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Summary. Many antibiotic fermentations are sen-
sitive to high concentrations of their own product
possibly due to product regulation and toxicity
mechanisms. In this paper we discuss the feasibil-
ity of using affinity adsorption with biospecific li-
gands for in situ product removal to alleviate this
problem. The concept of using whole cells con-
taining the biospecific ligands is demonstrated in
the case of thienamycin fermentation using whole
cells of Bacillus stearothermophilus and immobil-
ized B-lactamase. It is observed that thienamycin
production continues for an extended period of
time.

Introduction

Most industrial fermentations are limited by end-
products that are formed by the producing micro-
organisms. The product may inhibit the activity or
repress the synthesis of enzymes that are responsi-
ble for product formation. Similarly, product de-
gradation can be quite significant if the end-prod-
uct is unstable. Optimization of culture media and
environmental conditions may yield only nominal
increases in volumetric productivity if product
limitation and instability are significant. One op-
tion for circumventing product limitation and
product instability is to simultaneously remove
the product from the fermentation broth as it is
formed. Methods proposed for in situ product re-
moval include solvent extraction, dialysis/ultrafil-
tration coupled fermentations, and addition of
solid adsorbents (Abbot and Gerhardt 1970; Ray-
mond et al. 1969; Tone et al. 1969). In our labora-
tory, we have successfully utilized hydrogel im-
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mobilized non-ionic polymeric adsorbents, XAD-
4 (Rohm and Haas, Philadelphia, PA) in a Strep-
tomyces griseus fermentation for enhancing the
production of cycloheximide by facilitating in situ
product removal (Payne 1984; Wang 1983; Nigam
and Wang 1986; Dykstra et al. 1988).

The use of non-specific adsorption or extrac-
tion methods often results in the concentration of
desired products together with other contami-
nants having similar physico-chemical character-
istics. One way to minimize this problem is to use
affinity adsorption during fermentation processes.
Not many articles have addressed the application
of affinity adsorption for the purpose of primary
separation. The major reason presumably is the
prohibitive cost and limited variety of affinity ad-
sorbents available.

The goal of this work is to examine the effect
of specific in situ product removal by using whole
cells as adsorbents on the production of thiena-
mycin by Streptomyces cattleya. Thienamycin is
one of the most potent broad spectrum p-lactam
antibiotics discovered in recent years (Kahan et
al. 1978, 1979). Unfortunately, thienamycin is ex-
tremely sensitive to pH, metallic ions, nucleo-
philic reagents, and even high concentrations of
thienamycin itself (Kahan et al. 1979). Thienamy-
cin, like the other f-lactam antibiotics, acts by
binding very strongly to a class of bacterial cell wall
proteins referred to as penicillin binding proteins
(PBP) (Abraham 1981; Spratt 1983). It is also a
strong inhibitor of f-lactamases (Kahan et al.
1979). Thus in principle both PBP and p-lacta-
mases can be used effectively as affinity ligands
for selectivity removing thienamycin.

Unfortunately, the mechanism of binding S-
lactam antibiotics to PBP and S-lactamases in-
volves the formation of covalent linkage through
the carbonyl moiety on the f-lactam ring. The elu-
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tion of the antibiotic by using nucleophilic rea-
gents results in the cleavage of the active p-
lactam ring of the molecule. Protein engineering
studies are required to change key amino acid re-
sidues in the active site of the protein such that it
loses its covalent binding and degradative ability
while retaining high affinity for reversibly binding
p-lactam antibiotics. Initial experimental results
have demonstrated the feasibility of this concept
using recombinant f-lactamase for antibiotic sep-
aration (Imanaka et al. 1989).

This paper presents the preliminary results in-
vestigating the influence of specific in situ re-
moval of thienamycin using affinity adsorbents
based on PBP and p-lactamases on the overall
production of the antibiotic. The focus of this
study is to illustrate that in thienamycin fermenta-
tion, which is sensitive to high concentrations of
thienamycin, the product can be extracted in situ
using whole cells containing the biospecific li-
gands leading to improved productivity. The
problem of non-degradative elution of active
thienamycin will be addressed elsewhere in con-
junction with protein engineering studies.

Materials and methods
Microorganism and culture media

Streptomyces cattleya NRRL-5057 was used in this study. Ino-
cula for the fermentations were prepared in a seed medium
consisting of glucose, 10g; yeast extract, 10g; KH,PO,,
182 mg; Na,HPO,, 190 mg; MgSO,, 50 mg; distilled water, 1
liter. The pH of the medium was adjusted to 6.5. The fermen-
tation medium consisted of: corn meal, 20 g; yeast extract,
10 g; soy flour, 15 g; sodium citrate, 4 g; CaCl; - 2H,0, 0.5 g;
MgS0,7H,0, 0.1 g; CaCl, - 16H,0, 0.1 g; FeSO,7H,0, 0.01 g;
distilled water, 1 liter.

Thienamycin fermentation

A 250 ml erlenmeyer flask containing 50 ml of the seed me-
dium was inoculated with Streptomyces cattleya from an agar
slant and incubated for 48 hours on a Shaker (250 RPM) at
25°C. After this incubation, 5 ml of this seed culture was used
to inoculate fermentation flasks containing 50 ml of the fer-
mentation medium. All media were sterilized at 121°C for
20 min. The fermentation flasks were incubated at 25°C on a
shaker until harvested. Aliquots were removed from the shake
flasks for pH and cell measurements. 10 ml of well-mixed
broth was placed into graduated conical centrifuge tubes and
spun at 2400 RPM for 20 min. The packed cell volume (PCV)
thus obtained was used as the index of growth. From each fer-
mentation flask, only one sample was taken. Thus, each data
point was obtained from a different flask. Even though there
could be some variability in each flask, the general trend of the
cell mass and product formation is not likely to change.
The supernatant was saved for antibiotic assay.
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Thienamycin assay procedure

Thienamycin content of the samples was determined by a mi-
crobiological assay procedure using Strepiococcus aureus
NRRL-B313 as the indicator organism (Kahan et al. 1979).
For each assay, 100 pl of the supernatant sample after proper
dilution, was pipetted onto a 0.5 inch diameter sterile paper
disc, which was then placed onto the surface of the seeded
agar. These plates were then inverted and incubated for 24 h at
37°C Any resulting inhibition zone size was measured with a
Fischer-Lilly zone reader. The zone sizes were correlated with
a standard curve produced with various ampicillin standards.
The thienamycin concentration was expressed as equivalent
units of ampicillin. Since the potency of thienamycin is more
than three orders of magnitude higher than ampicillin, the
value obtained in terms of equivalent ampicillin units is signif-
icantly higher than the actual concentration of thienamycin.
For example, under these assay conditions 0.1 ug/ml! of pure
thienamycin solution produces an inhibition zone of approxi-
mately 25 mm diameter (Kahan et al. 1979). Our experiments
indicate that approximately 0.75 pg/ml of ampicillin is re-
quired to produce the same size of the inhibition zone. There-
fore, ampicillin equivalent units should be utilized for the pur-
pose of comparison only.

Choice of affinity ligands

In general, gram-positive microorganisms containing PBP
have been shown to bind upto 1-5 ug of penicillin per gram of
dry cells (Blumberg and Strominger 1974). Affinity adsorption
using whole bacterial cells as bioadsorbents represents a cost
effective alternative since this approach bypasses the need for
purifying and immobilizing affinity ligands on solid supports.
Late growth phase cells of Bacillus stearothermophilus, a ther-
mophilic bacterium, were utilized as one of the affinity adsor-
bents in this study. The reason we chose thermophilic bacteria
was because they generally do not grow a lower fermentation
temperatures, and therefore do not seem to take up significant
amount of nutrient when added directly to the fermentation as
active bioadsorbents.

Thienamycin is a S-lactamase inhibitor (Georgopapada-
kou and Liu 1980). Therefore, immobilized f-lactamase can be
used as an affinity adsorbent for thienamycin. f-lactamase
(Sigma, St. Louis, Mo) was first immobilized onto cyanogen
bromide activated sepharose 4B beads (Pharmacia, Uppsala,
Sweden). Estimated immobilized f-lactamase activity was
about 0.5 mole Penicillin/minute/ml of beads.

Conditions of S-lactamase immobilization and assay

p-Lactamase (penicillinase, Sigma) was immobilized on cya-
nogen bromide activated Sepharose 4B (Pharmacia) by coval-
ent bonding. Throughout the immobilization process, the f-
lactamase and Sepharose were maintained at 4°C whenever
possible.

Two grams of freeze-dried Sepharose was washed on a sin-
tered glass filter and reswollen with 400 ml/g of 1.0 M HCI.
While the Sepharose was swelling, 37.5 mg of protein contain-
ing 7.5 mg of p-lactamase was dissolved in 10 ml of sodium
bicarbonate buffer at pH 8.3. The Sepharose was rinced with
small amounts of sodium bicarbonate buffer, vacuum filtered
and brought to semidryness. The Sepharose was then trans-
ferred to the enzyme solution. To block any unoccupied bind-
ing sites remaining on the Sepharose beads, 8 mi of 0.2 M glu-
tamic acid solution was added to the Sepharose solution. The
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resulting mixture was shaken for 2h. A final sequence of
washes was necessary to remove any unbound S-lactamase or
glutamic acid. The washes consisted of 5-50 ml bicarbonate
buffer washes, 5-50 ml 0.1 M acetic acid buffer, and 2-50 ml
phosphate buffer at pH 6.8. Each wash was performed while
under vacuum. The final moist Sepharose was resuspended in
12.0 ml of phosphate buffer, well mixed and stored at 4°C un-
til ready for use.

B-Lactamase was assayed by the method described by Sar-
gent (1968). One unit of f-lactamase activity is defined as the
amount of enzyme that hydrolyzes one pmol Penicillin G per
minute at 25°C and pH 7.

Determination of binding characteristics

Binding capacity and kinetics for different affinity adsorbents:

were determined by carrying out batch adsorption experi-
ments. 1-6 wt% adsorbents was added to 250 ml flasks con-

taining 50 ml thienamycin solution. Supernatant samples were.

withdrawn periodically for thienamycin assay.

Results and discussion
Time profile of thienamycin fermentation

The time profile of a thienamycin fermentation
using Streptomyces cattleya NRRL-8057 is shown
in Fig.1. Cell growth occurred within the first
24 h. Antibiotic production started in about 24 h
and reached a peak around 72-96 h. Beyond this
point a decrease in thienamycin concentration
was observed primarily due to a dominant de-
gradation rate of the antibiotic even though the
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Fig. 1. Time profile of a thienamycin fermentation. A pH; O
Thienamycin; O Packed Cell Volume

117

120

100

[2:]
(=]

[<)]
o

THIENAMYCIN CONCENTRATION,
I
[e]

AMPICILLIN EQUIVALENTS (ug/ml)

20 i | 1 1 1 1
[o] 10 20 30 40 50 60

TIME IN CONTACT (min)

Fig 2. Adsorption of thienamycin by Bacillus stearothermophi-
lus. O Control, O 1.1g dry cell weight/l1 of fermentation
broth; A 2.2 g dry cell weight/l of fermentation broth; x
3.3 g dry cell weight/1 of fermentation broth

pH of the fermentation was maintained around
6.5. This rapid degradation, so far, cannot be min-
imized through pH adjustment or other environ-
mental manipulation.

Binding capacity of various affinity adsorbents

The adsorption of thienamycin from fermentation
broths onto thermophilic bacterial cells and im-
mobilized p-lactamase is shown in Figs. 2 and 3.
It is clear that thienamycin can be adsorbed from
the fermentation broth fairly rapidly (1-2 h) using
these adsorbents. The adsorption was determined
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Fig. 3. Adsorption of thienamycin by immobilized p-lacta-
mase. @ Control; O 0.062 g Sepharose with B-lactamase; O
0.142 g Sepharose with f-lactamase; A 0.250 g Sepharose with
f-lactamase
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Table 1. Loading capacities of various affinity adsorbents

Type of adsorbent Equilibrium Loading capacity

concentration®(C,,) mg antibiotic/g

pg/ml adsorbent
XAD-2 Resin**
(Rohm and Haas Co.,
PA) 40.0-100.0 01-0.8
Immobilized
P-lactamase 10.0-50.0 2.0-8.0
Bacillus
stearothermophilus
Cells 40.0-90.0 40.0-95.0

Ampicillin Equivalent

® non-ionic polymeric adsorbent

by measuring the decrease in bioactivity in broths
under test, using the disc-diffusion assay. It ap-
pears that bacterial cells are more effective as ad-
sorption agents compared to immobilized f-lacta-
mase or non-specific, non-ionic polymeric adsor-
bents such as XAD-2 resin (Rohm and Haas, Phil-
adelphia, PA). As shown in Table 1, the bacterial
cells have a loading capacity 100 times higher
than the resin on a weight basis. Immobilized S-
lactamase beads are also more effective than po-
lymeric resins (Table 1). The binding capacity of
Bacillus stearothermophilus cells translates to
about 5-10 pug of thienamycin per gram of dry
cells.

On-line extraction of thienamycin fermentation

In this experiments, a sterile preparation of late
growth phase Bacillus stearothermophilus cells was
added to a thienamycin fermentation during its
peak synthesis at approximately 84 h (Fig. 4). The
final quantity of Bacillus stearothermophilus in the
fermentation broth was 3.6 grams (dry cell
weight)/liter. An immediate drop in thienamycin
concentration was observed. The antibiotic syn-
thesis continued to reach a maximum higher than
the control run. This result indicates that by spec-
ifically removing thienamycin from the fermenta-
tion broth it is possible to sustain antibiotic pro-
duction for a longer duration by alleviating the
feedback regulation. Figure 4 also indicates that
at the end of 144 h almost twice as much anti-
biotic was produced in the on-line extracted fer-
mentation compared to that in the control fer-
mentations.

A similar experiment was done using immobil-
ized B-lactamase beads (Fig. 5). Beads were added
at a concentration of 5.0 g/l to the fermentation
during peak synthesis. An immediate drop in
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Fig. 4. In situ addition of Bacillus stearothermophilus into a
thienamycin fermentation. O Control; @ With cell addition

thienamycin concentration indicating specific ad-
sorption was observed in this case also. Antibiotic
synthesis continued for an extended period of
time due to the alleviation of feedback regulation.
In this experiment also, the total amount of anti-
biotic produced using in situ extraction was
higher than the control run.

Our preliminary results for thienamycin fer-
mentation indicate that whole cells containing af-
finity adsorbents can be used for in situ product
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Fig. 5. In situ addition of immobilized f-lactamase into a
thienamycin fermentation. O Control; @ With immobilized
B-lactamase addition
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removal. Both Bacillus stearothermophilus cells
and immobilized f-lactamase, were effective in re-
moving thienamycin from the fermentation broth.
However, Bacillus stearothermophilus cells have a
significantly higher binding capacity on weight of
adsorbent basis. This may be the reason for
greater enhancement of antibiotic production ob-
served in the fermentations with in situ extraction
using Bacillus stearothermophilus cells. Comple-
mentary research involving protein engineering of
PBP and f-lactamases can provide more effective
affinity ligands for specific in situ extraction of
thienamycin and other f-lactam antibiotics in ac-
tive form.

Acknowledgements. This work was supported in part by NSF
Research Grants ECE-86-12969 and CBT-84-16543. We also
thank Dr. Steven Drew of Merck & Co. (Rahway, NJ, USA)
for the generous supply of thienamycin.

References

Abbott BJ, Gerhardt P (1970) Dialysis fermentation 1. En-
hanced production of salicylic acid from naphthalene by
Pseudomonas fluorescens. Biotechnol Bioeng 12:577-589

Abraham EP (1981) The beta lactam antibiotics. Scientific
American 244:76-86

Blumberg PM, Strominger JL (1974) Interaction of penicillin
with bacterial cells: Penicillin binding proteins and penicil-
lin sensitive enzymes. Bacteriol Rev 38:291-335

Dykstra KH, Li XM, Wang HY (1988) Computer modeling of
an antibiotic fermentation with on-line product removal.
Biotechnol Bioeng 32:356-362

119

Georgopapadakou NH, Lie FY (1980) Penicillin binding pro-
teins in bacteria. Antimicrob Chemotherap 18:148-157
Imanaka T, Kuroda A, Wang HY (1989) Protein engineering
of penicillinase as affinity ligands for bioprocessing. J Fer-
ment Bioeng (in press)

Kahan JS, Kahan FM, Goegelman RT, Currie SA, Jackson M,
Stapley EO, Miller TW, Miller AK, Hendlin D, Mochales
S, Hernandez S, Woodruff HB, Birnbaum J (1979) Thiena-
mycin, a new beta lactam antibiotic 1. Discovery, taxon-
omy and physical properties. J Antibiotics 32:1-12

Kahan JS, Kahan FM, Goegelman RT, Hernandez S (1978)
U.S. Patent 4081548

Nigam SC, Wang HY (1986) Mathematical modelling of bio-
product adsorption using immobilized affinity adsorbents.
ACS Symp Ser 314:153-168

Payne GF (1984) Ph. D. Thesis, The University of Michigan

Raymond RL, Jamison VW, Hudson JO (1969) Microbial hy-
drocarbon co-oxidation II. Use of ion-exchange resins.
Appl Microbiol 17:512-515

Sargent MG (1968) Rapid fixed-time assay for penicillinase. J
Bacteriol 95:1493-1494

Spratts BG (1983) Penicillin-binding proteins and the future of
P-lactam antibiotics. J Gen Microbiol 129:1247-1260

Tone H, Kitai A, Ozaki A (1968) A new method for removal of
inhibitory fermentation products. Biotechnol Bioeng
10:689-692

Wang HY, Sobnosky K (1985) Design of a new affinity adsor-
bent for biochemical product recovery. ACS Symp Ser
271:123-131

Wang HY (1983) Integrating biochemical separation and pu-
rification steps in fermentation processes. Ann NY Acad
Sci 413:313-321

Received April 6, 1988/ Accepted September 29, 1988



