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The importance of various residues in the Streptomyces R61 penicillin-sensitive DD-peptidase has 
been assessed by site-directed mutagenesis. The replacement of the active Ser62 by a Cys residue 
yielded an inactive protein which was also unable to recognize penicillin. The activity of the 
Lys65hArg mutant with the peptide and thiolester substrates was decreased 100- 200-fold and the 
rate of penicillin inactivation was decreased 20000-fold or more. The mutant thus behaved as a poor, 
but penicillin-resistant, DD-peptidase. 

The other studied mutations, the mutations Phe58-+Leu, Tyr90+Asn, ThrlOl -+Am, Phel64-+Ala, 
Asp225 +Glu and Asp225 +Asn had little influence on the catalytic and penicillin-binding properties. 
The Asp225 mutants did not exhibit an increased sensitivity to cefotaxime. The Phe164+Ala mutant 
was significantly more unstable than the wild-type enzyme. 

Active-site serine penicillin-sensitive DD-peptidases and p- 
lactamases share the same kinetic pathway in their interaction 
with p-lactam compounds (Scheme l), the major difference 
being that the acylated enzyme EC* is stable with the former 
(low k3)  and very rapidly hydrolysed with the latter (high k3) .  
With slight modifications, the same model can be utilized to 
account for the interaction between the DD-peptidases and 
their substrates (Frire and Joris, 1985). At the present time, 
the Streptomyces R61 extracellular DD-peptidase is the only 
penicillin-sensitive enzyme for which X-ray-diffraction data 
are available (Kelly et al., 1989). Although these results have 
not allowed the building of a high-resolution model yet, they 
revealed clear similarities with the 3-dimensional structures of 
class A (Kelly et al., 1986; Samraoui et al., 1986) and class 
C (Oefner et al., 1990) p-lactamases. With the aid of the 
crystallographic data, Joris et al. (1988) proposed sequence 
alignments in which identical or similar residues were gener- 
ally found in corresponding positions near the active-site cavi- 
ties in the known structures. The role of some of these residues 
(Argl03, Trp271 and His298) have been examined in previous 
contributions (Bourguignon-Bellefroid et al., 1992a and b; 
Hadonou et al., 1992). In the present work, we have modified 
seven other residues, including the active-site Ser62 itself and 
the highly conserved Phe58 and Lys65 residues. Table 1 de- 
scribes the mutations and the oligodeoxynucleotides which 
were synthesized and also gives the corresponding residues 
tentatively identified by Joris et al. (1988) in the two most- 
studied classes of p-lactamases. 
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Abbreviation. AcZ-L-Lys-D-Ala-D-Ala, NaN'-diacetyl-L-lysyl-D- 
alanyl-D-alanine. 

Enzymes. Streptomyces R61 DD-peptidase (EC 3.4.16.4); 8- 
lactamase (EC 3.5.2.6). 

MATERIALS AND METHODS 
Mutagenesis 

All mutations were performed as described in Hadonou et 
al. (1992) with the exception of the Ser62jCys mutant which 
was obtained using the couple-priming method (Zoller and 
Smith, 1984). Table 1 lists the oligodeoxynucleotides. All the 
mutations were in the Pstl -@hl fragment, excepting those 
of residue Asp225 which were in the Sphl - EcoRV fragment 
[see also Fig. 1 in Hadonou et al. (1992)l. 

Production and purification 
Table 2 summarizes the production in the culture super- 

natants of Streptomyces lividans TK24 and the yields of the 
various purifications. Productions and purifications were 
achieved as described in Hadonou et al. (1992). 

Kinetic analysis 
The catalytic properties of the mutants were studied using 

a tripeptide N",N'-diacetyl-L-lysyl-D-alanyl-D-alanine (Ac~-L- 

Scheme 1. Kinetic pathway describing the interaction between a DD- 
peptidase (E) and a substrate or inactivator (C). EC is the Henri- 
Michaelis complex and EC* the acylenzyme, PI is D-Ala with the 
peptide substrate and thioglycolate with the thiolester. No product is 
released at this stage with 8-lactams. HY is a nucleophilic acceptor 
substrate, D-Ala in the present work. With 8-lactams, two water 
molecules can be involved in the k3 step, which results in fragmen- 
tation of the antibiotic molecule. 
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Table 1. Studied mutations, sequences of the oligo-d-nucleotides utilized for obtaining the modified enzymes and corresponding residues in class- 
A [ABL numbering of Ambler et al. (1991)] and class-C [numbering of Galleni et al. (19SS)J j-lactamases. For the first three residues, the 
equivalence is well established; for the four other ones, it is only tentative. 

Mutation S. R61 DD-peptidase 
sequence (5'+3') of the primers 

Corresponding residues in b-lactamases 

class A class C 

Phe58 +Leu 
Ser62+Cys 
Lys65 + Arg 
Tyr90-tAsn 
ThrlOl +Asn 
Phel64+Ala 
Asp225+Glu 
Asp225 + Asn 

GAG CGG TTG* CGC GTC G 
GCG TCG GGC T*GC GTC AC 

C GTC ACC AG*G AGC TTC T 
TG AAC ACC A*AT CTG CCC 

GAC CGG ATC AA*C GTG CGT 
AAC ACG AAC A*A*C GTC GTC GCG 
GCC CTG GTC G*AC TCC ACC CAG 

CC CTG GTC A*AC TCC ACC I 

Phe66 Phe60 
Ser70 Ser64 
Lys73 Lys67 
TyrlO5 Tyr92 
Thrl08 Thr98 
As11165 Ile155 

Glul66 Asp21 7 

Table 2. Summary of the production and purification of the modified enzymes. The substrate was Ac,-L-Lys-D-Ala-D-Ala at a concentration of 
2 mM; the values are thus different from the V,,,,,. The SD on enzyme activity determinations was f 10%. The total amount of enzyme in 
the supernatant was first estimated on the basis of the intensity of the Coomassie-blue stained enzyme band after SDS-PAGE using a known 
quantity of WT (wild type) enzyme as standard. The values were in good agreement with those calculated by dividing the total enzymatic 
activity by the specific activity of the purified protein. Under the same conditions, the specific activity of the wild type enzyme is 11 pmoles/ 
min x mg of enzyme. 

Mutant Volume of culture Total enzyme Amount of Purification yield Final specific activity 
in culture purified enzyme 

Phe58+Leu 
Ser62jCys 
Lys65 -+ Arg 
Tyr90-tAsn 
ThrlOl-rAsn 
Phe 1 64 + Ala 
Asp225+Glu 
Asp225 + Asn 

1 

2.5 
5 

30 
2.5 
2.5 
2.5 
2.5 
2.5 

mg 

200 
200 

50 
250 
390 
200 
200 
500 

130 
100 

2 
120 
100 
150 
150 
300 

% 

65 
50 
4 

48 
26 
75 
75 
60 

pmol D-Ala . min- 
. (mg enzyme) - 
0.6 

n.d. 
0.08 
0.75 
1.15 
3.10 
8.7 

18.0 

Lys-D-Ala-D-Ala) and a thiolester (C6H5-CO-NH-CH,-CO- 
S-CH,-COO -) substrates. The parameters characteristic of 
the acylation by p-lactams and of the subsequent deacylation 
reaction were also determined. The chemicals and techniques 
have been detailed in Hadonou et al. (1992). 

Reaction product(s) 
The nature of the products released upon spontaneous 

degradation of the p-lactam- enzyme adduct was studied in 
10 mM sodium phosphate, pH 7.0. The enzymes were inacti- 
vated by a stoechiometric amount of ['4C]benzylpenicillin 
(Amersham, UK) and the product was identified by thin-layer 
chromatography (Frkre et al., 1976) after 60 min and 120 min 
incubation. 

Kinetic background and properties of the wild-type enzyme 
With p-lactams, deacylation and acylation can be separat- 

edly studied, yielding the values of k3  and k , / R ,  respectively, 
where K' = ( k ,  , + k -  l ) / k +  With the substrates, the steady- 
state parameters k,,, and K,  were measured. In the absence 
of acceptor (HY), k,,, = k,k3/(k,  + k3), K,  = k 3 R / ( k ,  + 
k3) ,  and k,,,/K, = k , / R .  

With the peptide substrate, kz is much smaller than k3 
(Varetto et al., 1987a), thus k,,, = kz and K, = R. Con- 
versely, with the thiolester, k ,  is much larger than k3,  so that 

k,,, = k3 and K ,  = k 3 R / k ,  (Jamin et al., 1991). The presence 
of low-acceptor concentrations does not significantly modify 
the rate of peptide utilization (Fr2re et al., 1973) but increases 
the values of both k,,, and K,  for the thiolester, the kc,,/ 
K ,  ratio remaining unchanged. Under these conditions, k,,, 
increases linearly with the acceptor concentration [A] and the 
relative acceleration is defined as Akc,t/(k~at,o x A[A]) where 
k,,,,o is that in the absence of acceptor (Jamin et al., 1991). 
The methods for obtaining the various constants have been 
described in detail by Hadonou et al. (1992). 

RESULTS AND DISCUSSION 
Conformation of the proteins 

The fluorescence spectra of all the modified proteins were 
not significantly different from that of the wild-type enzyme, 
Interestingly, the maximum of fluorescence emission was at 
320 nm in all cases, indicating an unchanged environment for 
the Trp fluorophores. Thermal denaturation was followed by 
monitoring the decrease of fluorescence at 320 nm and only 
the Phe1644Ala mutant exhibited a severe decrease of stab- 
ility (Table 3). 

Kinetic properties 
Lys62 + Ser 

The Ser62-+Cys protein was completely inactive with both 
substrates. It also failed to covalently bind penicillins. At- 
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Table 3. First-order rate constants (kd) for the inactivation of the pro- 
teins at 60'. The apparent first-order rate constants (kd) were deter- 
mined by following the time course of the fluorescence decrease at 
320 nm as described before (Hadonou et al., 1992). 

Enzyme lo3 x kd 

Wild type 
Phe58-Leu 
Ser62 -i Cys 
Lys65+Arg 
Tyr90-tAsn 
ThrlOl +Asn 
Phel64-tAla 
Asp225-iGlu 
Asp225+Asn 

S - 1  

3.3 f 0.4 
3.25 f 0.3 
3.5 f 0.8 

2.55 f 0.2 
2.6 f 0.4 

4.12 f 0.2 
6.7 f 0.4 

14 f 2 

100 f 7 

Table 4. Kinetic parameters with the peptide substrate. 

Enzyme Parameter 

Wild type 
Phe58 + Leu 
Lys65-rArg 
Tyr90+Asn 
ThrlOl +Asn 
Phel64+Ala 
Asp225-tGlu 
Asp225+Asn 

S - 1  mM 
55" 12" 
10 f 0.7 6 f 0.2 

> 2b >lob  
15 f. 2 8 f 0.5 
34 f 2 13 f 1 
15 k 0.5 14 f 1 
14 f 1 7 f 0.5 
26 f 2 2.5 f 0.2 

M-1.  s-1 

4600 
1700 

1900 
2 600 
1100 
2000 

10000 

20 f 3 

a From Friire et al. (1976). 
The initial rate of peptide utilization remained strictly pro- 

portional to the substrate concentration up to 10 mM. 

Table 5. Kinetic parameters for the hydrolysis of the thiolester substrate. 

Enzyme 

M - 1 .  s-1 S - 1  PM 
Wild type 6" 50" 120 000 
Phe58-tLeu 3.19 f 0.07 75 f 3 42 500 
Lys65+Arg > 5 b  >7000b 600 f 50 
Tyr90+Asn 4.06 f 0.3 53 f 4 77 000 
ThrlOl +Asn 6.8 f 0.3 47 k 5 145 000 
Phel64-tAla 2.14 k 0.02 60 f 2 36 000 
Asp225 +Glu 1.85 f 0.08 42 f 2 44000 
Asp225-iAsn 2.6 f 0.1 42 2 62 500 

a From Adam et al. (1990). 
At 7 mM, the disappearance of the substrate remained strictly 

first order. 

Table 6. Transpeptidation properties of the wild-type and modified 
proteins; relative acceleration in the presence of D-Ala. The donor and 
the acceptor substrates were the thiolester and D-Ala, respectively. 
The acceptor concentrations ranged over 0 - 5 mM and the initial 
donor concentrations were 2-3-times K,. The k,,, and K, values 
were determined by analysing complete time courses. The SD values 
are less than 10%. n.d., not determined. For the Lys65+Argmutant, 
the K, value was too large to allow a significant analysis. 

Wild type 
Phe58 +Leu 
Lys65-tArg 
Tyr90+Asn 
ThrlOl +Asn 
Phe164-+Ala 
Asp225 +Glu 
Asp225-tAsn 

mM-' 
0.78 
0.62 
n. d. 
n. d. 
0.83 
0.65 
1.12 
1.38 

tempts to demonstrate a non-covalent, reversible binding of 
those antibiotics remained unsuccessful for technical reasons. 
This result is in contrast with those obtained with class-A p- 
lactamases, where the replacement of the active Ser residue by 
a Cys yielded enzymes exhibiting a significant residual activity, 
sometimes with a modified specificity profile (Sigal et al., 
1984; Dalbadie-McFarland et al., 1982; Knap and Pratt, 
1989) and with a class-C a-lactamase, where the same modifi- 
cation yielded an enzyme whose k,,, values were much more 
significantly modified for cephalosporins than for penicillins 
(D. Monnaie, A. Dubus, C. Jacobs and J. M. Frere, unpub- 
lished results). 

Lys65 Arg 

Of all the other mutants (Tables 4, 5 and 6), only the 
Lys6hArg  protein exhibited a markedly altered activity; 
the k,,,/K,,, values were decreased about 200-fold. With the 
thiolester, this was clearly due to a dramatically increased K ,  
value, results which might be explained by either a lower k 2  
or a higher K' since K, = k3K'/k2. A 200-fold decrease of k 2  
would yield a k,,, value lower than 5 s- (M. Jamin and J. M. 
Frere, unpublished results) in disagreement with the measured 
k,,, which is significantly larger than 5 s- '. Similarly, with the 
peptide substrate for which k,,, = k2, the decrease of the 
k,,,lK, value cannot be completely attributed to k 2 ,  which 

at all. Thus, although a decrease of k 2  might be involved, it is 
safe to assume that K' has been significantly increased for 
both substrates. This increase might be sufficient to completely 
explain the mutant's strongly decreased k,,,/K,, assuming that 
k 2  remains unchanged. Alternatively, a contribution of both 
a decreased k 2  and an increased K' cannot be rejected. The 
mutation probably disrupts the architecture of the active site, 
resulting in an impaired recognition of the substrates. An 
even larger decrease was observed for the second-order rate 
constant for acylation by benzylpenicillin (Table 7). Replace- 
ment of the corresponding Lys73 by Ala in the class-A j- 
lactamase of Bacillus lichenformis (Imanaka et al., 1989) 
yielded a protein unable to bind and hydrolyse the substrate, 
while the Lys73+Arg mutation in the closely related enzyme 
of Bacillus cereus (Gibson et al., 1990) did not completely 
abolish its activity. Since the Ser*-Xaa-Xaa-Lys sequence is 
at the N-terminus of the cr2 helix in the p-lactamases of classes 
A and C (Herzberg, 1991 ; Knox and Moews, 1991 ; Oefner et 
al., 1990) and in the Streptomyces R61 DD-peptidase (Kelly et 
al., 1989), these results underline the requirement for a 
postively charged residue one helix turn after the active Ser*, 
but a Lys is always 200- (substrates) - 20000- (benzylpenicil- 
1in)-fold more efficient than an Arg. In the case of the B. cereus 
Lys73+Arg mutant, the drastically reduced k J K ,  (= k2/ 
K') values could be attributed to the sole decrease of k 2 ,  in . - ., ... 

decreases at most by a factor >O (Tgble 4), if it does decrease contrast with our observations. Conversely, the same mu- 
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Table 7. Interactions with benzylpenicillin. 
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Enzyme k Z I r  lo4 x k3 

Wild type 
Phe58+Leu 
Lys65 + Arg 
Tyr90+Asn 
ThrlOl +Asn 
Phel64+Ala 
Asp225 +Glu 
Asp225+Asn 

M - 1 .  s-1 

13 000 
14000 800 

14000 f 1000 
15000 5 1000 
2400 f 100 

24500 f 2000 
20000 f 2000 

0.6 f 0.04 

S - 1  

1.4 
1.78 f 0.1 
1.27 & 0.1 
1.65 f 0.05 
1.73 + 0.08 
0.6 f 0.02 
2.1 f 0.3 
1.8 f 0.2 

P P P 
P 
* r  

4 c 
4.0 5.2 6.L 7.6 8.8 10.0 

PH 
Fig. 1. pH-Dependence of the kcat/&, values of the Lys65-iArg (0) 
and wild-type (m) proteins with the thiolester substrate. For the former, 
the values were obtained from initial rates measured for at least two 
different substrate concentrations at [S] < K,,, and for the latter, from 
individual values of k,,, and K,. The low activity of the mutant protein 
precluded measurements at higher pH values because the spontaneous 
hydrolysis of the substrate became proportionally too large. With 
the wild-type protein, this could be circumvented by using more 
concentrated enzyme. 

tation in a class-C fl-lactamase yielded a 20-fold increase in 
K, and only a threefold decrease in k,,,, a situation closer to 
that described here (Tsukamoto et al., 1990a). However, the 
results obtained with the class-C enzyme should be considered 
with caution; indeed, the wild-type protein exhibited a very 
low activity when compared to other enzymes of the same 
family (0.1 -2%) and the specific activities mentioned by the 
authors in the text did not correspond to the k,,, values given 
in the tables. 

The rate of acylation by the peptide and the p-lactams has 
been shown to decrease upon deprotonation of a group of pK 
9-9.5 (Varettoet al., 1987a and b). Toinvestigate the possible 
role of the Lys65 residue in that decrease, we studied the pH 
dependence of the k,,,/K,,,. The results (Fig. 1) show similar 
activity decreases at pH 9. Thus, the deprotonation of Lys65 
does not appear to be responsible for the enzyme loss of 
activity above pH 9.0. 

The most remarkable observation was that the mutant 
protein became nearly insensitive to inactivation by ben- 
zylpenicillin. It also completely failed to recognize carbeni- 
cillin (no detectable inactivation after a 30-min incubation 
with 6 mM antibiotic), although the wild-type enzyme was 
rapidly inactivated by the same compound ( k z / R  = 850 M-’ 
s- ; Table 8). The decrease of the k z / R  values for penicillin 
was thus much more drastic than that for the peptide and 
ester substrates (more than 100-fold). The mutant enzyme 
thus essentially behaved as a low activity, but penicillin-resis- 
tant DD-peptidase. 

Asp225 

The Asp225jGlu and Asp2254Asn mutations did not 
yield any major modification in the enzyme activity or the 
interaction with various penicillins (Tables 4- 8). That the 
Asn225 side chain was not deamidated after the synthesis of 
the enzyme was demonstrated by the fact that the isoelectric 
pH of the modified protein was significantly higher than that 
of the wild type (data not shown). It thus appears unlikely 
that the Asp225 residue might participate in the catalysis as a 
general base, as does the corresponding Glu166 residue in 
class-A j-lactamases (Gibson et al., 1990). A similar con- 
clusion was reached for residue Asp217 of a class-C enzyme 
by Tsukamoto et al. (1990b). However, these authors observed 
an increase in the catalytic activity of the mutant versus vari- 
ous oxyiminocephalosporins (cefotaxime and ceftazidime). 
Our results did not indicate a similar specificity modification, 
and the identity of the general base which might activate the 
active-site Ser residue of the DD-peptidase remains mysterious. 
Finally, and with both modified proteins, the degradation 
product of benzylpenicillin was phenylacetylglycine and not 
penicilloic acid, a situation similar to that observed with the 
wild-type enzyme (Frere et al., 1976). 

Phe164 

Early crystallographic results (Kelly et al., 1989) suggested 
that residue Phe164 might impair the diffusion of water mol- 
ecules to the ester bond formed between the enzyme active Ser 
and the antibiotic. Although the Ala side chain is much 
smaller, the activity and kinetic properties of the Phel64jAla 
mutant were only slightly modified. In particular, there was 
no significant increase of the k3 value for penicillin or the 
thiolester substrate. Those results indicated that the bulky Phe 
side-chain was probably not responsible for protecting the 
ester bond in the acylenzyme from hydrolysis. However, the 
increased instability of the modified protein suggested a rather 
important structural role for that residue. 

Other mutants 

The properties of the three other mutants were not signifi- 
cantly different from those of the wild-type enzyme. The sub- 
stitutions performed in the present work might have been too 
conservative for obtaining proteins with significantly altered 
behaviours. In the known class A p-lactamase structures 
(Moews et al., 1990; Knox and Moews, 1991 ; Herzberg, 1991), 
the corresponding residues appear to be more important for 
the general folding of the protein than for catalysis. In particu- 
lar, it seems that residue Phe58 might be replaced by another 
large hydrophobic side chain without major damages for the 
architecture of the enzyme. 

CONCLUSIONS 

Of the mutations analysed in the present study, only 
Ser62-tCys and the Lys65 +Arg produced strongly impaired 
enzymes. Strikingly, and in contrast with observations made 
with j-lactamases of classes A and C, the ‘cysteine DD- 
peptidase’ was completely inactive, suggesting more drastic 
requirements for the orientation of the principal catalytic 
group of the latter enzyme. Conversely, when the highly con- 
served Lys65 residue of the DD-peptidase was replaced by Arg, 
similar decreases of the k,,,/K, values were observed for the 
DD-peptidase (this study) and the p-lactamases of both classes 
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Table 8. Interaction with other p-lactams. n. d., not determined. 

Substrate Enzyme form 

Wild type Asp225+Glu Asp225-tAsn Phel64 + Ala 

k2lK k3 kdK' k3 k z l r  k3 k? IR k ,  

Ampicillin 
Carbenicillin 
Cephalo- 

sporin C 
Cephalothin 
Cefuroxime 
Cefotaxime 
Ceftazidime 

M-1 s - l  

110" 
830" 

1500" 
840 5 130 

2400 k 150 
110k 10 
500k 60 

S - 1  

1.4 x 1 0 - ~ a  
I .4 x 10-4a 

1 x 
n.d. 
n. d. 
< 4  x 10-6 
1.5k0.3 x 

M-1 s - l  

160f 10 
1100 * 100 

2000 f 100 
800 k 100 

2500 f 200 
160f 5 
500k 30 

S - I  

2.7ko.2x 10-4 
i .9fo.4x 10-4 

4 +o.1x10-6 

4 ko .1x10-6  

n.d. 
n.d. 

6.5 & 3 x 

M-1 s - l  

140f 10 
600k 50 

1400f 100 
800k 100 

2600 & 300 
140f 2 
500k 40 

S - 1  

2.3k0.3 x 
1.6f0.1 x 

5.1 fO.1 x 
n. d. 
n. d. 
3 . 6 f 0 . 2 ~  
7 *2x10-6 

M-1 s - l  

30+ 3 
125f10 

900 f 20 
450 & 30 

1200 & 50 
n. d. 
n.d. 

S - I  

0.5k0.03 x 
n. d. 

3 . 2 f 0 . 6 ~  
n.d. 
n.d. 
n. d. 
n. d. 

a From Frere et al. (1976). 

(Gibson et al., 1990; Tsukamoto et al., 1990a). These similar 
variations might, however, not be due to a modification of the 
same kinetic constant(s) in all cases. 

Residue Asp225 does not appear to be the general base 
responsible for the activation of Ser62. Such an activating 
residue thus remains to be identified. 

Finally, the bulky, hydrophobic side chain of Phe164 is 
not responsible for the very low rate of hydrolysis of the 
acylenzyme, but it contributes to the stability of the protein. 
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