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Abstract 

This review article is a compendium of the available information on the degradation of a man-made compound, 6- 
aminohexanoate-oligomer, in Flavobacterium and Pseudomonas strains, and discusses the molecular basis for adap- 
tation of microorganisms toward these xenobiotic compounds. Three plasmid-encoded enzymes, 6-aminohexanoate- 
cyclic-dimer hydrolase (EI), 6-aminohexanoate-dimer hydrolase (EII), and endo-type 6-aminohexanoate-oligomer 
hydrolase (EIII) are responsible for the degradation of the oligomers. Two repeated sequences, designated RS-I and 
RS-II, are found on plasmid pOAD2, which is involved in 6-aminohexanoate degradation in Flavobacterium. RS-I 
appears 5 times on the pOAD2, and all copies have the same sequences as insertion sequence IS6100. RS-II appears 
twice on the plasmid. RS-IIA contains the gene encoding EII, while RS-IIB contains the gene for the analogous EIY 
protein. Both EII and EIY are polypeptides of 392 amino acids, which differ by 46 amino acid residues. The specific 
activity of the Eli enzyme is 200-fold higher than that of EIY. Construction of various hybrid genes demonstrated 
that only the combination of two amino acid residues in the EIY enzyme can enhance the activity of the EIY to the 
same level as that of EII enzyme. 

Abbreviations: EI - 6-aminohexanoate-cyclic-dimer hydrolase; E I I -  6-aminohexanoate-dimer hydrolase; EIII - 
endo-type 6-aminohexanoate-oligomer hydrolase; F-EI - EI from Flavobacterium; F-EII - EII from Flavobacteri- 
urn; P-EI - EI from Pseudomonas; P-EII - E I I  from Pseudomonas; EIY - a protein having 88% homology to the 
EII encoded on the RS-IIB region of pOAD2; nylA - gene for the EI enzyme; nylB - gene for the EII enzyme; nyIC 
- gene for the EIII enzyme; nylB ~ - gene for the Eli '  protein; kb - kilo-base-pairs 

Introduction 

Since the mid century, the rapid progress of the chemi- 
cal industry has led to the distribution of a wide variety 
of synthetic compounds, both industrial products and 
wastes, into the environment. Recently, biodegrada- 
tion or biological detoxification of xenobiotic com- 
pounds has been recognized as a useful way to elimi- 
nate such environmental pollutants. However, the effi- 
ciency of removal is highly dependent on the specific 
enzymes which can catalyze the desired degradation 
reactions. 

Nylon-6 is produced from E-caprolactam by ring 
cleavage polymerization. It consists of more than 100 
units of 6-aminohexanoic acid. During the polyme- 
rization reaction, some molecules fail to polymerize 
and remain to be oligomers, while others undergo head- 
to-tail condensation to form cyclic oligomers. These 
nylon oligomers are by-products from nylon factories, 
thereby contributing to the production of industrial 
waste material that could enter the environment. 

Due to the high demand of biodegrading envi- 
ronmental pollutants, it is of interest to find bacte- 
rial strains that can survive within an environment 
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Table 1. Characteristics of nylon oligomer degradation enzymes. 

Characteristics Enzymes from 

Flavobacterium sp. KI72 

Enzymes from 

Pseudomonas sp. NK87 

F-El F-Eli EIII EW P-El P-Eli 

Mr of subunit 52K 42K 37K 42K 52K 42K 

No, of  amino acids (493) (392) (355) (392) (493) (396) 

Immuno-reactivity with 

anti-F-El serum + + 

anti-F-EII serum + + (spur) 

Optimum pH 7.4 9.0 7.0 NT NT 8.0 

Optimum temp, 340 C 400 C 42 ° C NT NT 480 C 

Gene F-nylA F-nyIB nylC nylB ~ P-nyIA P-nylB 
Encoded on pOAD2 pOAD2 pOAD2 pOAD2 pNAD2 pNAD6 

NT indicates not tested. 

Table 2. Specific activity of  F-E1, F-Eli and EIII enzymes toward various nylon 
oligomers. 

Substrate Specific activity (tool NH2 liberated/tool.s) 

F-El F-Eli EIII 

6-Aminohexanoate- 

linear-dimer < 1.0 x 10 -3  0.66 2.7 x 10 - 4  

tinear-trimer < 1.0 x 10 -3  0.53 0.067 

linear-tetramer < 1.0 × 10 -3  0.40 0.26 

linear-pentamer < 1.0 × 10 -3  0.17 0.29 

cyclic-dimer 2.4 < 1.0 × 10 - 4  < 1.0 × 10 -4  

cyclic-tetramer < 1.0 x 10 -3  < 1.0 x 10 -4  0.22 

E-Caprolactam < 1,0 × 10 -3  < 1.0 x 10 -4  < 1.0 x 10 -4  

with the cyclic dimer as the sole carbon and nitro- 
gen source. It was found that Ftavobactet~um sp. KI72 
and Pseudomonas sp. NK87 are such bacterial strains 
(Kinoshita et al. 1975; Kanagawa et al. 1989). The 
question was raised then as to how these microorgan- 
isms have evolved specific enzymes which can degrade 
such xenobiotic compounds. This review is a com- 
pendium of information on the degradation of nylon 
oligomers encoded on plasmids in Flavobacterium and 
Pseudomonas strains, and also discusses the molecular 
basis of adaptation toward xenobiotic compounds. 

Nylon-oligomer degrading enzymes 

Biochemical studies revealed three enzymes that are 
responsible for the degradation of 6-aminohexanoate 

oligomers, namely, 6-aminohexanoate-cyclic-dimer 
hydrolase (F-EI for Flavobacterium sp. KI72, P-E1 
for Pseudomonas sp. NK87) (Kinoshita et al. 1977; 
Kanagawa et al. 1988; Tsuchiya et al. 1989), 6- 
aminohexanoate-dimer hydrolase (F-EII for Flavobac- 
terium sp. KI72, P-EII for Pseudomonas sp. NK87) 
(Kinoshita et al. 1981; Kanagawa et al. 1993), 
and endo-type 6-aminohexanoate oligomer hydrolase 
(EIII) (Negoro et al. 1992; Kakudo et al. 1993). The 
characteristics of the purified enzymes stated above are 
listed in Tables 1 and 2. 

F-EI and P-El axe homodimer enzymes with sub- 
units of molecular weight 52,000. The EI enzymes 
were active only toward the cyclic dimer but not toward 
more than 100 different natural compounds with amide 
bonds. 
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Fig. l .  Degradation of the nylon oligomers by 6-aminohexanoate-cyclic-dimer hydrolase (El), 6-aminohexanoate-dimer hydrolase (EII) and 
endotype 6-aminohexanoate-oligomer hydrolase (EIII). 

Wild type KI725 

ee@ El E il 
Mitomycln C treatment o®q} 

E !! 

Curing treatment [ ~ d  DNA 

® + f® Q + 1 
Cured strain KI723 Transformant 

Fig. 2. Genetic construction of cured and transformant strains, Strain KI725, which grows on the 6-aminohexanoate-linear dimer but not on the 
cyclic dimer, was obtained by cultivation of KI72 on LB medium containing mitomycin C (0.5 #g/ml). KI725 possessed a plasmid pOAD21, 
in which a 9-kb region flanked by RS-ID and RS-II~ sequences in pOAD2 was deleted (See Fig. 4), 

F-EII  and P-EII  were also dimeric enzymes with 
two homologous  subunits o f  molecular  weight 42,000. 
These enzymes were active on 6-aminohexanoate 
ol igomers  ranging from dimer to hexamer but not 
on icosamer and hectamer. In addition, no activity 
was detected when these enzymes were tested with 

more than 100 different natural compounds possess- 
ing amide bonds. Furthermore, it was shown that the 
active site in the F-EII  protein involves a serine residue 
(Ser112) (Negoro et al. 1989). 

The EIII enzyme was either a homodimer  or  a 
trimer with subunits having a molecular  weight of  
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37,000. It was active on the cyclic tetramer and pen- 
tamer and on linear oligomers higher than trimer. EIU 
was not active on the amide bonds of natural com- 
pounds tested so far. 

From the gathered experimental results, it was con- 
cluded that the degradation of various nylon oligomers 
follows the pathway shown in Fig. 1. 

Plasmid dependence of nylon oligomer 
degradation enzymes 

Fig. 3. Agarose gel electrophoresis of plasmid DNA. Plasmids 
obtained by CsCl-ethidium bromide density gradient centrifugation 
were fractionated by agarose gel (0.55%) electrophoresis. Slot l, 
KI723T1; slot 2, KI72; slot 3, KI722; slot 4, KI723; slot 5, KI724. 

deletion 

Genes responsible for the metabolisms of organ- 
ic compounds are often encoded on degradative 
plasmids (Frantz & Chakrabarty 1986). The nylon 
oligomer degradation genes in Flavobacterium and 
Pseudomonas were confirmed to be plasmid-coded by 
curing, transformation and cloning experiments. Treat- 
ment with curing agents such as mitomycin C, ethid- 
ium bromide and sodium dodecyl sulfate eliminated 
the metabolic activity (Negoro et al. 1980) (Fig. 2). 
After treatment, more than 80% of the clones had lost 
the metabolic activities toward both the cyclic and lin- 
ear dimer. No reverse mutation was observed in more 
than 10 l° cells of the cured strains tested. Moreover, it 
was found that the metabolic activities can be simply 

RS-IA ~nyla restored by transforming the cured strain with plas- 
mid DNA of the wild strain (Fig. 2). These results, in 
addition with immunological evidence (Negoro et al. 

, ,-, ._, z ~ ... - -. ~ / ~ $ ~ ~ , , ~  1980), indicate that the inability of the cured strain to 
grow on the cyclic dimer and linear dimer is due to the 
absence of the EI and Eli enzymes. 

Flavobacterium sp. KI72 possessed three kinds of 
plasmids, pOAD1 [39 kilo-base-pairs (kb)], pOAD2 
(44-kb) and pOAD3 (56-kb). The molecular size of 

\ n y l A ~ N , , , , ~ 5  - 2p _ ~ H e ~ j R S - I B  the plasmids harbored in the wild-type, the cured and 
~ ~ , - , D X . ~  ug - ~ - -  '~ R :--' ~ ' ~ ' ~ ~  ~ N ' ~ / n ' B '  the transformant strains was determined by electron 

microscopy (data not shown) and agarose gel elec- \ 'v RS-1 c 
trophoresis (Fig. 3). Curing readily eliminates pOAD2 

Fig. 4. Structural and functional map ofplasmid pOAD2. The nylon 
oligomer degradation genes are at the following loci: the F-nylA 
(29.1-30.6 kb region on pOAD2 map), F-nylB (2.7--4.1 bp region), 
nylB ~ (14~7-16.1 kb region), and nylC (4.2-5.2 kb region). RS-I and 
RS-II are repeated sequences identified by Southern hybridization 
experiments. RS-I appeared 5 times on pOAD2. The F-nyIB and 
nyIB ~ genes are located in RS-II A and RS-IIB regions, respectively. 
Be, E, H, and K represent restriction sites for BglII, EcoRI, HindlII, 
and KpnI, respectively. The positions of six HindIII fragments (A 
to F) of pOAD2 are shown in the innermost circle, pOAD21 was 
obtained from pOAD2 by homologous recombination between the 
direct repeats RS-ID and RS-I~. The arrow indicates the region 
deleted in pOAD2. 

with the loss of the EI and EII enzyme activities. On 
the other hand, pOAD 1 either remained intact (KI722), 
or was only partially deleted (KI723) even after cur- 
ing. Transformation ofFlavobacterium sp. I(1723 with 
plasmid DNA of the wild-type strain showed that 
KI723 readily accepted pOAD2 and simultaneously 
recovered its EI and Eli enzyme activities (Fig. 2). 
These results demonstrate that the EI and EII enzymes 
were encoded on plasmid pOAD2 (Negoro et al. 1980) 
(Fig. 4). It was also shown that EIII enzyme activity 
was detected in the wild type KI72 and transformant 
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Fig. 5. Southern blot hybridization of pNDH10 digested with HindlII + SmaI. Slot a, ethidium bromide staining; slot b, Southern blot of the 
gel hybridized with 32 P-labeled BamHI fragment of pNL21 (RS-IIA probe) (slot 1), or pNDH513 (RS-IN probe) (slot 2). 

KI723T1 but not in the cured strain KI723 (Negoro et 
al. 1992). 

Plasmid pOAD2 is cleaved by HindlII into 6 frag- 
ments (A, B, C, D, E and F; Fig. 4). The F-nylA gene on 
the C fragment and the F-nyIB and nyIC gene on the A 
fragment were inserted into pBR322 and transformed 
to E. coli. Transformants containing hybrid plasmids 
encoding the A fragment produced the EII and EIII 
enzymes, and those encoding the C fragment produced 
the EI enzyme. Subcloning of smaller fragments cod- 
ing the F-nylA, F-nylB or nyIC genes revealed the pre- 
cise location of these genes on pOAD2 (Fig. 4). 

Pseudomonas sp. NK87 harbors 6 different plas- 
raids, namely, pNAD1 (20-kb), pNAD2 (23-kb), 
pNAD3 (51-kb), pNAD4 (57-kb) and pNAD6 (80-kb). 
Genes for P-E1 and P-Eli were cloned into E. coli using 
pUC12 as the cloning vector, and the corresponding 
enzymes were expressed in E. coli. Using the cloned 
genes as a probe for the Southern hybridization exper- 
iments, the P-nylA and P-nylB genes were found to be 
located on pNAD2 and pNAD6, respectively (Kana- 
gawa et al. 1987). 

Repeated sequence in pOAD2 

The results of Southern hybridization tests using var- 
ious fragments of pOAD2 indicated that there are at 
least two types of repeated sequences, RS-I and RS-II, 
in pOAD2 (Negoro et al. 1983). One of the results 
from the hybridization experiments is shown in Fig. 5. 
The repeated sequences appeared either 5 times (RS-I) 
or twice (RS-II) on the plasmid (Fig. 4). Sequencing 
studies revealed that the organization of the rpeated 
sequence is as follows: 

RS-I 
The five RS-I regions were identical over a length of 
880-bp, except that the 420-bp region at the 3' terminus 
of the 880-bp region was duplicated in RS-IB (Kato et 
al. 1993). In addition, the homology instantaneously 
ended at the borderline. Of the five RS-I regions, two 
(RS-ID and RS-IE) had a reverse orientation on the 
map of pOAD2 (Fig. 4). In the 880-bp region, a 765- 
bp open reading frame was observed to have 78-bp 
internal inverted repeat sequences. A homology search 
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PvuIl 60 
Eli MNARSTGQHPARYPGAAAGEPTLDSWQEAPHNRWAFARLGELLPTAAVSRRDPATPAEPV 
EII' TPT S D P H MV S PVNA GHAL 

120 
VRLDALATRLPDLEQRLEETCTDAFLVLRGSEVLAEYYRAGFAPDDRHLLMSVSKSLCGT 
A G I AQ Q Y T V 

Ps_~tl Bglll 180 
VVGALIDEGRIDPAQPVTEYVPELAGSVYDGPSVLQVLDMQISIDYNEDYVDPASEVQTH 

V 

Na_eel Sstll 240 
DRSAGWRTRRDGDPADTYEFLTTLRGDGGTGEFQYCSANTDVLAWlVERVTGLRYVEALS 
G H S 

Sa__lI Sau3AI 300 
TYLWAKLDADRDATITVDQTGFGFANGGVSCTARDLARVGRMMLDGGVAPGGRVVSQGWV 

T H ED 

Na_~el 360 
ESVLAGGSREAMTDEGFTSAFPEGSYTRQWWCTGNERGNVSGIGIHGQNLWLDPRTDS VI 
RR H K NT D L 

BamHl 392 
VKLSSWPDPDTRHWHGLQSGILLDVSRALDAV 

E R N 

! ! Fig. 6. Amino acid sequences of the F-EII and Eli proteins. The amino acid sequence of Eli is identical to that of F-Eli with the exception of 
the amino acids given below the F-EII sequence. The positions of the restriction sites used for the construction of the hybrid proteins are shown 
above the sequence. 

of the DNA data base demonstrated that the 880-bp 
sequence was identical to the IS6100 sequence found 
in Mycobacterium fortuitum. The presence of identi- 
cal IS elements in Flavobacterium and Mycobacterium 
strains suggest that these elements are distributed wide- 
ly among microorganisms, both among gram-negative 
and gram-positive bacteria. Similar sequences were 
also found in plasmid pNAD2 which contains the P- 
nylA gene of Pseudomonas sp. NK87, but not in the 
other 5 plasmids of the chromosome of strain NK87. 
The absence of sequence diversity in the IS elements 
indicates that the multiplication and distribution of IS 
elements occurred very recently. Coexistence of simi- 
lar insertion sequences and nylA genes in the two nylon 
oligomer degradative plasmids, pOAD2 and pNAD2, 
may suggest that the IS sequence provides some growth 
advantages to the host strains to select the nyl gene. 

RS-H 
There are two RS-II regions, of which RS-IIA con- 
tains the F-nylB gene, while RS-IIB contains the anal- 
ogous nyll~ gene. The F-nylB and nylB' have open 
reading frames (ORF) of the same length (392 amino 

acids), the same Shine-Dalgarno sequence, and the 
same position of the initiation and termination codons. 
Of the 392 amino acid residues encoded by these ORFs, 
only 46 residues were different. The hypothetical pro- 
tein encoded by the nyIB' was named Eli ' .  This indi- 
cates that the F-nylB and nylB' genes have evolved 
from the same ancestor gene. The EIY had a very low 
catalytic activity (1/200 of EII activity) toward linear 
dimer (Okada et al. 1983). These results suggest that 
an ancestral F-nylB gene on pOAD2 was duplicated, 
and one of them was mutated to increase the catalytic 
activity 200 fold. 

Construction of hybrids between F-nylB and 
nylB' 

Though the F-EII and Eli '  have the same number of 
amino acid residues and are similar in their amino acid 
sequence, their catalytic activities are quite different. 
In due accord, construction of hybrid enzymes was 
conducted for the following reasons: i) to evaluate 
the role of the amino acid alterations on the catalyt- 
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Fig. Z Plasmid structures and enzyme activities of cell extracts of E. coli harboring hybrid plasmids. All hybrid plasmids contain the same 
vector DNA (a 2.3-kb HindllI-PvuI fragment of pBR322). Arrows indicate the position of the initiation and termination codons of the F-nytB 
gene. ~: DNA originated from F-nylB and its flanking region. D: DNA from nylB ~ and its flanking region, m:/ac promoter fragment. B, Bg, P 
and S indicate restriction sites forBamHI, BgllI, PvulI and SalI, respectively. (A) Enzyme activities in cell extracts ofE. coli C600rK-mK- 
harboring the pHK plasmid indicated toward 6-amiuohexanoate dimer, as examined by paper chromatography. Approximately 50% of the 
substrate was hydrolyzed within 5 rain (+++), 1 h (++), and 20 h (+) of the reaction time. (B) Activities in cell extracts of E. coil as measured 
by reverse-phase HPLC (Cl8 column), divided by the amount of antigenic F-Eli protein in extracts, as measured by Rocket quantitative 
immunoetectrophoresis. The specific activities are defined as enzyme activity per amount of antigen and are expressed as a percentage of that 
ofE. coli (pHK4). 

ic activity; ii) to target amino acid residues useful for 
in vitro mutagenesis; iii) to know whether the hybrid 
enzyme will possess the characteristics of both parental 
enzymes. 

Since restriction sites of PvuII, BgllI, SalI, and 
BamHI (respectively at 74, 483, 771, and 1,141 bp 
downstream from the initiation codon) are conserved 
in F-nylB and nylB f, exchanging DNA fragments at 
those restriction sites between the two genes is possi- 
ble without changing the reading frame (Fig. 6). The 
numbers of  the amino acids thus altered were 5 in the 
74-bp fragment flanked by the initiation codon and the 
PvulI site (region I for F-nyIB, I'  for nylB~), 23 in the 
409-bp fragment flanked by the PvulI and BgllI sites 
(region II  for F-nylB, IF for nylB~), 3 in the 288-bp 
fragment flanked by the BgllI and SalI sites (region III 
for F-nylB, III ~ for nylB~), and 15 in the 370-bp frag- 
ment flanked by the SalI and the BamHI sites (region 
IV for F-nylB, IV t for nylB~). There are no amino acid 
differences on the region downstream of the BamHI 

site (region V). Comparison of the specific activities of 
the various hybrid proteins (Negoro et al. 1984; Kato 
et al. 1991; Fujiyama et al. 1991) revealed that: 

1) The enzymes produced by E. coli harboring pHK4 
(I-II-III-IV-V) and pHK2 (It-II-III-IV-V) have 
almost the same specific activity (enzyme activ- 
ity per amount of antigenic F-EII protein in cell 
extracts) (Fig. 7). This suggests that the five amino 
acid alterations in region I have no effect on the 
catalytic activity. 

2) The specific activity directed by pHK2 decreased 
drastically to the EII ~ level upon replacing region 
III by region III '  (see pHK7) (Fig. 7). This result 
is confirmed by pHK12 (II-II~-III-IV~-V), which 
directed the production of a hybrid enzyme (Hyb- 
12) which had a specific activity 7 fold high- 
er than EII ~. Moreover, the intermediate level of 
the enzyme activity of the Hyb-12 hybrid enzyme 
was restored to the F-Eli level by replacing region 
IV I with region IV (see pHK10, Hyb-10 protein). 
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Fig. 8. Relationships between plasmid structure and enzyme activity. The structures of pHK13, 14, 15, 16, and 17 are identical to that of pHK7 
except in the BgllI-SalI region. The structures of pHK2 and pHK4 are identical except in the fac promoter-PvulI region. ~: DNA originated 
from F-nylB and its flanking region. 13: DNA from nylB ~ and its flanking region. I1: lac promoter fragment. Arrows indicate the position of 
the initiation and termination codon. Amino acid residues that differ between the F-Eli and ElF are shown as one-letter codes under the map. 
N, and Ss indicate NaeI and Sstll sites, respectively. The qualitative (A) and quantitative (B) enzyme assays, and abbreviations for the other 
restriction sites are given in the legend to Fig. 7. NT indicates 'not tested'. The activities were expressed as percentages of the activities per 
amount of antigen compared to that ofE. coli (pHK4). 

These results suggest that amino acid alterations 
occurring in region IIF (162-257 regions in the 
amino acid sequences) are essential for increasing 
the enzyme activity, and that this effect is enhanced 
by amino acid alterations in the region IV'  (the 
258-380 region). 

3) Among the three alterations found in region III,  
only position 181 is critical for its activity (Kato 
et al. 1991), based on the fact that alteration of  
Aspl  81 (F-EII) to Gly (EIF) drastically decreased 
the activity to the EIF level (see pHK14) (Fig. 8). 

4) The activity of  Hyb-8 (F-II- I I I - IV'-V) is about 2 -  
7% of  that of  F-EII  (see p H K S A l l )  (Fig. 9). The 
enzyme activities were restored to the EII level 
in cells harboring pHK21, which carries a one 
base substitution that replaces His266 by Ash in 
pHK8A 11. These experiments lead to the conclu- 
sion that only the single amino acid alteration of 

His266 to Asn is essential among the 15 alterations 
in the region IV (Kato et al. 1991). 

5) Integration of the two amino acid replacements 
at position 188 and 266 identified above into the 
nylB' gene led to an increase of  the activity of  
EIF to the level of  the parental F-Eli  enzyme (Fig. 
9). The enzyme activity of  the E. coli harboring 
pHK23 is almost the same as that of  E. coli har- 

boring pHK4. These results indicate that only two 
amino acid replacements in the EIF protein are 
involved in the increase of  the activity back to the 
level of  the parental F-EII  enzyme. In addition, 
it was also shown that the remaining 44 amino 
acid substitutions do not affect enzyme activity, 
although these 44 alterations included many non- 
synonymous substitutions (Kato et al. 1991). 

The results suggest that very few amino acid alterations 
are required for an enzyme to obtain a new activity such 
as during evolution of  EII from its ancestor. Microor- 
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Fig. 9. Relationship between the plasmid structure and the enzyme activity. Symbols for the DNA regions, qualitative (A) and quantitative (B) 
enzyme assays, and abbreviations for restriction sites are given in the legends of Figs 7 and 8. Bs and Sa indicate restriction sites for BssHII and 
Sau3AI, respectively. The activities are expressed as percentages of the activities per amount of antigen compared to that of E. coli (pHK4). NT 
indicates 'not tested'. The structures of pHK8A 11, 19, 20, 21, and 22 are identical except in the SalI-BamHI region. Differences in amino acid 
residues between the F-Eli and EII I are shown as one-letter codes under the map. Plasmid pHK23 produces a protein that is identical to EIV 
except that Gly 181 and His266 were replaced by Asp and Asn, respectively. 

ganisms may possess a cryptic gene such as EII~gene, 
and increasing its activity by mutations may lead to 
degradation of a xenobiotic compound. 

Alteration of catalytic activity of nylon oligomer 
degradation enzyme by site-directed 
mutagenesis 

Since the construction of the hybrid genes demon- 
strated that the Aspl81 ~ Gly alteration in the F- 
EII enzyme drastically affects the catalytic function, 
the effect of amino acid alteration at this position was 
further examined. One of the hybrids, Hyb-2, pro- 
duced by a plasmid pHK2, had 6-aminohexanoate- 
dimer hydrolyzing activity which is nearly equal to the 

activity of the F-EII enzyme, though region I of  the 
F-EII is replaced by region Y of the EII r (Negoro et 
al. 1984). Residue Aspl81 of the Hyb-2 protein was 
replaced by Ash, Glu, His, and Lys, using site-directed 
mutagenesis (Hatanaka et al. 199 I) (Table 3). pHK2N, 
2E, 2K and 2H produced enzymes in which Aspl81 
in the Hyb-2 was replaced with Asn (Hyb-2N), Glu 
(Hyb-2E), Lys (Hyb-2K), and His (Hyb-2H), respec- 
tively. The specific activities of Hyb-2N (Asnl81) 
and Hyb-2E (Glul81) were 1/20 and 1/200 of those 
of the parental F-EII (Asp181) enzyme, respectively. 
Replacement to Lys or His at position 181 resulted in 
the complete loss of the activities (less than 1/5,000 of 
the F-EII enzyme) (Table 3). 

To test whether the decrease in the Eli activities 
is due to a decrease in k ~  values or an increase in 
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Table 3. Effects of amino acid alterations at position 
181 on 6-aminohexanoate-dimer hydrolase activity. 

Enzyme Enzyme activity 

F-Eli 100 
Hyb-2 96 

Hyb-2N 5.0 
Hyb-2E 0.42 

Hyb-2K < 0.02 
Hyb-2H < 0.02 

Enzyme activities in cell extracts of E. coli harboring 
the pHK plasmid indicated were assayed by HPLC, and 
expressed as percentages of the activities per amount of 
antigen compared to the value of E. coli (pHK4). Hyb- 
2 is the hybrid enzyme produced by pHK2. Hyb-2N, 
-2E, -2K, and -2H are identical to Hyb-2, except that 
Aspl81 (Ell type) is changed to Asn, Glu, Lys, and 
His, respectively. 

K ~  values,  the H y b - 2 N  and H y b - 2 E  enzymes  were  

purif ied to h o m o g e n e i t y  by three passages through 

a D E A E - S e p h a d e x  co lumn  (Hatanaka et al. 1991). 

T h o u g h  H y b - 2 N  and H y b - 2 E  still had high kcat values 

(approximate ly  30% o f  the kcat of  the F- EI I  (Asp 181) 

enzyme) ,  the K,~ values  were  different  compared  to 

the wi ld - type  enzyme:  80 m M  ( A s n l 8 1 )  and 220 m M  

(Glu lS1 ) .  These  values  were  4 t imes  ( A s n l S 1 )  and 11 

t imes the value  (Glu181)  o f  the F - E l i  enzyme.  These  

results  sugges t  that  this muta t ion  affects the b inding  of  

the substrate to the enzyme.  

Si te-di rec ted  mutagenes i s  is an effect ive tool  for 

iden t i fy ing  the func t ion  o f  specific amino acids in 

enzymes  that d i f fer  one  or  a few amino  acid replace-  

ments.  However ,  when  related enzymes  differ  by more  

than two  amino  acids, as in the case o f  F - E l i  and EIY, 

the cons t ruc t ion  and character izat ion o f  hybrids  can 

serve as an ef fec t ive  tool  to examine  the inf luence o f  

specific amino  acid alterations.  

R e f e r e n c e s  

Frantz B & Chakrabarty AM (1986) Degradative plasrnids in Pseu- 
domonas. In: Sokatch JR (Ed) The bacteria, vol. 10 (pp 295-323). 
The biology of Pesudomonas. Academic Press, Inc., Orlando, 
Florida 

Fujiyama K, Zhang Y, Negoro S, Urabe I & Okada H ( 1991 ) Charac- 
terization of hybrid enzymes between 6-aminohexanoate-dimer 
hydrolase and its analogous protein. J. Ferment. Bioeng. 71: 298- 
302 

Hatanaka HS, Fujiyama K, Negoro S, Urabe I & Okada H 
(1991) Alteration of catalytic function of 6-aminohexanoate- 
dimer hydrolase by site-directed mutagenesis. J. Ferment. Bin- 
eng. 71:191-193 

Kanagawa K, Negoro S, Takada N & Okada H (1989) Plasmid depen- 
dence of Pseudomonas sp. strain NK87 enzymes that degrade 
6-amin ohexannate-cyclic dimer. J. Bacteriol. 171: 3181-3186 

Kakudo S, Negoro S, Urabe I & Okada H (1993) Nylon oligomer 
degradation gene, nyIC on plasmid pOAD2 from a Flavobacteri- 
um strain encodes endo-type 6-aminohexanoate oligomer hydro- 
lase: purification and characterization of the nyIC gene product. 
Appl. Environ. Microbiol. 59:3978-3980 

Kanagawa K, Oishi M, Negoro S, Urabe I & Okada H (1993) Charac- 
terization of the 6-aminohexanoate-dimer hydrolase from Pseu- 
domonas sp. NK87. J. Gen. Microbiol. 139:787-795 

Kato K, Fujiyama K, Hatanaka HS, Prijambada ID, Negoro S, 
Urabe I & Okada H (1991) Amino acid alterations essential for 
increasing the catalytic activity of the nylon-oligomer degradation 
enzyme of Flavobacterium sp. Eur. J. Biochem 200:165-169 

Kato K, Ohtsuki K, Mitsuda H, Yomo T, Negoro S & Urabe I (1994) 
Insertion sequence IS6100 on plasmid pOAD2, which degrades 
nylon eligomers. J. Bacteriol. 176:1197-1200 

Kinoshita S, KageyamaS, lba K, Yamada Y & Okada H (1975) Uti- 
lization of a cyclic dimer and linear oligomers of E-aminocaproic 
acid by Achromobacter guttatus KI72. Agric. Biol. Chem. 39: 
1219-1223 

Kinoshita S, Negoro S, Muramatsu M, Bisaria VS, Sawada S & 
Okada H (1977) 6-Aminohexanoic acid cyclic dimer hydrolase: a 
new cyclic amide hydrolase produced by Achromobacterguttatus 
KI72. Eur. J. Biochem. 80:489-495 

Kinoshita S, Terada T, Taniguchi T, Takene Y, Masuda S, Matsuna- 
ga N & Okada H (1981) Purification and characterization of 
6-aminohexanoic acid oligomer hydrolase of Flavobacterium sp. 
K172. Eur. J. Biochem. 116:547-551 

Negoro S, Shinagawa H, Nakata A, Kinoshita S, Hatozaki T & 
Okada H (1980) Plasmid control of 6-aminohexanoic acid cycle 
dimer degradation enzymes of Flavobacterium sp. strain KI72. J. 
Bacteriol. 143:238-245 

Negoro S, Taniguchi T, Kanaoka M, Kimura H & Okada H (1983) 
Plasmid-determined enzymatic degradation of nylon oligomers. 
J. Bacteriol. 155:22-31 

Negoro S, Nakamura S, Kimura H, Fujiyama K, Zhang Y, Kan- 
zaki N & Okada H (1984) Construction of hybrid genes of 
6-aminohexanoic acid-oligomer hydrolase and its analogous 
enzyme: estimation of the intramolecular regions important for 
the enzyme evolution. J. Biol. Chem. 259:13648-13651 

Negoro S, Mitamura T, Oka K, Kanagawa K & Okada H (1989) 
Determination of the active-site serine of 6-aminohexanoate- 
dimer hydrolase. Eur. J. Biochem. 185:521-524 

Negoro S, Kakudo S, Urabe I & Okada H (1992) A new nylon 
oligomer degradation gene (nylC) on plasmid pOAD2 from 
Flavobacterium sp. J. Bacteriol. 174:7948-7953 

Okada H, Negoro S, Kimura H & Nakamura S (1983) Evolution- 
ary adaptation of plasmid-encoded enzymes for degrading nylon 
oligomers. Nature 306:203-206 

Tsuchiya K, Fukuyama S, Kanzaki N, Kanagawa K, Negoro S & 
Okada H (1989) High homology between 6-aminohexanoate- 
cyclic-dimer hydrolases of Flavobacterium and Pseudomonas 
strains. J. Bacteriol. 171:3187-3191 




