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SUMMARY 

A cell-free extract from the thienamycin producer, Streptomyces cattleya, has been found to deacetylate 
the co-product, N-acetylthienamycin. The pH optimum of the reaction is 7.5. Due to the lability of N- 
acetylthienamycin, we used the D and I~ forms of the synthetic substrate N-chloroacetylvaline. We found that 
the enzyme is an L-deacetylase, has a molecular weight of 58 000, is stable up to 40~ acts optimally at 45~ 
is stable at pH 5-8, is not activated by divalent metal ions and is inhibited by Hg + +, Cu + + and p-chloro- 
mercuribenzoate. This is the first report of an extract from a carbapenem producer which carries out the 
deacetylation of N-acetylthienamycin, suggesting that the acetylated derivative is a precursor of thienamycin. 

INTRODUCTION 

Thienamycin (Fig. 1) was the first of a series of 
naturally occurring/~-lactam antibiotics possessing 
the carbapenem ring to be discovered [8]. Biosyn- 
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thesis of the antibiotic in intact cells of Strepto- 
myces cattleya has been studied by Williamson et 
al. [13]. We have been attempting to demonstrate 
some of the reactions of the biosynthetic pathway 
with cell-free extracts. Since S. cattleya produces 
N-acetylthienamycin along with THM [8], we con- 
sidered the possibility that the N-acetylated corn- 
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Fig. 1. Structure of thienamycin and N-acetylthienamycin. 
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pound is a precursor. We now report that a cell-free 
extract catalyzes the conversion of N-AcTHM to 
THM. 

MATERIALS AND METHODS 

Culture 
The strain of S. cattleya used was NRRL 8057, 

the original soil isolate (MA-4297) [8]. The culture, 
as well as the antibiotics, THM and N-AcTHM, 
were supplied by Merck & Co. Inc. The other N- 
acetylated carbapenem antibiotic, PS-5, was ob- 
tained from the Sanraku Co. 

Media 
The complex seed medium (sucrose, solulac, ar- 

damine YEP and corn gluten meal), semi-synthetic 
seed medium (glycerol, glutamate, ardamine YEP, 
inositol, p-aminobenzoic acid, NH4C1 and other 
mineral salts), and synthetic production medium A 
(glycerol, glutamate, isoleucine, MES buffer, 
NH4C1 and other mineral salts) were the same as 
previously described [13]. 

Preparation of retting cells 
Resting cells were prepared as previously de- 

scribed [13] and stored at 4~ until used. 

Preparation of cell-free extract 
The resting cell suspension was sonicated on ice 

with a Branson cell disruptor (model 200) under the 
following conditions: output-setting of 5, 50% duty 
cycle intermittently for 2-3 rain (actual sonic ex- 
posure, 1-1.5 rain). The suspension was centrifuged 
at 12 000 x g for 15 min to provide a cell-free ex- 
tract. In some cases, the cell-free extract was di- 
alyzed against 0.02 M MES buffer (pH 7.0). 

Conversion of N-AcTHM to THM by deacetylation 
The incubation mixture contained the following 

in a total volume of 0.1 ml: 16 mM N-AcTHM, 40 
mM K-phosphate buffer (pH 7.5) and 50 #1 cell-free 
extract containing about 250 #g protein. After in- 
cubation for 0, 1, 3, 5 h at 30~ the reaction prod- 
ucts  were chromatographed on a cellulose TLC 

plate (Eastman chromatogram sheet, 13255, cellu- 
lose) using ethanol/water (7:3) as solvent. Estima- 
tion of the conversion was done by bioautography 
with Staphylococcus aureus ATCC 6538P. A sterile 
paper tissue was placed over seeded agar in a Petri 
dish and the TLC plate was placed face down on 
the paper for 20 rain. The paper and the TLC plate 
were removed and the dish was incubated overnight 
at 37~ 

Assay of deacetylase activity 
N-Chloroacetyl-L-valine and N-chloroacetyl-D- 

valine (Sigma Chemical Co., St. Louis, MO) were 
used to measure L-amino acid and o-amino acid 
deacetylase activities, respectively. After dissolving 
the substrates in distilled water, the solutions were 
adjusted to pH 7.5 with 1 N NaOH. The reaction 
mixture in a final volume of 50 pl contained 1 ~mol 
of substrate, 2.5/~mol of K-phosphate buffer (pH 
7.5) and I0-20 ~1 of enzyme containing about I00 
#g protein. Incubation was for 5-30 rain at 30~ 
The mixture was cooled immediately on ice and 50 
#1 of 50% acetic acid were added to terminate the 
reaction. The  ninhydrin method of Yemm and 
Cocking [15] was used to determine the valine re- 
leased. The molar extinction of valine is 21.4 at 570 
nm, One unit o f  activity is that which releases 1 
#mol of valine per h. Specific activities are ex- 
pressed as units per mg protein. Protein was esti- 
mated after addition of 5-fold-diluted Bio-Rad dye 
concentrate (Bio-Rad Laboratories, Richmond, 
CA) by the method of Bradford [1]. 

Unless otherwise stated, all steps of purification 
were carried out in a cold room at 5~ Potassium 
phosphate buffer, pH 7.5, was used throughout. To 
remove nucleic acid, 50% streptomycin sulfate was 
added dropwise with gentle stirring to the cell-free 
extract to give a final concentration of 0.4% strep- 
tomycin sulfate. The solution was stirred for a fur- 
ther 30 rain and centrifuged to yield a clear enzyme 
solution. Then, ammonium sulfate was slowly 
added with agitation to 60% saturation. After stir- 
ring for a further 30 rain, the precipitate was re- 
covered by centrifugati0n. It was dissolved in a 
small amount of the buffer (0.02 M) and dialyzed 
twice against the same buffer. The active solution, 
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thus obtained, was applied to a DEAE-Sephacel 
column (2.4 x 14 cm) that had been equilibrated 
with 0.02 M buffer. After being washed with the 
same buffer, the enzyme activity was eluted with a 
linear gradient concentration of KC1 from 0 to 1 M 
in the same buffer. The active enzyme fractions 
were pooled, concentrated by salting-out with am- 
monium sulfate, and filtered through a Sephadex 
G-100 column (1.5 x 45 cm) that had been equi- 
librated with 0.02 M buffer. The active enzyme frac- 
tions were pooled and passed through the same col- 
umn after concentration. 
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Fig. 3. Bioautograph depicting the conversion of PS-5 to NS-5 
by the S. eattleya extract. Although authentic NS-5 was not 
available, the spot at Rr 0.6 is known to be NS-5 (see text). 

RESULTS 

Conversion of N-AcTHM to THM by the cell-free 
extract of S. cattleya 

A bioautogram illustrating the conversion of 
N-AcTHM to THM is diagrammatically shown in 
Fig. 2. N-AcTHM was deacetylated to THM by the 
cell-free extract but not by a boiled (15 min) cell- 
free extract. We failed to detect acetylation of THM 
to N-AcTHM. 

Conversion of PS-5 to N&5 by the same celLfree 
extract 

As shown in Fig. 3, PS-5, another N-acetylated 
carbapenem antibiotic, was deacetylated by the 
same cell-free extract to form NS-5 (deacetylated 
PS-5). NS-5 was identified by its Re value of 0.22 

in paper chromatography using a solvent system of 
acetonitrile/0.1 M Tris-HC1 (pH 7.5)/0.1 M EDTA, 
pH 7.5 (120:30:1) [2] after isolation of this com- 
pound from the reaction mixture by preparative 
paper chromatography. 

Effect of pH on the conversion of N-AcTHM to 
THM 

The effect of pH on the conversion of N- 
AcTHM to THM was examined in the pH range 
from 5 to 9.2. The buffers used were K-phosphate 
(pH 5-8) and sodium borate (pH 9.2). From the 
measurement of the diameters of the inhibitory 
zones corresponding to THM, antibacterial activity 
was estimated semi-quantitatively after bioautog- 
raphy. As shown in Fig. 4, the conversion occurred 
most effectively at pH 7.5. 
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Fig. 2. Bioautograph depicting the conversion of N-AcTHM to 
THM by the cell-free extract. 
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Fig. 4. Effect of pH on the conversion of N-AcTHM to THM.  
Activity is shown as percent of maximum rate observed. 
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Fig. 5. Effect of pH on the deacetylation of N-chloroacetyl-L- 
valine. Activity is shown as percent of maximum rate observed. 

Optimum reaction pH of deacetylase on a synthetic 
substrate 

The optimal pH value for deacetylation of N- 
chloroacetyl-h-valine was also 7.5 (Fig. 5). 

Since THM and other carbapenem antibiotics 
are fairly labile under physiological conditions, 
their quantitative assay is very difficult. In addition, 
THM is more unstable than N-AcTHM because of 
its free amino group; the same is true for PS-5 and 
NS-5 [2]. For these reasons, we decided to use N- 
chloroacetyl-L-valine and N-chloroacetyl-D-valine 
[3] for further studies on the deacetylase activity of 
the S. cattleya cell-free extract. 

Stereospecificity of the deacetylase activity 
When N-chloroacetyl-L-valine and N-chloroac- 

etyl-D-valine were used as substrates for the cell-free 
extract from S. cattleya, the activity was found to 

Table 1 

Deacetylase activity in the cell-free extract from S. cattleya 

Enzyme source OD at 570 nm 

Substrate: N-C1-Ac-L-Val N-C1-Ac-D-Val 

0min 30minA 0rain 30minA 

Cell-free extract 
No. 1 0.17 1 . 0 2  0 . 8 5  0 . 2 2  0.24 0.02 

Cell-free extract 
No. 2 0.24 0 . 8 9  0 . 6 5  0 . 2 3  0.24 0.01 

Cell-free extract 
No. 3 0.06 0 . 8 2  0 . 7 6  0 . 0 6  0 . 0 8  0.02 

be mainly that of an L-deacetylase. D-Deacetylase 
activity was found to be negligibly small (only 1- 
3% of the L-enzyme activity; Table 1). Therefore, 
only the L-amino acid deacetylase activity was 
examined in  the remaining experiments. 

Partial purification of L-amino acid deacetylase 
The L-amino acid deacetylase was partially pur- 

ified from the cell-free extract of S. cattleya by the 
procedure described in Materials and Methods. 
Table 2 summarizes the results. The enzyme was 
purified about 19-fold from the cell-free extract. 
Caseinolytic activity was not observed with this 
partially purified preparation. The partially puri- 
fied enzyme was able to convert N-AcTHM to 
THM. 

Table 2 

Summary of purification of S. eattleya L-deacetylase 

Purification step Total Total Specific Yield of Degree 
activity protein activity activity of 
(units) (rag) (units/mg) (%) purification 

Cell-free extract 13 236 267.5 49.5 100 1.0 
Streptomycin treatment 11 938 329.6 36.2 90.2 0.7 
(NH4)2SO4-salting out 7 550 79.1 95.4 57.0 1.9 
DEAE-Sephacel 4 778 24.9 191.9 36.1 3.9 
Sephadex G-100 2 778 5.2 534.2 21.0 10.8 
Retreatment with G-100 1 271 1.4 907.8 9.6 18.7 
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Fig. 6. Effect of temperature on the stability of the L-amino acid 
deacetylase. The enzyme was preincubated for 15 rain at the 
temperature depicted before assaying the residual activity. Ac- 
tivity is shown as percent of maximum rate observed. 

Using the partially purified preparation, char- 
acteristics of the enzyme were examined. Results 
are described in the following paragraphs. 

Molecular weight 
By comparing the elution of the enzyme from 

Sephadex G-100 with that of standard protein 
markers, the molecular weight of the deacetylase 
was estimated to be 58 000. The standard proteins 
used were trypsin (24 000) ovalbumin (46 000) and 
bovine serum albumin (67 000). 

Thermostability 
Fig. 6 shows the enzyme to be stable at temper- 

atures of up to about 40~ 
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Optimum reaction temperature 
The effect of the incubation temperature on the 

reaction velocity is shown in Fig. 7. The optimum 
reaction temperature is 45~ 

pH stability 
To determine pH stability, the enzyme was kept 

at 4~ for 24 h in 25 mM sodium citrate buffer (pH 
4), K-phosphate buffer (pH 5-8) or sodium borate 
buffer (pH 9). The assay was done in 100 mM K- 
phosphate buffer at pH 7.5. As shown in Fig. 8, the 
enzyme was stable over the range of pH 5-8. 

Effect of divalent metal ions 
It is well known that L-amino acid acylases are 

activated by Co + + [3]. The effects of divalent metal 
ions were examined on the S. cattleya deacetylase 
acting on N-chloroacetyl-L-valine. As shown in 
Table 3, the enzyme was not activated by any di- 
valent metal ion. Hg ++ and Cu + + ions strongly 
inhibited the deacetylase. 

Effect of inhibitors 
The effect of some enzyme inhibitors on the de- 

acetylase activity was examined as shown in Table 
4. The enzyme was strongly inhibited by 1 mM p- 
chloromercuribenzoate but not by EDTA. 
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Fig. 7. Effect of  temperature on activity of  the L-amino acid 
deacetylase. Activity is shown as percent of  maximum rate ob- 
served. 
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Fig. 8. Effect of  pH on the stability of the L-amino acid deace- 
tylase. Activity is shown as percent of maximum rate observed. 
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Table 3 

Effect of divalent metal ions on the deacetylase activity 

The metal ions were added to the standard assay mixture using 
N-chloroacetyl-L-valine as substrate. 

Metal ion Concn. Relative 
(raM) activity (%) 

None 100 
HgC12 0.1 1 
CuSO4 0.1 50 
MnC12 1 98 
ZnSO4 1 94 
CdSO4 1 101 
Pb-acetate 1 105 
MgSO, 1 105 
FeSO4 1 111 
NiSO4 1 77 
COC12 0.1 100 
CoClz 1 98 
CoCl2 4 103 

DISCUSSION 

The carbapenem antibiotics are among the most 
potent, broad-spectrum and non-toxic antibacterial 
agents ever discovered. Of this group, THM is the 
most active and as its semi-synthetic derivative, im- 
ipenem (N-formimidoylthienamycin; MK-787), is 
the only one being used in medicine. Although a 

Table 4 

Effect of inhibitors on L-amino acid deacetylase 

The enzyme was pre-incubated with 1 mM of the inhibitors for 
I0 rain at 30~ before assay. 

Inhibitor Relative 
activity (%) 

None 100 
NaN3 91 
PM SF 109 
p-CMB 20 
EDTA 98 
KCN 105 
N-C1-Ac-D-Val 103 

considerable amount is known about THM precur- 
sors from studies on intact cells [13,14], no cell-free 
studies have been reported yet on S. cattleya. Such 
cell-free systems are needed to elucidate the exact 
pathway of thienamycin biosynthesis and to study 
the enzymes involved. 

This paper reports on an enzyme in S. cattleya 
that deacetylates N-AcTHM to THM. THM is sev- 
eral times more active than N-AcTHM in its anti- 
bacterial activity. Since both compounds are pro- 
duced by S. cattleya, it is reasonable to postulate 
that the L-amino acid deacetylase described in this 
work is a biosynthetic enzyme, possibly the last in 
the sequence, involved in THM formation. 

Other enzymes have been described which de- 
acetylate THM or PS-5. Kahan and Kahan [4-7] 
have disclosed in Japanese patents that an enzyme 
from Escherichia coli can deacylate and acylate 
compounds of the THM group and that N-acetyl- 
ethanolamine amidohydrolase from Protaminobac~ 
ter ruber can deacylate THM-related compounds. 
We have failed to observe acetylation of THM with 
our S. cattleya extract. Fukagawa and coworkers 
[2,9] have described enzymes from Pseudomonas 
strain 1158, Streptomyces olivaceus and porcine 
kidney which deacylate PS-5 to NS-5. However, in 
none of these cases is the enzyme from a source 
which is known to produce carbapenem antibiotics. 
The pseudomonad produces two deacylating en- 
zymes, L-amino acid acylase and D-amino acid acy- 
lase in a ratio of 3 to 1; both attacked PS-5. The 
activity of the partially purified enzyme preparation 
from S. cattleya is mainly active on substrates of 
the L-configuration and differs from the Pseudo- 
monas enzyme [10] in molecular weight, pH and 
temperature optima, pH stability, cobalt activation 
and EDTA inhibition. 

The S. cattleya deacetylating activity is probably 
a sulfhydryl enzyme as evidenced by its susceptibil- 
ity to inhibition by p-chloromercuriLcnzoate, 
Hg § § and Cu § + and its tolerance to EDTA. 

A different type of deacylase [11] has been ob- 
tained from the carbapenem producer Streptomyces 
fulvoviridis A933, which forms the following car- 
bapenems: PS-5, epithienamycins A and C, and 
MM 17880. Certain mutants of this culture form 



the OA-6129 series which conta ins  a pan to theny l  

g roup  a t t ached  to the cys teaminyl  side-chain.  This  

deacylase  (called A933 acylase) a t tacks  N-ace ty la t -  

ed L-amino acids and  some L-dipeptides,  and  re- 

moves  the pan tho theny l  s ide-chain o f  the OA-6129 

type carbapenems.  However ,  since the A933 acylase 

does not  deace ty la te  PS-5, it is c lear ly different f rom 

our  L-deacetylase.  Fu r the rmore ,  the A933 acylase 

has a higher  molecu la r  weight  (ca. 100 000) and,  

unl ike the S. cattleya enzyme, is inhibi ted  by Zn § +, 

Fe  + +, Cd + +, Co + + and Pb + +. I t  wou ld  a p p e a r  

that  the A933 acylase funct ions  in the convers ion  

o f  the OA-6129 series to the non-pan to theny l  car-  

bapenems  whereas  our  deacylase  acts to conver t  

N - A c T H M  to T H M .  The  i so la t ion  [12] o f a  S. catt- 

leya mutan t  which p roduces  N - A c T H M  but  no t  

T H M  suppor t s  the la t ter  hypothesis .  
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