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The structural genes of two homologous enzymes, 6-aminohexanoate-dimer hydrolase (EII ; nylB) and its 
evolutionally related protein EII’ (nylB’) of Flavobacterium sp. K172 have an open reading frame encoding a 
peptide of 392 amino acids, of which 47 are different, and conserved restriction sites. The specific activity of EII 
towards 6-aminohexanoate dimer is about 1000-fold that of EII’. Construction of various hybrid genes obtained 
by exchanging fragments flanked by conserved restriction sites of the two genes demonstrated that two amino 
acid replacements in the EII’ enzyme, i.e. Glyl8l -+Asp  (EII type) and His266 -+ Asn (ELI type), enhanced the 
activity toward 6-aminohexanoate dimer 1000-fold. 

Enzymes responsible for the degradation of man-made 
compounds are interesting in terms of evolution. We have 
shown that two enzymes, 6-aminohexanoate-cyclic-dimer 
hydrolase (EI) [l] and 6-aminohexanoate-dimer hydrolase 
(EII) 121 are responsible for Flavobacterium sp. K172 degrading 
6-aminohexanoate cyclic dimer, a by-product of nylon manu- 
facture. The EI gene (nylA) and EII gene (nylB) are encoded 
on pOAD2, one of the three plasmids harbored in Flavo- 
bacterium sp. K172 131. This plasmid contains two repeated 
sequences, RS-I and RS-11; one of the two RS-I1 regions, 
RS-IIA, contains the nylB gene, while the other, RS-IIB, con- 
tains the homologous EII’ gene (nylB’) [4]. Both genes have 
the same size open reading frame encoding a peptide of 392 
amino acids, of which 47 are different [5] (Fig. 1). Despite 
their sequence similarity, the specific activity of EII’ toward 
6-aminohexanoate dimer is 0.1 - 1 % of that of EII [5]. This 
raised the question of which amino acid alterations out of the 
47 amino acid alterations were essential for increasing the 
hydrolase activity. We showed that four amino acid alterations 
included in the BglII - SalI fragment (residues 162 - 257 of 
the amino acid sequences) are necessary for increasing the 
activity, and that this effect is enhanced by 15 amino acid 
alterations in the SaZI - BamHI region (residues 258 - 380) 

In this paper, we identified minimum amino acid alter- 
[61. 

ations which affect the catalytic activity. 

MATERIALS AND METHODS 

Microorganisms, plasmids and cultivation 

Hybrid plasmids containing the nylB gene, pNL212d 10 [4] 
and pHK4 [6], and a hybrid plasmid containing the nylB’ gene, 
pHKl [6], had been constructed previously. pNL212d 10-1, 
which lacked a 70-bp fragment including the nylB gene, was 
constructed from pNL212d 10 by BurnHI digestion followed 
by ligation. Plasmids producing the EII-EII’ hybrid enzymes, 
pHK2, pHK5, pHK7 and pHK8 [6], had been constructed 
previously. The vector pUC12 [7] was previously reported. 
Escherichia coli C600rK-mK- (thr-1 leuB6 thi-1 supE44 lacy1 
tonA2I hsdM hsdR) [8] was host for pHK plasmids. E. coli 
strains were grown at 37 “C on Luria-Bertani (LB) medium [9] 
to a density of between 2 x lo9 cells/ml and 3 x lo9 cells/ 
ml. When necessary, ampicillin (50 pg/ml) was added to the 
medium. 

Enzymes and chemicals 

The restriction endonuclease BssHII was obtained from 
New England Biolabs Inc. The other restriction endonucleases 
and T4-DNA ligase were from Toyobo Co. (Osaka). 6-Amino- 
hexanoate dimer was chemically synthesized in our laboratory 
by mixed-anhydride methods [lo]. Other chemicals used 
were guaranteed grade reagents from Nacalai Tesque Co. 
(Kyoto). 
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Ahhreviutions. EI, 6-aminohexanoate-cyclic-dimer hydrolase; EII 
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Enzymes. 6-Aminohexanoate-cyclic-dimer hydrolase (EC 
352.12); 6-aminohexanoate-dimer hydrolase (EC 3 .5. 1.46). 

Note. The novel amino acid sequence data published here have 
been submitted to the EMBL sequence data bank(s). 

Synthesis of oligonucleotides 

Oligonucleotides were synthesized by the phosphoramidite 
method using an automated DNA synthesizer (Applied 
Biosystems, model 381A): 5’-TCGACCAGACGGGTTTC 
GGCTTCGCGCACG-3’ (strand 1); 3’-GGTCTGCCCAA 
AGCCGAAGCGCGTGCCGCC-5’ (strand 2); 5’-GCGG 
CGTCTCCTGCACGGCGCGGGATCTCG-3’ (strand 3) ; 
3’-GCAGAGGACGTGCCGCGCCCTAGAGCGCGC-5’ 
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P V S I  60 viously using rabbit antiserum against the EII enzyme purified 

assayed at 30°C using 10 mM 6-aminohexanoate dimer as 
substrate. Decrease of the dimer was measured by HPLC using 

reactions were performed in mixtures containing various con- 
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Fig. 1. Amino acid sequences of EII and EII’ proteins. The sequence of 
the EII’ is identical to that of the EII with the exception of the amino 
acids given below the EII sequence. Positions of the restriction enzyme 
sites used for the construction of hybrid proteins are shown above the 
amino acid sequences. The active-site serine residue of the ETI enzyme 
[ 131 is marked by an arrow 

(strand 4); 5’-TCGACACGACGGGTTTCGGCTTCGCG 
AACG-3’(strand 5); 3’-GTGCTGCCCAAAGCCGAAGC 
GCTTGCCGCC-5’ (strand 6). 

Preparation of DNA and electrophoresis 
Plasmid DNA were prepared from E. coli strains by the 

methods of Birnboim and Doly [ll],  followed by purification 
by cesium-chloride/ethidium-bromide density-gradient centri- 
fugation [3]. Agarose (1 %) gel electrophoresis and poly- 
acrylamide (5%) gel electrophoresis of DNA were performed 
as described previously [9]. 

Restriction enzyme digestion, ligation and transformation 
Restriction endonuclease digestion and ligation were 

performed as described previously [9]. Transformation was by 
the CaClz method [9] using E. coli C600rK-mK- as recipient. 
E. coli transformants harboring pHK plasmids were selected 
on LB-Ap plates (LB medium containing 1.2% agar and 
50 pg/ml ampicillin). 

Detection of E. coli clones having 6-arninohexanoate-dimer 
hydrolase activities 

Transformant cells grown on LB medium containing 
50 kg/ml ampicillin (1 ml) were harvested and lysed by 1 %  
Triton X-100. The cell extracts obtained (100 p1) were incu- 
bated at 30°C with 10 mM 6-aminohexanoate dimer for 5 min 
(EII level; E. coli having pHK2, 4, 13, 16, 17, 19, 20, 21, and 
23), 1 h (Hyb-8 level; E. coli having pHK8, 8411, and 22) or 
20 h (EII’ level; E.  coli having pHKI, 7, 14, and 15) and 
reaction products were detected by paper chromatography 
[I, 101. 

Immunological experiments and enzyme assays 
Double immunodiffusion tests and Rocket quantitative 

immunoelectrophoresis were performed as described pre- 

Construction of hybrid plasmids 

To simplify construction of the intragenic hybrids 
(pHK13-17) in the 287-bp BgDI -SalI region (amino acid 
positions 162 - 257), we cloned the 306-bp PstI - Sun frag- 
ment (amino acid positions 156 - 257) from pHK8 (fragment 
A, see Fig. 3) and from pHK7 (fragment B, see Fig. 2) to 
pUC12 which had been digested with PstI and SalI. The 
hybrid plasmids obtained, pUCl2-8PS (nylB sequence) and 
pUC12-7PS (nylB’ sequence), were used as the materials for 
further plasmid construction. Since pUCl2-8PS and pUC12- 
7PS have unique NaeI and SstII sites in the 306-bp fragments, 
we constructed five hybrids (pUC12-I, 11, 111, IV and V) by 
exchanging subfragments from the 306-bp fragment of the 
nylB region with the corresponding fragments from the ny lB  
sequence. pUC12-I was constructed from a 2829-bp SstII - 
Sun fragment of pUCl2-8PS (vector and amino acid positions 
156-205 of EII) and a 157-bp SstII-Sun fragment of 
pUC12-7PS (residues 206-257 of EII’). pUC12-I1 was con- 
structed from a 2736-bp EcoRI - NueI fragment of pUC12- 
7PS (vector and residues 156-184 of Eli’) and a 250-bp 
EcoRI - NaeI fragment of pUC12-8PS (residues 185- 257 of 
EII). pUC12-111 was constructed from a 2798-bp EcoRI - 
SstII fragment of pUC12-7PS (vector and residues 156-205 
of EII’) and a 188-bp EcoRl -SstII fragment of pUCl2-8PS 
(residues 206- 257 of EII). pUC12-IV was constructed from 
a 2736-bp EcoRI- NaeI fragment of pUCl2-8PS (vector and 
residues 156 - 184 of EII) and a 250-bp EcoRI - NaeI frag- 
ment of pUCl2-It1 (residues 185-205 of EII’ and residues 
206-257 of EII). pUCl2-V was constructed from a 2736-bp 
EcoRI - NaeI fragment of pUC12-8PS and a 250-bp EcoRI - 
NaeI fragment of pUC12-7PS (residues 185-257 of EII’). 
For construction of plasmids pHK13 - 17, the following three 
fragments were ligated followed by transformation of E. coli 
C600rK-mK- : a 3.2-kb Hind111 - BglII fragment of pHK7 
(fragment C), a 1.2-kb SalI - HindIII fragment of pHK7 (frag- 
ment D), and a 287-bp BglII-SalI fragment (amino acid 
positions 162-257 of the EII/EII’ hybrid) of pUC12-I (for 
pHK13), pUC12-11 (for pHK14), pUCl2-111 (for pHK15), 
pUC12-IV (for pHK16) and pUC12-V (for pHK17) (see 
Fig. 2). 

To simplify the fragment replacement in the Sun - BamHI 
region, SalI and BamHI restriction sites located outside nylB 
and nylB’ genes were eliminated. For this purpose, pHK8 was 
completely digested with HindIII and SrnaI. After ligation of 
the HindIII linker followed by Hind111 digestion, the resulting 
plasmid, pHK8A11, was obtained by recircularization (see 
Fig. 3). pHK19 was constructed from the 3.6-kb BamHI- 
SalI fragment of pHK8d11 (fragment E), a 114-bp SalI- 
NaeI fragment of pNL212A10-1 and a 226-bp NaeI - BamHI 
fragment of pHK5. pHK20 was similarly constructed from a 
3.5-kb HindIII - SalI fragment of pHK8d 11 (fragment F), a 
0.34-kb HindIII - NaeI fragment of pHK8dl1, a 90-bp 
NaeI - Sau3Al fragment of pHK5 and a 54-bp SnlI - Sau3Al 
fragment of pNL212d10-1. pHK21 and pHK22 were con- 
structed from fragment E, a 310-bp BamHI - BssHII fragment 
and a synthetic 60-bp Sun-BssHII fragment carrying the 
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desired amino acid replacements. Oligonucleotides (strands 
1 - 6) which constitute the 60-bp SalI - BssHII fragments con- 
taining these alterations were chemically synthesized. Strands 
1-4 were annealed for constructing pHK22, and strands 
3 - 6 were for pHK21. pHK23 was constructed from a 3.7-kb 
BglII-Hind111 fragment of pHKl (fragment G), a 0.47-kb 
Hind111 - SnlI fragment of pHK21 and a 287-bp Sun - BglII 
fragment of pHK17. 

RESULTS 

Identification ojan amino acid alteration essential 
for  increasing the enzyme activity 

We have shown that one or more of the four amino acid 
alterations that occurred in the residues 162-257 region of 
EII’ are essential for increasing the catalytic activity of 
6-aminohexanoate-dimer hydrolase 20-fold and that this ef- 
fect is enhanced 50-fold by one or more further alterations in 
the residues 258 - 380 region. To identify the minimum amino 
acid alterations that affect the catalytic activity, we construct- 
ed further hybrid plasmids from pHK7 (to identify the alter- 
ations in the residues 162 - 257 region) and from pHK8d 11 
(to identify the alterations in the residues 258 -380 region), 
then the alterations thus identified were introduced into the 
EII’ sequence. 

12eTidut.s 162-2.57 region. The activity of the Hyb-2 pro- 
tein produced by pHK2 decreased to the EII’ level on replacing 
the 287-bp BgfII - SulI fragment (residues 162 - 257 region) 
with the corresponding fragment of the nylB sequence 
(Fig. 2). To identify the essential alteration among the four 
alterations, we constructed hybrids of the nylB and nylB genes 
by exchanging at conserved restriction sites of NaeI and SstII, 
which divide the BglII - SalI regions into three parts (Fig. 1). 
Though the structures of the hybrid plasmids (pHK2, 7, 13, 
14, 15, and 16) are identical except for those in the BglII- 
SalI region, the possibility still remains that expression of each 
gene is different among the strains. To compare the specific 
activities of the hybrid enzymes, we measured the amount of 
antigenic EII protein in the cell extracts of E. coli and the rate 
of the decrease of the 6-aminohexanoate dimer by the enzyme 
reaction using cell extracts. Fig. 2 summarizes the relationship 
between the structure of the plasmids and the activities of the 
hybrid enzymes. The enzyme encoded by pHK13, in which 
Gly209 (EII) is replaced with Ser (EII’), has activities similar 
to those of parental EII (pHK4). Similarly, alterations from 
Argl90-Asp191 (EII) to Ala190-Thr191 (EII’) had no effect 
on the Ell  activity. On the contrary, an alteration of Asp181 
(EII) to Gly (EII’) drastically decreased the activity to the EII’ 
level. From these results, we concluded that a single alteration 
at position 181 is enough to change the activity by a factor of 
1000 among the four alterations in the BglII - Sall region. 

Residues 258 - 380 region. The EII/EII’ hybrid enzyme 
(Hyb-8) produced by plasmid pHK8A 11 is composed of an 
N-terminal PvuII region derived from EII’ (five amino acid 
alterations), a PvuII - SalI region derived from EII (27 amino 
acid alterations) and an SalI-C-terminal region of EII’ (15 
amino acid alterations). The enzyme activity of Hyb-8 is about 
2% of that of EII. If amino acids in the SalI-C terminal 
region of the hybrid are replaced by the corresponding amino 
acids of EII, the activity should increase %-fold (see Fig. 3). 
Thus, replacement of a portion of a DNA region in the SaZI - 
C terminal of pHK8d 11 provides a good system for analyzing 
the contribution of amino acid alterations contained in the 
370-bp SafI - BamHI fragment to the activity. We constructed 
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Fig. 2. Relationship between the plasmid structure and the enzyme 
activity. The structures of pHKl3, 14, 15, 16, and 17 are identical to 
that of pHK7 except in the BgnI-Sun region. The structures of 
pHK2 and pHK4 are identical except in the fac promoter-PvuII 
region 161. The vector pBR322 is shown as solid line; 21 DNA region 
from nylB and its linked region; 0 DNA region from nylB’ and 
its linked region; W lac promoter fragment. Amino acids different 
between the EII and EII’ (positions 181,190, 191, and 209) are shown 
in the one-letter code under the map. Fragments B, C, D and G 
were used for constructing plasmids containing the nyIB-nylB‘ hybrid 
genes. Arrows indicate the direction and position of the genes. Enzymc 
activities in the cell extracts of E. coli C600rK-m,- harboring each 
pHK plasmid towards 6-aminohexanoate dimcr were examined by 
papcr chromatography (A) or  by HPLC (B). (A) Approximately 50% 
of the substrate was hydrolyzed in 5 min (+ + +), 1 h (+ +) and 20 h 
(+) of the reactions. No  hydrolysis was observed even after 20 h 
(-) of the reactions (see Materials and Methods). (B) Decrease of 6- 
aminohexanoate dimer by the enzyme reactions was monitored by 
reverse-phase HPLC. The amount of antigenic EII proteins was mea- 
sured by Rocket quantitative immunoclcctrophorcsis. The activities 
were expressed as percentages of the activitics/amount of antigenicity 
towards that of E.  coli (pHK4, El1 producing); NT, not tested. B, Bg, 
E, H, N, P, Ps, S, Sm, and Ss indicate restriction sites for BamHI, 
EgZII, EcoRI, HindIII, NaeI, PvuII, PstI, Sun, SmaI and SstII, respec- 
tively. J indicates a junction obtained by connection of SalI and XhoI 
cohesive ends 

hybrids of the nylB and ny lB  genes by exchanging at  con- 
served restriction sites, NaeI and Sau3A1, which divide the 
Sall- BamHI regions into three parts (Fig. 1). Paper chroma- 
tography for detection of the hydrolase activity showed that 
cell extracts of E. coli C 6 0 0 r ~ - m ~ -  harboring pHK19 or 
pHK20 have enzyme activity similar to the activity of pHK4 
(EII producing). Moreover, Hyb-20 protein (produced by 
plasmid pHK20) purified to homogeneity by three passages 
through a DEAE-Sephadex A50 column had a specific activity 
nearly equal to the activity of the purified EII enzyme 
(2.8 pmol . min-’ . mg-’). This indicates that at  least one of 
the two alterations, i.e. Thr2.59 (EII’) to Gln (EII) and His266 
(EII’) to Asn (EII), is enough to enhance the activities of the 
Hyb-8 protein to the EII level (Fig. 3). 
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Fig. 3. Relationship between the plasmid structure and the enzyme 
activity. Fragments (A, E and F) were used for constructing plasmids 
containing the nylB/nylB’ hybrid genes. Arrows indicate the direction 
and position of the gene. Symbols for the DNA regions (pBR322, 
nylB, ny lB  and lac promoter), qualitative (A) and quantitative (B) 
enzyme assay and abbreviations for restriction sites are as given in 
the legend to Fig. 2. The activities were expressed as percentages of 
the activities/amount of antigenicity towards that of E. coli (pHK4); 
NT, not tested. Bs and Sa indicate restriction sites for BssHII and 
Sau3A1, respectively. The structure of pHK8Al1, 19, 20, 21, and 22 
are identical except in the SulI - BamHl region. Amino acids different 
between EII and EII’ (positions 259,266,297,298,301,302, 309, 31 5, 
319, 320, 323, 355, 372, 376, and 379) are shown in the one-letter 
codes under the map. Plasmid pHK23 produces a protein that is 
identical to EII‘ except that Gly181 and His266 were replaced by Asp 
and Asn, respectively 

To check the effects of the alterations at positions 259 and 
266 on the activities, we constructed plasmid pHK21 carrying 
one base substitution that replaces His266 with Asn in 
pHK8dll  and a plasmid, pHK22, carrying two base substi- 
tutions that replace Thr259 with Gln. Since there are no suit- 
able restriction sites that separate the two amino acid alter- 
ations into two regions, we chemically synthesized 30-bp 
oligonucleotides (strands 1 - 6) that constituted the 60-bp 
Sall - BssHIl fragments containing these alterations. For con- 
structing pHK21, strands 3 - 6, which had been annealed, 
were replaced with the corresponding region of the plasmid 
pHK8dll .  For constructing pHK22, strands 1-4 were simi- 
larly used. The enzyme activities were restored to the EII level 
in a cell harboring pHK21 but not in a cell harboring pHK22 
(Fig. 3). This demonstrates that a single amino acid alteration, 
His266 to Asn, is essential among the 15 alterations in the 
SaA - BarnHI region. 

Introduction of two urnitto acid alterations into EII’ proteiiz 
To confirm our observations that two amino acid alter- 

ations in the EII’ protein, Gly181 --f Asp and His266 + Asn, 
are enough to restore the activity of 6-aminohexanoate-dimer 
hydrolase from the EII’ level to the EII level, we integrated 
the 0.47-kb HindIII- SaII fragment of pHK21 containing the 

alteration His266 -+ Asn and the 287-bp BglII - Salt fragment 
of pHK17 containing the alteration from Gly181 -+Asp into 
the 3.2-kb HiizdIII - BglII fragment of pHKl (EII’ producing) 
(fragment G). The plasmid obtained was named pHK23. The 
enzyme activity (per amount of immunogenecity) of the E. 
coli harboring pHK23 is almost the same as that of E. coli 
harboring pHK4 (Fig. 3). This indicates that only two amino 
acid replacements in the EII’ protein are enough to increase 
the activity by 1000-fold. 

DISCUSSION 

Our studies demonstrated that among the 47 amino acids 
altered between the EII and EII’ proteins, a single amino acid 
substitution at position 181 was essential for the activity of 6- 
aminohexanoate-dimer hydrolase and substitution at position 
266 enhanced the effect. The remaining 45 amino acid substi- 
tutions had no effect on the activity, although these 45 alter- 
ations included many non-synonymous substitutions : for ex- 
ample, Pro (EII’) to Arg (EII) at position 4, Pro52-+Asp, 
His58 + Glu, Gln69 + Arg, Ala190 -+ Arg, Arg3014 Glu, 
Lys315 + Glu, Leu355 + Arg and Glu372 +. Arg. 

An alteration, Gly181 -+Asp, is made by a single nu- 
cleotide substitution (G to A) at the second base in the codon, 
and His266 --f Asn by a substitution (C to A) at the first base 
in the codon. While the nylB and ny lB  genes have diverged 
from their common antecedent in the evolutionary process, 
the 140 base substitutions should have been accumulated in 
the 1176-bp of the coding regions [5]. However, only two base 
substitutions finally affected their functions, and the other 138 
base substitutions were considered to be neutral mutations. 

It is interesting how only two amino acid alterations in 
EII’, i.e. Glyl81 + Asp and His266 + Asn, increased the cata- 
lytic function. Recently, we found that a single replacement 
of Asp181 in the EII enzyme by Asn or Glu increased the K,,, 
values four times or 11 times, respectively, and replacement 
by His or Lys resulted in the complete loss of the activities 
[12]. We also have found that Serll2 is essential for the activity 
[13]. In serine proteases such as trypsin and subtilisin, three 
amino acid residues, Asp, Ser and His, are proposed to be 
essential for catalysis [14]. Since the high k,,, value is still 
retained in the A d 8 1  and Glu181 enzymes (about 30% of 
the parental EIl), Asp181 might not be a catalytic residue like 
Asp102 in trypsin [15]. These results suggest that two amino 
acid replacements identified to be essential for increasing 
activity mainly affect the binding of substrate to the 
enzyme. 

Site-directed mutagenesis is effective for altering the func- 
tion of various enzymes, if functional activities can be modi- 
fied by a single amino acid replacement. However, when more 
than two amino acid replacements are required for such alter- 
ations, as in the case of EII and EII’, an important problem 
is how to identify such combinations of target amino acid 
replacements that do not affect the functional activities by 
any single alteration in the combinations. This study also 
demonstrated that construction of hybrids from two enzymes 
that are similar in their amino acid sequences but have differ- 
ent characteristics provides us with an effective tool to examine 
the influence of amino acid alterations. 
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