 - 0.0ko0 - - -
0.9 - 0.106 - ' - -
2.6 - 0.510 - . -
Sh.l - 1.19 - - -
T.1 - 2.17 - - -
8;7 - ‘ 2078 7- ) '. =. -

30°¢c

initially 7.0, not controlled

none

225 RPM shaking

Protein

Concentr.

L—asparéginase _
pi  Activity (IU/ml.) (ug./ml.)
- 1.062

_ 6o

.....



Experiment 1.6 - Media Analysis

Apparatus:

Fluid Volume:

300 ml. side arm flask

1CO0 ml.

Temperature: 30°C

“pH: _ V initially 7.0, not contrélled

Oxygen
Concentr.
(mmole/1.)

Aeration: none
Agitation: 225 RPM shaking
Protein

Tempera- L-asparaginase Concentr.
ture (°C) pH  Activity (TU/ml.) (pg./ml.)

Medium: 1.0% tryptone-mineral
Inoculum: 1l ml. dense edapted culture
- Cell Mass  Substrate
Time Flow Rate Concentr. Concentr.
(hr.) (ml./min.) (=./1.) (e./1.)
0 - 0.023 -
0.9 - 0.042 -
2.6 - 0.217 -
L.1 - 0.519 -
2.7 - 0.676 -
6.8 - 0.740 -
- 8.8 - 0.750 A -
12.3 - 0.830 -

- -» 0-373 -

- - Q.Sle' | o -

—06-



R Experiment 1.7 - Media Analysis

Apparatus:

30°C

none

~ initially 7.0, not controlled .

225 RPM shaking

300 ml. side arm flask Temperature:

Fluid Volume: ‘100 ml. ‘ pH:

Mediumf' 1.0% peptone;mineral Aeration:

Indculum:,‘ .l ml. dense, adapted culture Agitation:_

: . Cell Mass Substrate Oxygen

Time Flow Rate Concentr. Concentr. Concentr. Tempera-

(br.) (ml./min.) (g./1.) (g./1.) (mmole/l.) fure (°C) pH

[ - 0.020 - : - -

0.8 - 0.027 - - - -

2-6 - 0-135 - - -

4.0 - 0.353 : - - -

5.3 - 0.L475 - - -

608 - 0- l)28 » - - -
8.5 - 10.554 - - -
12.1. - 0.58% - - -

: , Protein
L-asparaginase Concentr.
Activity (Tu/m1.) (ug./m1.)
00180 -

-16-



Experiment 1.8 - Media Analysis

Apparatus: 300 ml., side arm flask Temperature:

_Fluid Volume: 100 ml. pH:

Medium: 1.0% beef extract-mineral Aeration:

Inoculum: 1 ml. dense adapted culture Agitation:
Cell Mass Substrate Oxygen

Time Flow Rate Concentr. Concentr. Concentr. Tempera=-

(br.) (ml./min.) (g./1.) (g./1.) (mmole/1.) ture (°C)

0 -
0.7 -
2.3 -
5.5 -
6.9 -
8.5 -

12.2 -

' 0.006 -
0.139 -
0.209 -
0.228 -

0.354 -

30°¢
initially 7.0, not controlled
none |
225 RPM shaking
Protein

L-asparaginase Concentr.
pH  Activity (TU/ml.) (pg./ml.)

- 0-139 - .
- 0.160 -

"86"



Experiment 1.9 - Media Analysis

Temperature:

Apparatus: ',  300 ml..side arm flask

Fluid Volume: pH:
‘Medium: S.O% corn steep water-mineral Aeration:
Inocﬁlum: 1l mi. dense, adapted culture Agitation:

| Cell Mass Substrate Oxygen

Time Flow Rate Concentr. Cencentr. Concentr. Tempera-
(hr.) (ml./min.) (g./1.) (g./1.) (mmole/1l.) ture (°C)
0.2 - 0.063 - - -
2.9 - - 0.398 - - -
506 - 00890 - - -
T.1 - 1.1k - - -
800 - 1038 - - -
11.4 - 2.73 - - -
13'9. - ' 2051' - - -
15.0 - 3.35 - - -
27-’4 - - - -

3.83

30°C

initially 7.0, not controlled

none

225 RPM shaking

Protein
l~asparaginase Concentr.

pH  Activity (TU/mi.) (pg./ml.)

- OOhSO '—.j



Experiment 1.10 - Media Analysis

Apparatus: 300 ml. side arm flask Temperature: 30°C

Fluid Volume: 100 ml. : pH: . initially 7.0, not controlled.'
Medium: ~ 0.25% l~asparagine‘H,.0, Aeration: none

0.75% D—asparagine'HQO-mineral
) Agitation: 225 RPM shaking
Incculum: 1l ml. dense, adapted culture
Cell Mass Substrate Oxygen ' . Protein

Time Flow Rate Concentr., Concentr. Concentr. Tempera- L-asparaginase Concentr.
{(hr.) (mi./min.) (g./1.) (g./1.) (mmole/l.) ture (°C) pH Activity (IU/ml.) (pg./ml.)
0 - 0.018 - - - - - -

0.6 - 0.025 - - - - - -

1.4 ' - 0.028 - - - - - -

1.9 - 0.030 - - , -~ - - -

2.4 - 0.03%4 - - - - - -

3.7 - 0.049 - N - - - -
6.5 - 0.135 ‘- - - - - -

8.5 - 0.261 - - - - 0.135 -

10.k4 - 0.561 - _ - - - - -



Experiment .11 - Media Analysis

Apparatus:

8.1

Protein
Concentr.-

(Eg( .)

300-ml._side arm flask Temperature: 30°C
| Fluid Volume: 100 ml. pH: initially 7.0, not controlled
Medium: 1.0% D-aspéragine-ﬂ20—mineral ' Aeration: none
-Ihoculum; “1 ml. dense, L—asparaginase edapted Agitation: 225 RPM shaking
: culture
, Cell Mass '~ Substrate Oxygen
Time Flow Rate Concentr. Concentr.. Concentr. Tempera- L—asparaglnase
(hr.) (ml./min.) (g./2.) (g./1.) (mmole/1.) ture (°C) pH  Activity (IU/ml.)
0 - 0.001 - - - - -
3.0 - 0. 003 - bt - Lo -
La - 0.00k4 - - - - -
500 - Oo 002 - - - - -
5.8 - 0.001 - - - - -
7.2 - 0. 001 - - - - -
- 0.002 - - - -



Experiment 2.1 - Tempersture Analysis

Apparatus:

5 liter batch fermentor Temperature:

Fluid Volume: 3.7 liters efter inoculation PH:

Mediun: 1.5% L-asparagine.H2O—mineral Aeration:
Inoculum: 100 ml. dense, adapted culture Agitation:

Cell Mass - Substrate Oxyéen

Time Flow Rate Concentr. Concentr. Concentr., Tempera-
(hr.) (ml./min.) (g./1.) (g./1.) (mmole/1l.) ture (°C)
0 - 0.002 - 0.291 21.2
1.8 - 0.002 - 0.291 21.0
L.1 - 0.002 - 0.291 21.1
6.2 - 0.006 - 0.285 21.0
8.2 - 0.021 - 0.283 21.0
10.8 - 0.038 - 0.283 21.0
12.6 - 0.0718. - 0.269 21.0
13.9 - 0.117 - 0.252 21.0
23.9 - 1.30 - 0.070 21.0
28.2 - 3.02 ) - 0.155. 21.0
31.2 - 5.07 ~ - 0.201 21.1
37.9 - L.69 - 0.238 21.0

21.0°C average
7.0 average‘

360 liter/hr.

6.99 -

700 RPM
Protein
L-asparaginase Concentr.
pH  Activity (Tu/m1.) (pg./ml.)
T.05 s -
7.00 - -
T.00 - -
6.98 - -
T7.00 - -
7.00 - -
T.02 - -
T.02 - -
7.07 0.687 0.850
T.0k4 - -
7.06" - -

96~



- Experiment 2.2 '~ Temperature Ahalysis

Apparatus:

- Fluid Volume:

Medium: -

Inoculum:

Time Flow Rate " Concentr. Concentr. Concentr.

(hr.) (m..

5 liter batch fermentor

3;7 iitérs'after ihoculation
lfS%.L;ésbéragine?H2o-mineralf
100 ml.;dense, adapted culture'

Cell Mass Substrate :Oxygen

: . pH:

. Témperaturei'

Aeration:

Agitation:

‘Tempera~

0 .
1.6
31
L8
?;632
“;7;8.11.
121
RN
ek el
o1z
}3%&;“-
31.8 .o
48.6

/min.) (g./1.) (g./1.) (mmq;e/l.) ture (°C) ‘pH. Activity
| - 6.96 -
6.92 -

- 0.017 .- 0.268
0,020 . - 0.271
0.039 - ©.0 00,270

- 0.072-~ : e :0;2665:M

0.124 2 .26

0,198 . . =i 0.260
o -0.292 ¢ 7 et . 0.25T7 .

ols8 - 0.248

0.678 < 0.2
S 2.10 - . 0.202

- 2.62 - o0.ag
©3:03 - - 0.186
366 - 0.187

5.25 | - ~ 0.218

24.8
4.7
25.0

2502

Cos.p
25.2

o249

25,20

25.0

7 25,0

25.1
25,2
25.0
25.2

2S.O°C.avérage'

.:lT;O average

360 liter/hr.

700 RPM

L-asparaginase

grdégin
- Concentr.

6396 e =

: 6.9T'¢J"';: _-

6-98.% o VJ""
7;0935}§‘- -

6,98 - - 0,153
T.00 -

Ti00 0 e
7.00 -
T.01 - -
6.96 -

(Tu/m1.) (pg./mi.) | -
] .
el i
q
E |
- ‘K\N‘ww




Experiment 2.3 - Temperature Analysis

Apreratus: 5 liter baich fermenter

Fluid Volume: 3.7 liters after inoculation

Medium: 1.5% L—asparagine-ﬂeo-miﬁeral
Inoculum: 100 ml. dense; adapted culture
Cell Mass Substrate Oxygen

Time Flow Rate Concentr. Concentr. Concentr.
(rr.) (ml./min.) (g./1.) {g./1.) (mmole/1.)
0 - 0.032 - 0.233
1.h4 - 0.060 - 0.240
3.2 - 0.1l21 - - 0.238
L, 8 - 0.225 - 0.233
6.6 - 0.416 - 0.216
8.0 - 0.565 - 0.213
9.7 - S 0.710 - © 0.205
1h.6 - 1.31 ’ - 0.192
24.8 - 2.02 - 0.194
29.8 - 2.08 - 0.193
32.0- - 2.08 S - 0.193

Temperature: 32.9°C average

T.02 -

. pH;  7.0 évérage
Aeration: 360 liter/nr.
Agitation: 700 RPM
. , . Protein
Tempera=- L-asparaginese Concentr.
ture (°C) pH Activity (IU/ml.) (pg./ml.)
33.0  6.97 - - |
33.3 T.02 - -
33.2  6.98 - -
32.9 T.05 - -
32.6 T1.07 - -
32.8  7.04 0.216 212
32.9 T.04 - -
32.8 T.03 - -
33.0 T.00 . = -
32.7 T7.02 - -
32.7 -

-86-



Experiment 2.4 - Temperature. Anelysis

Apparatus: -5 liter batch fermentor Temperature: 37.0°C average
Fluid Vdiﬁme: 3.7 liters after inogﬁlation PH:- 7.0 averageA'
Medium: 1.5% L—asparagine-H20 mineral Aeration: 360 liter/hr.
Inoculum: 100 ml. dense, adapted culture Agitation: = T0O RPM

Cell Mass Substrate Oxygen Protein
Time Flow Rate - Concentr. Concentr. Concentr. Tenpera- L-asparaginase Concentr.
(br.) (ml./min.) {(g./1.) (g./1.) (mmole/1.) ture (°C) »pH Activity (IU/ml.) (ug./ml.)
0. - 0.037 - ~0.223 36.7  T.0T - -
2.2 - 0.030 - 0.225 37.1 7.0k - -
4.6 - 0.109 . - 0.223 o 37.1 7.0k L - -
6.8 ~ 0.116 - 0.218 31.2  7.02 0.0276 92
8.9 - 0.116 - 0.229 7.0k - -

37.0



Experinent 3.1 - pH Analysis

Apparatus: 5 liter batch fermentor Tenmperature:
Fluid Volume: 3.7 liters after inoéulation . pH:
Medium: 1.5% L—asparagine-HQO—mineral Aeration:
Inoculum: 100 ml. dense, adapted culture Agitation:
Cell Mass  Substrate Oxygen
Time Flow Rate Concentr. Concentr. Concentr. Tempera-—
(br.) (ml./min.) (g./1.) (g./1.) (rmole/1.) ture (°C)
0 - 0.024 - 0.252 29.0
1.k - 0.028 - 0.253 29.2
3.0 - 0.084 - 0.2h41 - 29.2
L.7 - 0.188 - 0.236 29.3
6.1 - 0.305 - 0.228 29.3
8.0 - 0.430 - 0.217 28.8
9.6 - 0.595 - 0.209 29.0

29.1°C average
6.0 aVergge

360'iiter/hr.

TO0 RPM
Protein
L-asparaginease Concentr.
pH  Activity (TU/ml.) (pg./ml.)
6.02 - -
6.00 - -
6.06 - - ik
o
6.07 - - 7
6-06 - -
6.05 0.137 233
- 6.05 - -

6.09 - : -



Experiment 3.2 - pH Analysis

Apparatus:

5 litef bétch fermentor Temperature:
Fluid Volume: 3.7 liters after inoculation pH:
Medium: 1.5% L-asparagine~ﬂ20—mineral Aeration:
- Inoculum: 100 ml.  dense, adapted culture Agitation:
Cell Mass Substrafe OXYéen »
- Time Flow Rate Concentr. Concentr. - Concentr. Tempera-
(hr.) (ml./min.) (g./1.) (g./1.) (mmole/l.) ture (°C)
0 : - 0.035 - 0.247 29.0
1.2 - 0.079 - 0.253 29.1
2.6 - S 0.112 - ~0.251 - 28.9
3.7 .- 0.180 - 0.253 29.2
5.2 - 0.317 - 0.223 29.1
6.8 - 0.610 - 0.182 29.0
7.9 - 1.01 - 10.173 29.0
110.2 - - 1.96 - 0.077 29,0
1.h - 2.53 - 0.15k4 29.1
2h.2 - 0.227 29.0

h.59 -

29.0°C average
8.0 average

360 liter/hr.

700 RPM
, _ Protein
I~asparaginase Concentr.

pH  Activity (Tu/ml.) (pg./ml.)
- T7.84 - -
7.98 = -

8.01 - ' -
8.00 B -
-8,005 - - -

8.05 0.266 261
8.04 - . '_. -
805 - . -
8.08 . - - L -

8.oo - -

-10T~
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Experiment 3.3 - pH Analysis

Apparatus: 'S liter batch fermentor Temperature: 29.1°C averege

Fluid Volune: 3.7 liters after inoculation pH: - not controlled

Medium: 1.5% L-asparagine-Hzo-mineral Aeration: 360 liter/hr.

Inoculum: 100 ml. dense, adapted culture Agitation:  T00 RPM

' Cell Mass Substrate Oxygen Protein

Time Flow Rate Concentr, Concentr. Concentr. = Tempera- L-asparaginase Concentr.
(hr.) (ml./min.) (g./1.) (g /1) (mmole/1.) ture (°C) pH Activity (ITU/m1.) (pg./ml.)
0 - 0.032 - 0.253 29.2 T.00 0.0382 ' 18
2.6 - 0.094 - 0.245 28.9 T.12 0.096 -129
5.0 - 0.296 - 0.229 29.1 T7.33 0.1k40 184
T.4 - 0.552 - 0.223 29.1 T.54 0.192 225
10.3 - 1.01 - 0.202 29.0 T.72 0.470 640
15.8 - 1.64 - 0.188 29.1  8.08 - -
17.0 C - _1.6h N 0.190 29.0 0,598 910

8.0k

=201~



Experiment 4.1 - Dissolved Oxygen Analysis

Apraratus:

1 liter batch.fermentor

Temperature: 29.3°C

Fluid Volume: 0.7 liters after inoculation pH: not controlled, initially 7.0
Medium: 1.5% L—asparagine-Heo—mineral Aeration: three different mixtures of 0
Inoculum: . 5 ml. dense, adapted culture :?iegz were used at different
Agitsation: magnetic stirrer at high RPM
Cell Mass Substrate Oxygen | Protein

Time Flow Rate Concentr. Concentr. Concentr. Tempera- _ L~asparaginase Concentr.
(hr.) (mi./min.) (g./2.) = (£./1.) (mmole/l.) ture (°C) pH Activity (IU/ml.) (pg./ml.)
0 - 0.0075 - 0.00313 29.2 - - -

- 0.55 - 0.0075 - 0.00313 29.7 - - -
1.07 - 0.0087 - 0.00313 28.5 - - -
1.67 - 0.0128 - © 0.00313 28.5 - - -
2.23 - 0.0191 C- "0.00313 28.5 - - -
2.83 - 0.0284 - 0.00313  30.5 - - = -
3.48 - 0.0278 - 0.00151 - - - -

h.02 - 0.0319 - 0.00151 29.2 - = -
4.53 - 0.0406 - 0.00151 29.1 - - -
4.98 - 0.0516 - 0.00151 29.1 - - - -
5.48 - - 0.0680 - - 0.00151 29.2 - - .
597 . = 0.0820 - 0.00043 29.3 - f. -
6.50 - '0.0980 - 0.00043 29.8 - - -
T.07 - 0.133 - 0.00043 29.8 - - -
7.48 - 0.160 - 0.00043 29.9 - - -

oy

oo

oon

5]

84



Experiment 4.2 - Dissolved Oxygen Analysis

300 ml. side arm flask

Apparatus:- Temperature:
Fluid Volume: 150 ml. PH: .
Medium: 1.0% L-asp#ragine-HQO-mineral Ae ation:
Inoculum: 2 ml. dense, adapted aerobic culture - Agitation:
Cell Mass Substrate Oxygen

Timne Flow Rate Concentr.” Concentr. Concentr. Temperea-
{(hr.) (ml./min.) (g./1.) (g./1.) (mmole/1.) ture (°C)
0 - 0.016 - - -

0.9 - 0.016 - - -

2.3 - 0.016 - - -

4.3 - 0.019 - ' - -

5.7 - 0.020 - - -
25.8 0.020 .- - -

30°C

initially 7.0, not controlled

slow flow of puré N2

" none

Protein
_ l~asparsginase _ Concentr.
pH  Activity (TU/ml.) (ug./ml.)

~not-



Experiment 4.3 - DisSOlved Oxygen Analysis

T2

5.10

Apperatus: - 5 liter batch fermentor Temperature:
" Fluid Volume: 3.7 liters after inoculation pH:
Medium: 1.5% L—asparaginé-ﬂzo-mineral Aeration:
Inoculum: ldo'ml. dense, adapted culture - Agitation:
o o Cell Mass Subsfrate Oxygen _
Time Flow Rate Concentr. Concentr., Concentr Tempera-_
(hr.)  {(ml./min.) (g./1.) (g./1.) (mmole/l.) ture (°C)
0 - 0.050 - 0.253 29.3
1.1 - 0.087 - 0.251 29.0
3.0 - 0.247 - 0,238 29.1
5.2 - 0.630 - - 0.215 29.2
1.3 - 1.325 - 0.196 29.1
. 1C.2 - 3.12 - '0.112 29.2°
.7 - - 0.219 29.0

29.2°¢

T.0 average o

360 liters/hr.

700 RPM
: Prdtein
I~asparaginase Concentr.,
PH  Activity (Tu/mi.) (pg./ml.)
T.0h4 - -
.01 0.068 54
7.02 0.164 132
7.01 - -
7.01. 0. 306 2u8
7.06 - -
7.0 1,671 1490
7.00 0 3.11 2630
7.00 2.87 2630

50T~



Experiment U4.L - Dissolved Oxygen Analysis

Apparatus: 5 liter batch fermentor Temperature:
Fluid Volume: 3.7 liters after inoculation pH:
Medium: 1.5% L—asparagine-HQO—mineral Aeration:
Inoculum: 100 ml. dense, adapted culture Agitation:
Cell Mass  Substrate Oxygen -
Time Flow Rate Concentr. Concentr. Concentr. Tempera-
(hr.) - (ml./min.) (g./1.) (g./1.) (mmole/1l.) ture (°C)
0 - 0.052 - 0.253 29.4
1.0 - 0.101 - 0.207 29.2
3-5 - 00338 Al 0-093 290’4
6.0 - 0.675 - 0.004 29.0
807 - 1-18 - 0-001 29.0
12.4 - 1.83 - 0 29.2
15.7 - 2.30 - 0 29.3
17.0 - 2.46 - 0 29.0
26.1 - 2.56 - 0 29.0
29.8 3.71 - o 29.1

29.2°C

" 7.0 average

360 liter/hr.

212 RPM
Protein

L-asparaginase Concentr.
pH  Activity (IU/mi.) (ug./ml.)
T.00 - -
7.0k 0.097 95
T.15 0.189 - 159
6.97 0.266 290
T.12 0.602 755
7.08 0.949 1080
7.05 0.849 1215.
7.08 A -
7.05 1.111 1510
7.00 - -

~901-



Experiment 4.5 - Dissolved Oxygen Analysis

Apparatus: 5 liter batch fermentor Temperature: 29.0°C‘average
Fluid Volume: 3r7 liters after inoculation ; pH: o T.0 average
Medium: 1.5% L-asparagine-H20-mineral Aeration: 105 11ter/hr of 757 air - 25%
' " ’ nitrogen mixture
Inoculunm: 100 ml. dense, adapted culture :
' Agitation: T00 RPM
Cell Mass  Substrate Oxygen : Protein
Time Flow Rate Concentr. Concentr. Concentr. Tempera- L-~asparaginase Concentr.
{or.) (ml./min.) (g./2.) gg,/l.) (mmole/1.) ture (°C) pH Activity (TU/ml.) (ug./ml.)
o - 0.022 - 0.605 29.1  6.98 - -
1.3 - 0.030 - 0.613 29.2  T.16 - - L
2.7 - 0.053 . - . 0.588 .29.1  T.05 - - 7
) - 0.115 - 0.588 29.1  T.08 - -
5.8 - 0.22k - 0.572 28.9  7.09 - -
7L - 0.319 - 0.5 . 28.9 T.00  © 0.133 . 17k
8.8 - ot - 0.547 ~ 28.9  6.98 - S =
10.2 - 0.720 - " 0.563 - 28.8 6.98 = - -
1.8 = - 1.10 - 0.557 ~ 28.8  6.96 - -
13.2 - 129 - - 0. 580 29.2  6.96 - - -
23.3 - 3.5 - 0.332 29.1 6.95 - -
1 25.9 - b.17 - 0.5M7 29.0  6.98 e -

29.0 - 463 - - 0.607 28.8  6.99 - -
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Experiment 5.1 - Continuous Culture Analysis

Apparatus: -5 liter continuous fermentor
Medium: 1.5% L-asparagine-Hzo—mineral'
Inoculum: 100 ml. dense, adapted culture-

Temperature: 29.0°C average

_ PH: : T.0 average
Flow Rate , 6.8 12.5 15.3 . 20.2 b2.1
(ml./min.) ' ' '
Fluid Volume (1.) 2.88 2.9 2.44 2.73 2.88
Agitation (RPM) 950 11001 1200 . 1250 1300
Aeration (1./hr.) 300 360 360 360 360
., Cell Mass | ’ .
Concentr. (g./1.) 5.58 L.48 - 3.5k 3.74 0
Substrate | '
Concentr. (g;/l.) : 0.3k 0.38 - 0.73 0.76 13.20
L~-asparaginase :
Activity (IU./ml.) 2.98 - 2.35 2.06  2.15 - ©
'Protein : .
Concentr. (ug./mi.) 1880 1800 1790 1920 0
Temperature (°C) 29.1 29.0 29.0 29.1 29.0
pH 7.00 7.00 6.95 7.00 7.00
Oxygen | | |

Concentr. (mmole/1.) 0.107 0.166 0.180 0.133 0.253
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Experiment 5.2 - Continuous Culture Analysis .

Apparatﬁsi 5 liter continubus fermentor
Medium:  1.5% L-asparegine-H, O-mineral
Tnoculum: 100 ml. dense, adaptéd culﬁure

Temperature: 29.0°C average

pH: 7.0 average
Flow Rate | 5.5  10.7 19.2 . 23.0
~(ml./min.) o ‘ 3 '
Fluid Volume (1.) 2.65 2.5  2.78 2.71
 Agitetion (RPM) 1200 1200 1200 1200
' Aeratibnv(l;/hr.)~ | 360 360 . 360 © 360
| Cell Mass S |
Concentr. (g./1.) . _6.00. : 5.b0 3.60 1.48
 Substrate- : _ e
- Concentr. (g./1.) ©0.hl 0.5 0.87 3.4b
' L-asparaginase . - o _ - L
Activity!(Iu/ml.) S 2.67 © 3.37 - - 1.93.. ~ 0.98
, Protein ) . , _
- .Concentr. (ug./ml.) - 2030 - 2190 5'1&10 _ 685
| Temperature (°C) - 29.1 29.0  29.0 29.1
I S - 7.00 690 . T.00  T.00
fOxygen o | | |

- Concentr. (mmole/1.) 10.175 - 0.105 - - '0.066' o 0.1l



Experiment 6.1 - Two Stage Batch Culture Analysis

Apparatus: 5 liter batch fermentor Temperature: 29.0°C average

Fluid Volume: 3.7 liters after inoculation » PH: 7.0 average
Mediun: 1.0% glucose-mineral (first stage) ’ Aeration: 360 1iter/hr.

1.0% L-asparagine-mineral (second stage) Agitation: 700 RPM
Inoculum: 200 ml. dense, glucose-adapted culture
Cell Mass  Substrate Oxygen _ _ Protein

Time Flow Rate Concentr. Concentr. Concentr. Tenmpera- L-aspareginase Concentr.
(ar.) (mil./min.) (g./1.) (g./1.) (mmole/1.) ture (°C) pH Activity (IU/ml.) (pg./ml.)

0 - 0.067 - 0.253 28.8 6.96 - -

1.2 - 0.066 - 0.249 29.1 7.0k - -

2.2 - 0.106 - 0.248 28.9  7.00 - -

3.5 - 0.203 - 0.240 28.9  6.99 - - -

b8 . - 0.403 - 0.229 29.0  T.02 0.066 0.236 ?

6.2 - 0.850 - 0.205 29.0 7.00 - - -

7.4 - 1.75 - 0.184 29.0  6.96 - -

8.7 - 2.69 - 0.155 29.5  7.00 0.328 1.08
11.5 - 6.18 - - 0.100 29.0 6.99 _ T - o -
12.2 - 6.88 - 0.18% 28.9  7.06 e -
1é,7 # OB K R ¥ K K E X R EEXADD 10 g./1. L-ASPARAGINE # % # % & % & # 3 & # & & & & & * »
12.8 - 6.88 - - 0.133 29.2  7.00 0.749 3.20
13.8 - 7.34 - 0.108 29.4 7.0k ~ 0.83b 3.36
1h.7 - 8.38 - 0.081 29.0 7.03 1.107 3.69
15.9 - 10.1k - 0.046 28.7 7.00 1.697 4.26
16.7 - 10.7h - 0.062 28.7 7.03 - -

17.2 - 10. 7L - 0.1h47 28.5 7.00 .1.096 4.3k



¥

APPENDIX ITI



c-112-

APPENDIX II
Economic Analysis

A typical process for production of L—aéparaginaSe is shown
schematically in Fig. l1A. The production basié was 72 million IU per
year and‘720010peraﬁing hoursvper year. Itbwas'assumed that batch | -
fermentation would take 16 hours, including down time, and thet all
other operetions would‘téke a total of 64 hours; If was also assumed
that 25% of the L-asparaginase produced by fermentétion could be
recovered as final produét. | |

Productioh of L—aSparaginase takes place in six basic operations:
férmentation,_culture harvest, cell disruption, amﬁonium sulfate fréc—
tionation, ethanol fractionation, and lyophilization. All steps after
fermentation must be done at S°C. The recovery and‘purification opera-
tions were adapted from the procedures described Ey Ho gg;ggf (34) for
purification of E. coli L-asparaginase. |
.I. Fermehtation
A. Process_Eqﬁipment

(1) Fermentation waslscaled up from the batch culture data "
'presented previously. With,a_B% inpculum, approximately 10 hours are
required for a cglture to reach stationary phase. Assuming a total of
six hours are required to harvest the culture, prépare'fresh mediun, P
and sterilize, the complete fermentation cycle is 16 hours. If the
maximum batch L-asparaginase yield is 3.1 IU/ml., then each batqh nust
contain 206 1. of culture to produce T2 million IU per year of pure

L-asparaginase. _ ‘
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© A 300 1.fermeﬁtor is sufficient, therefore. Sterilization of
media can be done batchwise in the fermentor. A turbine mixer with
sufficieht povwer to provide oxygen tfansfer coméarable to bench scale
equipment is necessary. A 1 HP. motor is easily able to provide équal
power input per unit volume of fluid. Given equal powver input per .
unit voluﬁe, a necessary condition for insuring equal mass transfer rate .
in scale up is that superficial air velocities be equal. An air flow |
of 3.9 SCFﬁvis required. The cost of a 300 l,Jacketed, stainless steel
fermentor isvaboﬁt $4,000.00. More sophisticated scale up pfocedures
~are available for estimating power and aeration requirements. However,
the estimated'requirements are quite modest and-furtﬁer refinement of the
) design.is unﬁarrantea for the present purpose.’
(2)‘ Air must be sterilized by fiitration before entering the
fermentor. Based on the example of Aiba (1.p. 235), a glass wool packed
cylindrical filter 20 cm. in diameter and 100 qm; long is sufficient.
The cost of febricating such a filter is estimated.to be $i00.00. 3
(3) Temperature is controlled by circulation of water tﬁrough |
a jacket surrounding the fermentor. With a heatvtrahsfer coefficientvﬁf

1 BTU/hr.ft. <0

F?Vthe estimated heat loss from the fé:mentor Jjacket to the .é
air is 200 BTU/hr. A 1 kw. heater ($100.00) inmersed in s 10 i, water ;
recirculation tank ($50.00) is more than sufficient to méke up the heat -
loss. A 50 ml./min. centrifugal pump ($250.06) is used to recirculate i
water. Thé cost of a proportional controller-recorder is about $500.00, ' '

including thermiétor. The total cost of temperature control, therefore;

is $900.0Q.



"(4) pH is‘coéntrolled 5y addition of 10 N HC1l to the fermentor.
Approximately 2 liters:are’réquired*per baﬁph”fOr neutralization of
. anmonia. A small (10 ml./min.) positive displacement pump ($130.00) is
needed forfacid addition along with a  reservoir ($1Q.OO). The cost of
an on-off controller-recorder is about $h50400 and pH electrodes are
. about $200,00. ‘The total cost of pH control, therefore, is.$790.00,
| (5) Other expenses felated to ferméntatibn eqﬁipment-were'
- estimated as follows. Seed cuiture apparatus need only be a 10 l.‘jﬁr
with air sparger and magnetic stirrer, costing about‘$$0.00{ Pipe and
pipe fitfings were assumed to be 66% of the fermentor éost ($2,64%0.00).

Installation was assumed to be 30% of the fermentor cost'($l,200f00).

* Electrical &iring was assumed to be 5% of the cost of the two control
units‘($90.00).
B. Labor

The cost of labor was assumed to be $8.00 per hoﬁf, including
‘overhead expenses associated with labor. During a batcﬁ ferméntation,
it is assumed that an operator is required for four of the six hours down
time betﬁéen batches ‘to clean the fermentor, prepare_fresh medium, stéri;
'lize-the.fermentor with medium, cool the medium,iand jnoculate. A total
of one additionél hour per batch is needed for periédic.obéervation of
- the Operationf Therefore, a total of five man-hours is required per batch,
or‘2,250‘ﬁan4hours pér year, costing $18,000.00. |
C. Materials

The cost of materials was found by direct scale-up of the media

formulation listed in Table 2, including 15 g./1l. of L-asparagine-H,0.
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The approximate costs of major media constituents are listed below.

Materials costs were generally taken from Chemical Markéting Reporter (13).

(1) 1350 kg. of L—asﬁaragine'Hzo are reQuired per year. At $3Q.00
per kg. (Sigma Chemical éo), the cost of L—asparaginé is $40,500.00 per
year. _. | _

(2) 180 kg. of potassium phosphate are required per jear. At $0.32
per kg., the cost is $57.00 per year. |

'(3)  1000 kg. of hydrochloric acid are required per. year for con-

"~ trol of pH. At $0.L49 per kg., the cost is $490.00 péi year.

(4) - Avout bLO kg. of miscellaneous salts are required per year to
complete the formuletion of the medium. The estimated cost is $l20.00 per
year. | |
D. Utilities

(l) About 1000 kw-hr. of electricity arevrequired annually for
operation 6f thé fermentof drive and temperature“control heater. At $0.02
per k&-hr., the cost is $20.00 per year. |

(2) About 90,000 1. of éity water are requifed annuéllyvfof’making
» mediﬁm. At $0.10 per 1000 1., the eﬁtimated post}is $9.00 per. year.

(3) A heat balance was made to find the steam requireﬁent for
media étefilization. Sterilization is accomélished by injection of 100
psig steam into the medium, raising it to 15vpsig (saturated liquid),
holding for.about 20 miputes, folléwed by release of pressure and cooling.
The éstimated ennual steam consumption is 33’700Ak5' At $2.20 per 1000 kg.,

the cost is $7L.00 per year.
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(hj- About 28;000 SCF per ye;r of dry, filtéred air are required
b& ferﬁentétion. At $0.12 per 1000 SCF, the cost is $4.00 per year.
II. Refrigerated Cold Room | | | |
A. Prccess Equipment |

(L) >All purificétibn operations must be carried out at 59C. A
Lo X'hO' X 10' refrigerated cold room is larée enpﬁgh to contain all puri-
ficétion eéuipmént. The estimated cost of insulating the walls of thé
robm wifh oﬁe foot thick concrete blocks aﬁd instailing an éutomatié.door
"is $4,160.00.

‘ (2) The heat leak into the cold room from the surroundings &as
estimated Ey assuming a fhermal conductivity of 0.4 BTU/hr.ft.°Ff Aséuming
that a coid roon would be kept refrigerated 365 éays per year, the annual
refrigerafion load is 6.73 X 108 BTU or 6.4 tons. The estimated cost of -
a 6.4 ton refrigeration unit is $5,000.00. -

B. Labor
Ho labor is associated with cold room opefation.
C. terials. ~
No materials are associated with cold roém éperatioh.
D. Utilities
' Refrigeration is the primary utility cost in the production of
XL—asbaraginase. 673 million BTU must be removed per yégr. At $0{60'per-
ton-day, the cost is $l,h0b.00 per year. | . |
'IIi. Culture Harvest |
A frocess Equiément
(1) A tubular bowl, high épéed céntrifugéjis needed for harvest-

ing ang concentrating the culture. Perry (45) suggests that a 3 HP., 4"
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Aiaméter bowl tubular high speed centrifuge may have a minimum capacity of
30 gal./hr. for difficult sepgratioﬁs. This implies about a two‘hbuf
harvesting time. The cost of a stéinless steel unit is about $10,000.00.
The centrifuge is fed from the fermentor by a 200 1./br. slurry pump
($170.00). .V_
- (2)- Pipe and pipe fittings were estimated to be 66% of the

equipment cost ($6,610.00) and installation was assumed to be 30% of
fhe equipment cost ($3,050.00). |
B. Labor |

Four fermentation batches must be harvested during each 64 hour
cycle. A total of eight man-hours per cycle ére éstimated for this
operation. - At $8.00 per hour, the cost is $7,2oo;oo per year.
C. Materials

No materials are used in culture harvest.
‘D. TUtilities

About 200 kw-hr. of electricity are fequired’annually for opera- '’
tion of the high~speed centrifuge. At $0.02 per kw-hr.,; the cost is
$40. 00.
IV. Cell Disruption (Enzyme Release)
A. Process Equipment

(1) Because four fermentation batches can be run during the
course of one purification batch, provision must be made for storing har-
vested culture. Assuming that culture is concentratéd into 15% of its
original volume after centrifugation, a maximum of 120 1. of cell cream

must be stored. A 200 1. stainless steel tank end mixer costs $450.00.
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(2) Cell disruption is accomplished by addition of 1 g./1. of
- lysozyme, 3 g./1. of EDTA, and 3 g./1. of potassium phoéphate'tq #he
stored cell:cream. Abouf 16 hquré are required fo:.disruption.

(3) Cell.deﬁris must be separated from crude enzyme solution
aftef cell disruption. A vacuum drum £ilter can be gsed for this purpose.
Since soiids éonéentration and filtration rates are'ﬁhknown, estimation
‘of the filter size is 'dirficul_t.' Assuming a filtration rate of 3 x 1073
ml./cm. %sec. for very fine particles, a.2h £e.2 filter area is indicated |
for a 30 ﬁinute filtration. The estimated cost of the filter is'$20,000.00.
A'hOO 1./hr. pump ($250.00) transfers‘crude.enzymé solution to.the filter.

(%) .Filtéred solids from cell disruption mp;t be washed with
phosphate buffer (abquﬁ 150 g. of potassium phosphaté in 30 1. of water)
in & 40 1. stainless steel tank with mixer ($l70.06) in order to recover
all of the original l~asparaginase. The washing $hould require.approxi—
‘mately 30 minutes. Refiltration of the solids Sﬁquld also require 30
minutes. A 200 l‘./hrv. slurry punp ($170.00) transfers wvashed solids to the
vacuum drum filter’(éhe filter is used for both opérations).b.A 400 1./hbr.
siurry pﬁmp ($250.00) transfers released enzyme solution and wash superpatant
solution to & tank for ammonium sulfate precipitation."

: (5) Pipe and pipe fittings were estimated to be 66% of the equip-
ment cost ($ih5070.00) and installation was assuméd fo be 30% of equipment
cost ($6,400.00). | | -

B. Labor
A‘total'of éight man-hours pei cycle are_gstim&ted for cell dis-

ruption. - At $8.00 per hour, the cost is $7,200.00 per year. -
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C. Materieals

(l)v_A total of Sf.h kg. of potassium phosphéte are reéuiréd
annually‘for cell disruption. At $0;32 per kg., the cost is $18.QO per
year. | "

(3) A total of 13.5 kg. of lysozyme are reguired annually for

cell disruption. At $1.60 per g. (Sigma Chemical Co.) the cost is

$21,600.00 per year.
D. Utilities |

About L0O kw-hr. of electricity are requiréd annually for opera-
tion of the vacuum drum filter for'cell debris filtration. At $0.02‘per
kw-hr., the cost is $8.00 per year. Other'utility_costs are insignificant.
V. Ammonium Sulfate Fractionation
A. Process Equipment

(1) Crude enzyme filtrate -and %ash soluﬁibns.are combined in a
300 1. stainless steel tank with mixer ($570.00)vf0r‘ammonium sulfate
precipitation. About 56 kg. of armonium sulfatézafe added for a first
precipitation of protein. The precipitate is filtgred with fhe.vacﬁﬁn
drum filtef_described above and the filtrate is returned to'a:seéénd-300
1. stainless steel tank with mixer ($570.00) for addition of anotherv;hs |

kg. of armionium sulfate. The protein precipitated by this step is eluted

with 4 1. of phosphate buffer. Two 400 1./hr. slurry pumps ($500.00) are

required for this operation. Precipitations'and_filtratigns require a
total of about three hours.
(2) 4 1. of purtially purified I-asparaginase must be dialyzed

to remove ammonium sulfate before further purification. A bench scale
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dialyzer ($200.00) cah remove more than 99% of the salt in 12 hours.
About 10 1. of water are required.
(3) Pipe and pipe fittings were estimated to be 66% of the

equipment cost ($1,220.00) and installation was estimated to be 30% of

the equipment cost ($550.00).

. B. Labor

Ten‘man—hours per cycle are estimated for ammonium sulfate
precipitatiqn. At $8.00 per hour, the cost is $9,000.00 per year.
C. Materials o
113,600 kg. of ammonium sulfate are used annuaily for protein,

precipitation. At $0.275 per kg., the cost is $31,200 per year.

- D. "Utilities

About 400 kw-hr. per yeer of electricity are required for opera-
tion of the vacuum drum filter during armonium sulfate precipitations.

At $0.02 per kw-hr., the cost is $8.00 per year.

“VI. thanol_Fractiohation

A. Process Equipment : ‘ ?
Several successive fractionations with ethanol are required for
final purification of L-asparaginase. The volumes handled are quite

small as indicated in Fig. 1A and the operations are bench scale. Three

- steinless steel tanks with mixers ($220.00) are recquired since a tank

can be used for more than one fractionation. A small (15 1./hr.) centri-
fuge ($3,000.00) is needed for separating protein fractions between steps.

The final step in the purification is the slow recrystallization of pure
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L—asparaginase, reqﬁiring about 16 hours. The total time for ethanol
fractionations is about 22 hours. Approx1mately 6 1. of absolute ethanol
are needed per .cycle.
" B. Labor
Twenty-two man-hours per cycle are estiméted.for ethanol frac-~
* tionation. _At $8.00 per hour, the cost is $19,800.00 per year.
C. Materials |
The orily important materigl cost for ethan01 fractionation ié
for 675 1. per year df}absolute ethanol. At $0.16 per 1., the cost is
$108.00 per year.
D. Utilitigs
Ufilify costs for ethanol fractionation are iﬁsignificant.
VII. Lyophilization
A, Process.Equipment
In the final processing step, a small ambﬁnﬁbof wet L-asparaginase
'cfystals must be lyophilized before standardization and packagiﬁg. Durihg
lyophiliZation, Both water and ethanqi are rgmovéd.- The‘cost of a bench
. scale freeze dryér, suitable for this operation,'is_about $1,350.00.
Approximetely an eight hcur residence time is required.
B. Labor
Four man-hours per cycle are estimgtedvfor lyophilization. At
$8.00 per hour, the cost is.$3,600.00 per year.
mg. Materials

Fo mzterials are consumed during lyophilization.
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D. Utilities

Utility costs for lyoﬁhilization‘are insignificant.

Manufacturlng costs for L-asparaginase production are. tabulated
and totalized in Table 1A. It is important to reallze that equlpment
cost is only a minor portion of the total cost. Even 1£ relatively larée
errors exist,in the rough equipment cost estimates, the significanée :
in the overall cost estimate is small. The éstimatiohs of labor and

‘materiels:costs are of primary importance in'dete:mining p;oduction cost.
In estimating labor co;ts, it was assumed that labor could be.used on |

a part‘timélbasis (i.e. only ﬁheﬁ éctually needed)s Therefore,llabor
costs were itemized. If labor must be used on a'fuli time basis, the
labor cosfs would be approximately twice as high. ;Thé_relationship'of

the seven cost categories to each other would remain similar, however.



Table‘lA.'
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Summary of Annual Estimated Costs for. Productlon of

I~asparaginase from Erwinia ar01deae.

I.

Ferménfation »

A. - Process Equipment (depreciated € 10% per yr.)

(l) Fermentor ' $h00 |

(2) Air filter | 10

(3) Temperature control system -‘90
(4) pH control system 79

(5) Seed culture apparatus .5

(6) Pipe and pipe fittings 26h

(1) Installation | | 120

(8) Electrical wiring .9

Total $97T

B. Labor $18,000

C. Materials )

(l)‘ I-asparagine '$h0,500'

(2) Potassium phosphate ;57

(3) Hydrochloric acid . §90
(4) Miscellaneous salts . 120
Total 347,167

D. Utilities )

(1) Electricity 20

(2) Water ‘9

(3) Steam T

(L) Air 4

. Total - $io7

Fermentation Total - $60,251

- (continued)
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Table 1A (cont.)

" IT. Refrlgerated Cold Room '
o A. Equlpment (depreciated @ 10% per yT. )
(1) Insulated room $hi6'
" (2). Refrigeration unit 500
. Total “$916
B. Labor $0
c. ‘Materials $o
D. Utilities
| (1) Refrigera#ion A $1,%00
| Refrigerated Cold Reom.Total $2,316
ITT. Culiure Harvest
A, Process Equlpment (deprec1ated @ 107 per yr. )
(1) Centrlfuge $1°,000
(2) Slurry pump ot
' (3) Pipe and pipe fiﬁtings' 661
(k) Instellation o 305
Total §ET§§§
IV. Celi.Dl ruptlon (Enzvme Release)
A. Process Equlpment (depreciated @ lOp per. yr )
-_(1) M1x1ng tank (200 1. ) $ ks
e(2) Mixing tank (%0 l.) 17
(3) Vacuum dfum'filter: | 2,000
(4) Tvo puaps (400 1./hr.) 50

(continued)
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Table 1A (cont.)

(5) Pump (200 1./nr.) N 17

(6) Pipe and pipe fittings | . 1,bk07

(7) Installation | ; 640

~ Total _ N $L.,176

B. . Labor | : - : $7,200v

C. Materials

(1) Potassium phosphate S $ 18
(2) EDTA . 271
(3) Lysozyme - .‘> | - 21,600
- Total - $21,892

D. Utilities |
(1) Electricity ' $8
Cell Disruption Total o $33,276

Ammonium Sulfate Fractionation

A. ' Process Equipment (depreciated @ 10% per yr.)

(1) Two mixing tanks (300 1.) R $;1h
(2) Two pumps (400 1./hr.) - ) : SQ
(3) Dialyzer - | 20
(4) Pipe and pipe fittings o ' ' 122

(5) Tnstallation , S 55
Total . - $361

B. Labor | $9,000

C.- Materials

(1) Awmonium sulfate , $31,200

(continued)

e
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Table lA“(Qont.)

 D. Utilities
- (1) Electricity ‘ ._'f o ' ,$8

- Ammonium Sulfate Fractionation Total L R - $40,208

© VI. - Ethanol Fractionation
A. Pr¢cess Equipment (depreciated € lO%-pér yr.)
(1) ' Three mixing tanks (10 1.)3 o . - $ 22

‘(2) Centrifuge" S P 300 -
Tota.l ‘ ‘ v . . o 322

B.?‘Labgr o g N : $19;860

c. Maferiqls | _ | | | » |
(1) Absolute ethamol = e - $108

D. Utilities . o - $0

Ethenol Fractionation Total - . -~ . -~ ~$20,230

: 'ViI; Iyophilization

A Process Equipment (depreciated € 10% per‘"in‘.‘-) L Co
v:(l) Freeze dryer SRR  ‘ v $¥35:

B. Lebor T s

.. Materlals | | v . PR $0

Dl_ﬁUtiiities_ S R

Iyophilization Total =~ . . . $3,735
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This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
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any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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