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Partial purification, characterization and nitrogen regulation of
the lysine ε-aminotransferase of Streptomyces clavuligerus
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The L-lysine εεε-aminotransferase (LAT) of Streptomyces clavuligerus was partially purified and characterized. The
51.3-kDa enzyme exhibited optimal activity at pH 7.0–7.5 and 30 °C. It catalyzed transfer of the terminal amino group
of L-lysine or L-ornithine to a-ketoglutarate. Oxalacetate and pyruvate were also used as acceptors of the amino
group but with very low efficiency. Increasing ammonium concentrations added to chemically-defined medium MM
enhanced the formation of LAT and decreased production of cephalosporins by S. clavuligerus . In cultures grown
in the absence of lysine, greater enhancement of LAT formation by ammonium and less repression of cephalosporin
biosynthesis were observed. In the chemically-defined GSPG medium, ammonium ions decreased cephalosporin
production without showing an effect on LAT formation.
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Introduction stationary phase after antibiotic biosynthesis begins. We
found that ammonium ions do not repress LAT and, in oneThe biosynthesis of cephalosporins byStreptomyces clavu- of two media, even enhance formation of this importantligerus begins with the conversion ofl-lysine to 1-piperid- initial enzyme of cephalosporin biosynthesis.eine 6-carboxylate catalysed by the enzyme lysineε-amino-

transferase (LAT, EC 2.6.1.36). 1-Piperideine 6-
carboxylate is then dehydrogenated tol-a-aminoadipic Materials and methods
acid. The basic structure ofb-lactam antibiotics is formed Microorganismsby condensation of three precursors,l-a-aminoadipic acid,

Streptomyces clavuligerusNRRL 3585 (ATCC 27064) wasl-cysteine andl-valine. The importance of LAT has been used in this study.Escherichia coliESS was the assaydemonstrated by its designation as the rate-limiting enzymeorganism for cephalosporins. It is a mutant ofE. coli Wof cephalosporin biosynthesis inS. clavuligerusNRRL and is super-sensitive tob-lactam antibiotics [8].3585 [13,21]. We have recently shown that lysine is not
only a substrate of LAT but also an inducer [14]. The mech-Media and culture conditionsanism of induction is unknown. It was, therefore, of greatSpores ofS. clavuligerusNRRL 3585 were maintained ininterest to characterize the LAT ofS. clavuligerus. 20% glycerol at−80°C; 0.5 ml of this suspension was usedIt had been reported that the use of NH4Cl as the sole to inoculate 30 ml of seed medium which was incubated atnitrogen source or as an additive to asparagine depresses30°C and 220 rpm for 48 h. Two milliliters of this cultureantibiotic production [2–4,15] in this microorganism. The were inoculated into 30 ml of seed medium and incubatednegative effect is due to repression ofl-a-aminoadipyl-l- under the same conditions for 40–44 h. The resultingcysteinyl-d-valine synthetase (ACVS), isopenicillin N syn- second-stage seed was inoculated into the fermentationthase (cyclase), isopenicillin N epimerase and deacetoxy-media at 6% (v/v). All liquid cultures were incubated incephalosporin C synthase (expandase) [3,4] The influence250-ml Erlenmeyer flasks containing 25 ml of medium, atof NH+

4 on LAT formation has never been reported. 30°C on a rotary shaker at 220 rpm. The seed medium wasWe report here that LAT ofS. clavuligerusis a very Tryptic Soy Broth (Gibco Laboratories, Madison, WI,unstable a-ketoglutarate-dependent transaminase. LATUSA), adjusted to pH 7.0. Two chemically-defined fermen-activity in S. clavuligeruscultures increases to a maximum tation media were used. Medium MM is that described byduring the growth phase and decreases throughout theFanget al [6], supplemented with 100 mMl-lysine. It con-
tained (g L−1): glycerol, 10;l-asparagine, 2;l-lysine · HCl,
18; 3-(N-morpholino)propanesulfonic acid (MOPS) buffer,
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MgSO4 · 7H2O, 1; at pH 7.0 [15]. For experimental pur- fluid to give a final concentration of 0.1%. Precipitated

nucleic acids were removed by centrifugation at 20000× gposes, NH4Cl was added to both fermentation media at
20 mM or 120 mM as mentioned in the text. All fermen- for 15 min. The clear protamine sulfate supernatant fluid

was precipitated with ammonium sulfate (30–60%). Thetations were done at least twice and duplicate flasks were
employed in each experiment. active fraction after ammonium sulfate precipitation was

redissolved in PP buffer (0.2 M K2HPO4/KH2PO4 buffer
containing 10mM pyridoxal 5′-phosphate, pH 8.0) andGrowth measurements

Growth was measured by absorbance using a Klett-Sum- applied to a 1.6× 46-cm Sephacryl S-200 column equili-
brated with the same buffer at 4°C. The enzyme was elutedmerson colorimeter (Klett Manufacturing, New York, NY,

USA) and converted to dry cell weight (DCW) as described with PP buffer at a flow rate of 0.4 ml min−1. The column
was calibrated with standard proteins of known molecularby Fanget al [6].
weight (ribonuclease, 13.7 kDa; chymotrypsinogen A,
25 kDa; ovalbumin, 43 kDa; and bovine serum albumin,Cell-free extracts

Between 25 ml and 100 ml of fermentation culture were 67 kDa). Three milliliters of active sample were applied
to a DEAE-SPW anion exchange HPLC column (Waterssampled at the times described in the text and figures.

Mycelia were harvested by centrifugation, washed twice Espan˜ola, SA, Madrid, Spain) equilibrated with PP buffer.
The protein was eluted with a NaCl gradient (from 0 towith 0.85% NaCl, suspended in 0.2 M K2HPO4/KH2PO4

buffer (pH 7.5) and disrupted by sonication in an ice/water 350 mM NaCl in the first 90 min, and from 350 mM to
500 mM NaCl, for an additional period of 10 min).bath with a Branson model 200 sonifier (Branson Ultra-

sonics Co, Danbury, CT, USA) using setting 3 and duty
cycle 50%, 3× 30 s. Cell debris was removed by centrifug- Chemicals

o-Aminobenzaldehyde,a-ketoglutarate,l-lysine, pyridoxalation for 30 min at 26 000× g and 4°C. The supernatant
fluid was stored immediately at−80°C until used. 5′-phosphate and all other chemicals were of reagent grade,

purchased from Sigma Chemical Co (St Louis, MO, USA).
Lysine ε-aminotransferase assay
The assay of LAT activity was based on the procedure ofResultsKern et al [9]. The incubation mixture consisted of cell
extract (1.0 ml), 40mmol of l-lysine, 40mmol of a-keto- LAT activity and cephalosporin production in

chemically-defined mediaglutarate, and 0.15mmol of pyridoxal phosphate in a final
volume of 2 ml. The reaction mixture was incubated for Cultures ofS. clavuligerusgrown in MM medium and

GSPG medium were analyzed during the late growth and60 min at 37°C and 220 rpm and stopped by adding 1 ml
of 5% trichloroacetic acid in absolute ethanol. Precipitated stationary phases to compare biomass, pH, LAT activity

and cephalosporin production (Figure 1).S. clavuligerusproteins were removed by centrifugation for 10 min at
20000× g. The amount of 1-piperideine-6-carboxylate in grew well and reached maximum growth by 48 h of incu-

bation in both media. An increase in pH was observed from1 ml of the deproteinized reaction mixture was measured
by adding 1.5 ml of 4 mMo-aminobenzaldehyde in 0.2 M 48 to 96 h of incubation in GSPG medium as shown pre-

viously by Romeroet al [15]. No major change of pHphosphate buffer (pH 7.5). The mixtures were incubated at
37°C for 1 h and the yellow-orange color was measured occurred in MM medium. As had been observed with

Nocardia lactamdurans[9] and with S. clavuligerusbyat 465 nm. A solution containing 1 ml of phosphate buffer
instead of the cell-free extract was used as blank. This sol- other workers [12,13], we found that most of the synthesis

of LAT occurs during the growth phase. LAT specificution was used to calibrate the spectrophotometer. The
amount of 1-piperideine-6-carboxylate formed was calcu- activity peaked at 48 h when both cultures reached

maximum growth. LAT specific activity and cephalosporinlated using the extinction coefficient of 2800 L mol−1 cm−1

reported by Fothergill and Guest [7]. One unit of enzyme production were higher in GSPG medium than in MM
medium.activity is defined as that catalyzing formation of 1 nmol

of product per min under the conditions used.
Protein in the cell-free extracts was determined with thePartial purification and molecular weight

determination of LATBio-Rad Protein Reagent Assay (Bio-Rad Laboratories,
Hercules, CA, USA). Bovine serum albumin was used as Since pyridoxal 5′-phosphate is required for maximal

activity of LAT [9,17], all buffers used in the purificationstandard. The specific activity of LAT was expressed as
units per mg of protein. of the enzyme were supplemented with 10mM pyridoxal

5′-phosphate. A 68% recovery was obtained after
ammonium sulfate (30–60%) precipitation, but purificationAntibiotic assay

Cephalosporins were determined by the agar plate diffusion in this step was poor suggesting that enzyme inactivation
had occurred. A single activity peak was obtained afterassay with the assay strain seeded in LB agar. Cephalospo-

rin C was used as standard andE. coli ESS as assay organ- Sephacryl S-200 gel filtration (Figure 2) with a specific
activity of 0.12 units mg−1 protein and a recovery of 32.8%.ism.
Most of the enzyme was inactivated during gel filtration
even in fast-flowing Sephacryl columns. Repeated attemptsEnzyme purification

Cell-free extracts were prepared from GSPG cultures. Pro- failed to improve preservation of enzyme activity during
this step.tamine sulfate (1%) was added slowly to the supernatant
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Figure 1 Growth, pH, lysineε-aminotransferase (LAT) specific activity, and cephalosporin production in cultures ofStreptomyces clavuligerusgrowing
in MM medium (closed symbols) and GSPG medium (open symbols).

The molecular weight of the enzyme was determined byCharacterization of the enzyme
All studies on enzyme kinetics were made with the enzymecomparison with the elution profile of proteins of known

molecular weight. LAT eluted as a single peak with a Kav purified by gel filtration. A series of reaction mixtures were
prepared in Tris-maleate-NaOH buffer at pH values fromvalue of 0.26 corresponding to a molecular weight of about

51.3 kDa (Figure 2, inset). This is close to the deduced size 6.0 to 9.0. LAT ofS. clavuligerushas a pH optimum of
7.2 (Figure 3a). Although purification had been done at pHof 48.0 kDa obtained by cloning and expressing theS. cla-

vuligerusgene inEscherichia coli[18]. TheN. lactamdur- 8.0, Figure 3a shows that the activity at pH 8.0 is almost
as high as at pH 7.2. Furthermore, the enzyme was equallyans gene showed a molecular weight of 52.8 kDa and a

deduced size of 48.8 kDa by cloning inStreptomyces livid- unstable at pH 8.0 and 7.2. Incubation of standard enzyme
reaction mixtures at 20–50°C showed an optimal tempera-ans [15].

When the active fractions obtained from gel filtrations ture at 30°C (Figure 3b).
The enzyme showed a high specificity forl-lysine aswere applied to an ion-exchange DEAE-SPW HPLC col-

umn, fractionation of the protein into three major peaks was substrate althoughl-ornithine could also be used.l-Argi-
nine, l-citrulline, 4-aminobutyrate and glutamine (40 mM)observed; one of these peaks showed a trace of LAT

activity, but further purification could not be carried out did not inhibit LAT activity whenl-lysine was used as
substrate. Pyruvate,cis-oxaloacetate,a-ketobutyrate anda-due to inactivation of the enzyme.
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ketoisovalerate (40 mM) were also tested as amino group
acceptors. Onlycis-oxaloacetate and pyruvate could replace
a-ketoglutarate but with very low efficiency (6.6 and 4%,
respectively). A 20% reduction of enzyme activity was
observed when pyridoxal phosphate was omitted from the
reaction mixture.

The Km values of the aminotransferase for lysine anda-
ketoglutarate were determined with enzyme purified by gel
filtration. The apparentKm value for lysine was 3.2 mM
(Vmax = 0.023 units mg protein−1) and for a-ketoglutarate
was 3.6 mM (Vmax = 0.026 units mg protein−1).

Regulation of LAT formation by ammonium
Addition of NH4Cl resulted in a clear reduction in the
biosynthesis of cephalosporins byS. clavuligerusin both
media (Figure 4). When MM medium was supplemented
with 20 mM and 120 mM NH4Cl, antibiotic production
decreased to 42% and 8%, respectively, of the levels in the
control culture. No significant effect of NH4Cl on the pH

Figure 2 Sephacryl S-200 gel filtration of LAT. LAT activity (p); total pattern was observed. Cells grown in GSPG medium with
protein as A280 (continuous line). Ve/Vo, elution volume/void volume. 20 mM or 120 mM NH4Cl suffered a drastic reduction of
Inset, Kav value and determination of molecular weight of LAT. R, ribonu-

cephalosporin production in parallel with a strong pHclease; C, chymotrypsinogen A; O, ovalbumin; A, bovine serum albumin.
decrease, from 7.2 to 4.4, due to GSPG being an unbuff-LAT, l-lysine ε-aminotransferase (arrow).
ered medium.

LAT specific activity was measured during and after

Figure 3 Effect of pH (a) and temperature (b) on activity of LAT.



Partial purification of LAT of Streptomyces clavuligerus
J Romero et al

245
major differences in maximum LAT activity between cul-
tures ofS. clavuligerusgrowing in GSPG with and without
ammonium. On the other hand, LAT specific activity was
enhanced by the addition of NH4Cl to MM medium. To
determine whether the enhancement was dependent on the
lysine content of MM medium,S. clavuligeruswas culti-
vated in MM medium without lysine. The enhancement of
LAT activity by ammonium ions under these conditions
was even higher than that observed in lysine cultures.
Maximum LAT specific activity of cultures supplemented
with 120 mM NH4Cl was 220% of the activity in control
unsupplemented cultures; cephalosporin production was
reduced to 37% of the control value (data not shown).

The direct effect of ammonium chloride on LAT activity
was also examined by adding ammonium chloride to the
cell-free assay system; 80 mM NH4Cl produced a 25–30%
decrease of LAT activity.

Discussion

S. clavuligerusconverts l-lysine to 1-piperideine-6-car-
boxylate, with the enzymel-lysinea-ketoglutarateε-amin-
otransferase; the piperideine-6-carboxylate is further con-
verted tol-a-aminoadipic acid. No role ofa-aminoadipic
acid has been described inStreptomycesexcept for anti-
biotic production [11,12] It seems, therefore, that the main
role of LAT is to providea-aminoadipic acid, a direct pre-
cursor ofb-lactam antibiotics. The involvement of LAT in
providing a-aminoadipic acid for antibiotic production is
further supported by the finding that some mutants impaired
in cephamycin biosynthesis show very low levels of LAT
[16].

Production ofb-lactam antibiotics byS. clavuligerushas
been reported in complex and chemically-defined media.
Here we employed two chemically-defined media, GSPG
and MM, which had been used previously in cephalosporin
biosynthesis studies [6,15].S. clavuligerusexhibited higherFigure 4 Effect of ammonium chloride on biosynthesis of cephalospor-

ins by Streptomyces clavuligerusin (a) MM medium and (b) GSPG LAT specific activity and cephalosporin production in
medium. Additions: None (L); 20 mM NH4Cl (p); 120 mM NH4Cl (P). GSPG medium than in MM medium. Sucrose present in

GSPG medium is utilized very slowly [15] and mycelia
grown with a slowly assimilated carbon source give sub-growth in the absence or presence of NH4Cl (20 mM and
stantially higher LAT specific activities and antibiotic pro-120 mM) in both media. Since LAT activity of these cul-
duction than do mycelia from cultures with carbon sourcestures did not peak at the same time point, samples were
which are rapidly assimilated such as glycerol [1,12,20].taken throughout the fermentation course and the maximum

The negative effect of ammonium ions onb-lactam anti-values are given in Table 1. The effect of NH4Cl on LAT
biotic production byS. clavuligerushas been reported pre-formation depended on the medium used but enzyme
viously [2,3,15] We observed a higher degree of NH4repression was not observed in either case. There were no
repression of cephalosporin production in GSPG medium
than in MM cultures. Unlike some other enzymes ofb-

Table 1 Effect of ammonium chloride on lysineε-aminotransferase lactam biosynthesis [2–4,15], LAT was not repressed by(LAT) activity in two different media
ammonium ions. Whereas the specific activity of LAT was
not strongly affected by including NH4Cl in GSPGGrowth medium Maximum LAT activity % of control
medium, ammonium ions enhanced LAT activity in MM(units mg−1 protein)
cultures. To make sure that the enhancement of LAT

MM 0.84 100 activity was due mainly to the added ammonium ions, MM
MM + 20 mM NH4Cl 1.16 138 cultures without lysine were examined. An even greater
MM + 120 mM NH4Cl 1.42 169 enhancement of LAT production by ammonium was

obtained in cultures grown in the absence of lysine, whileGSPG 1.38 100
the formation of cephalosporin by these cultures was lessGSPG+ 20 mM NH4Cl 1.30 94

GSPG+ 120 mM NH4Cl 1.52 110 repressed by ammonium ions.
The specificity of LAT ofS. clavuligerusfor substrate
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