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TABLE 5. Substrate specificities of wild-type plasmid upper
pathway enzymes

Enzyme Substrate Activity
TO* Toluene 15
o-Xylene =0.1
m-Xylene 9
p-Xylene 10.2
p-Ethyltoluene =0.1
m-Chlorotoluene =0.1
p-Chlorotoluene =0.1
3,5-Dichlorotoluene ND?
BADH?® Benzyl alcohol 1,443
o0-Methylbenzyl alcohol 132
m-Methylbenzyl alcohol 1,007
p-Methylbenzyl alcohol 728
p-Ethylbenzyl alcohol 414
m-Chlorobenzyl alcohol 771
p-Chlorobenzyl alcohol 711
3,5-Dichlorobenzyl alcohol 400
BZDH* Benzaldehyde 5,058
o-Methylbenzaldehyde 16
o-Methylbenzaldehyde 3,033
p-Methylbenzaldehyde ND
p-Ethylbenzaldehyde 5,016
m-Chlorobenzaldehyde ND
p-Chlorobenzaldehyde 3,250
3,5-Dichlorobenzaldehyde ND

¢ P. putida 2440(pWWO) cells were grown in minimal medium with toluene
as a carbon source. Enzyme activities were assayed as described in Materials
and Methods. Given values are the averages of at least three independent
determinations. Standard deviations were in the range of 5 to 30% of the given
values. Hydrocarbons were supplied at a concentration of 0.5 mM. Activity is
g;ven in nanomoles of O, per minute per unit of Agg-

® The concentration of aromatic alcohols was 2.5 mM. Activity is glven in

milliunits per milligram of protein.

¢ The concentration of aromatic aldehydes was 0.4 mM. Activity is given in
milliunits per milligram of protein.

4 ND, Not determined.

weaver-Burk) plots (1/V,, versus 1/S), which gave straight
lines (correlation coefficient, 0.9 to 0.95), and from Eddne-
Scatchard plots (V/S versus V).

'BZDH also exhibited a broad substrate specificity and was
able to transform methyl-, ethyl-, and chloro-substituted
benzaldehydes. Activities with benzaldehyde and substi-
tuted benzaldehydes were kinetically complex. The reduc-
tion of NAD* to NADH followed a curve with two slopes.
During the first 10 s, activity was linear and maximal;
afterwards, it became linear and submaximal. Figure 4
shows the kinetics obtained with different concentrations of
benzaldehydes. V,, with substituted benzaldehydes was be-
tween 99 and 64% of that determined with unsubstituted
benzaldehyde. The direct representation (V/S versus V) or
the representation of double-reciprocal plots (1/V,, versus
1/S) did not fit a straight line, so that calculation of K,,s with
the Eddie-Scatchard or Lineweaver-Burk equations was not
feasible. The concentration of benzaldehydes at which V|
was 50% of the maximum was inferred from the kinetic data
obtained at different concentrations of benzaldehydes. For
benzaldehyde, p-ethylbenzaldehyde, and p-chlorobenzalde-
hyde, the concentrations of substrate at which V, was 50%
of the maximum were approximately 130, 45, and 88 pM,
respectively.

Construction of a TOL plasmid carrying a double mutation
of the TOL meta-cleavage pathway for the metabolism of
p-ethylcatechol and further isolation of TO mutants that
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FIG. 4. Time course of BZDH activity. The incubation mixture
* gontained 200 pmol of glycine (pH 9.4) per ml, 7.5 pmol of NAD*
per ml, the indicated concentrations of benzaldehyde, and 112 ug of
protein of a cell extract prepared from P. putida(pWWO0) grown on
m-xylene.

metabolize p-ethyltoluene. Our results suggest that TO is the
main bottleneck for the metabolism of certain substituted
toluenes through the TOL upper pathway. Furthermore, the
eventual synthesis of p-ethyl- and m-chlorobenzoate from
their corresponding toluenes would lead, if they are metab-
olized through the TOL meta-cleavage pathway, to dead-end
products, namely, p-ethyl- and m-chlorocatechol, respec-
tively. Hence, alternative and/or modified pathways for the
metabolism of these catechols are required for the mineral-
ization of p-ethyl- and m-chlorotoluene.

We previously constructed a modified TOL meta-cleavage
pathway that allowed Pseudomonas strains to grow on
p-ethylbenzoate (25). This pathway contains two mutations.
One of them, on the xylE6 gene on the TOL plasmid
pWWO0-EB6, encodes a C2,3-O resistant to inactivation by
its substrate, p-ethylcatechol, in contrast to the wild-type
enzyme. The second mutation is in the xylS gene, such that
the mutant regulator encoded by the xyl$4 allele recognizes
as an effector p-ethylbenzoate, a benzoate analog that is not
an effector for XylS. The xylS4 allele is on the broad-
host-range Km" plasmid pERD4. pWWO0-EB6 is a self-
transmissible plasmid whose frequency of transfer from one
Pseudomonas strain to another is about 10™1. It can mobilize
pERD4 at a frequency of about 1075 (25). Since P. putida
2440 is a recA™ strain, we would expect a certain frequency
of xylS4 recombination with wild-type xylS on the TOL
plasmid, so that both mutations come to liec on the TOL
plasmid. Such a plasmid would allow Pseudomonas strains
to grow on p-ethylbenzoate while retaining kanamycin sen-
sitivity.

We mated P. putida PaW340 with a culture of P. putida
2440 which had contained pWWO0-EB6 and pERD4 for more
than 1 year. P. putida PaW340 Km® transconjugants able to
grow on p-ethylbenzoate were found at a frequency of about
2 x 107°. Ten transconjugants were examined to check for
the presence or absence of pERD4. pERD4 was found in
none of them, suggesting that in the transconjugants xylS4
was on the TOL plasmid. One of the clones carrying TOL
plasmid pWWO0-EB61 was thought to confirm that the plas-
mid conferred the ability to grow on p-ethylbenzoate: P.
putida PaW340(pWWO0-EB61) was mated with P. punda
EEZ1, and 100% of the EEZ1 transconjugants carrying the
TOL plasmid (selected for their ability to grow on 3-meth-
ylbenzoate) grew on p-ethylbenzoate.
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P. putida PaW340(pWWO0-EB61), as expected, could not
grow on p-ethyltoluene as the sole source of carbon and
energy. The strain was mutagenized with ethyl methanesul-
fonate, and clones able to grow on minimal medium with
p-ethyltoluene were selected. Mutants appeared with a fre-
quency of about 5 X 1078 per cell per generation. One such
mutant was chosen for further study. To determine whether
the mutation was on the TOL plasmid or on the chromo-
some, we performed matings between the mutant P. putida
PaW340 strain and the Rif* Sm" P. putida EEZ3 strain. P.
putida EEZ3 transconjugants able to grow on p-ethyltoluene
were isolated at a frequency of about 1072, a frequency
similar to that of transfer of the TOL plasmid, thus suggest-
ing that the mutation was located on the TOL plasmid. The
new TOL plasmid was called pWWO0-EB62.

TO encoded by pWWO0-EB62 exhibited maximal activity
with m-xylene (0.5 nmol of O, per min per unit of Agy),
whereas with p-xylene, m-ethyltoluene, p-ethyltoluene, and
toluene, activities were 6.0, 3.1, 0.7, and 1.4 nmol of O, per
min per unit of Agy, respectively. These activity rates,
determined as increases in oxygen consumption by whole
cells in response to the addition of the hydrocarbons, corre-
lated with the growth rates of the strain on these hydrocar-
bons. In fact, P. putida EEZ3(pWWO0-EB62) exhibited dou-
bling times of 3, 3.5, 10, 12, and 18 h on m-xylene, p-xylene,
toluene, m-ethyltoluene, and p-ethyltoluene, respectively.

Isolation of B13 derivatives able to degrade m-chlorotolu-
ene. Pseudomonas sp. strain B13 and its Rif" derivative
EEZ4 are able to grow on m-chlorobenzoate but cannot
degrade m-chlorotoluene (4). We reasoned that acquisition
of the TOL plasmid by these strains could eventually lead to
the isolation of m-chlorotoluene degraders, although we
would expect low growth rates because of the low activity of
TOL-encoded TO on m-chlorotoluene.

Matings between Pseudomonas sp. strain EEZ4 and P.
putida 2440(pWWO0) were set up, and EEZ4 transconjugants
able to produce microcolonies on m-chlorotoluene were
isolated. Nineteen of 20 microcolonies produced nonuniform
growth when streaked on minimal medium with m-chloro-
toluene as the sole source of carbon. However, one micro-
colony produced homogeneous growth on minimal medium
with m-chlorotoluene, and this clone was called Pseudomo-
nas sp. strain EEZS. In liquid minimal medium EEZS grew
slowly on m-chlorotoluene but failed to grow on toluene or
m-xylene. m-Chlorotoluene-grown EEZS cells exhibited
negligible oxygen consumption in response to m-chlorotolu-
ene, confirming that TO is the limiting step for the degrada-
tion of m-chlorotoluene by EEZS. BADH and BZDH activ-
ities on chlorinated substrates were, however, confirmed.

DISCUSSION

In the present study we analyzed the effector specificity of
XyIR, the regulator of the upper pathway, and the substrate
specificity of the upper pathway enzymes. This information
was then used in the design of a laboratory strategy to
develop TOL plasmid pathways which would allow the
metabolism of certain alkyltoluenes.

The effector specificity of the xylR gene product, the XylR
protein, was analyzed by measuring expression from Pu and
Pm fused transcriptionally to a promoterless lacZ gene. The
data obtained suggest that the XyIR protein exhibits a very
broad spectrum of effectors, as it is able to recognize a wide
variety of toluenes, benzyl alcohols, and benzaldehydes.
The data support the following conclusions regarding XyIR-
effector interactions. (i) A —CH, or —CH,0OH group at
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carbon 1 of the aromatic ring is essential for productive
contacts to be established between effectors and the XylR
protein, leading to activation of the latter. (ii) Alkyl- and
chloro-substitutions are permissible at other ring carbons.
(iii) The XyIR protein effector pocket seems to be symmet-
rical in the sense that it tolerates toluenes which are disub-
stituted at carbon 2 or 3 and carbon 5 or 6. (iv) A —CHO
group at carbon 1 of the aromatic ring is permissible if, and
only if, a chlorine atom is present at carbon 4.

Hydrocarbon- and benzyl alcohol-activated XyIR protein
likewise stimulated expression from Pu, leading to an ap-
proximately 15-fold induction with m-xylene and m-chloro-
toluene versus a 10-fold induction with 5 mM m-methyl-
benzyl alcohol and S mM m-chlorobenzyl alcohol. In
contrast, levels of induction from Pm were higher when the
hydrocarbon rather than the corresponding benzyl alcohol
was the effector: 13-, 12-, and 7-fold increases in induction
were obtained with toluene, m-xylene, and p-chlorotoluene,
respectively, versus 2-fold, 2.7-fold, and no increases with 5
mM benzyl alcohol, m-methylbenzyl alcohol, and p-chlo-
robenzyl alcohol, respectively. These results might reflect
different affinities of benzyl alcohol-activated XyIR protein
for its binding site(s) in the Pu region and the Ps region. In
fact, we have identified activator sequences for XyIR in Pu
and Ps. While these sequences are 70% homologous, the
variations may be responsible for the differences observed in
the stimulation of transcription (M.-A. Abril, A. Holtel, S.
Marques, and J. L. Ramos, unpublished data). The system-
atic analysis of XyIR effectors allowed us to record for the
first time activation of the protein by means of an aromatic
benzaldehyde, p-chlorobenzaldehyde. Further studies will
be required to establish the nature of the interactions be-
tween XyIR and its different effectors.

The relatively extensive body of data on the organization
and regulation of TOL catabolic pathways has yet to be fully
explained, however, in terms of pathway biochemistry,
owing in many cases to the paucity of substrates or the
instability of the enzymes. Hence, the substrate specificities
of the TOL upper pathway enzymes were also investigated.
BADH and BZDH exhibited very broad substrate specifici-
ties and were able to transform alkyl- and chloro-substituted
substrates. The specific maximal rates for BZDH were 4 to
10 times higher than were those for BADH. In contrast,
BADH exhibited 5- to 10-fold higher affinities for its sub-
strates than did BZDH for its corresponding ones. The
K,,/V max ratios for both enzymes with substituted substrates
were equivalent, suggesting that fluxes of substituted benzyl
alcohols to substituted benzoates may well occur without the
accumulation of pathway intermediates.

Regarding the complex kinetics observed with BZDH, we
cannot rule out the presence of more than one enzyme in our
cell extracts. However, it is worth noting that P. putida 2440
lacking the TOL plasmid did not exhibit BZDH activity
when grown on glucose in the presence of toluene. This
result suggests that what we were measuring in the cell
extracts of P. putida 2440(pWWO0) grown on toluene was
probably the TOL-encoded enzyme(s) only. Further analy-
ses with purified enzymes will be required to clarify these
kinetics. Pairs of isofunctional BZDHs associated with the
mandalate pathway of P. putida and Aspergillus niger have
been described, although it is not clear whether the separate
enzymes have different functions (5).

Although TO exhibited a relatively relaxed substrate spec-
ificity (18, 20, 31), it clearly acted as the limiting step for the
fluxes of aromatic compounds through the TOL upper path-
way, given that it showed the narrowest substrate specificity
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of all the pathway enzymes. The catabolism of p-ethyl- and
m- and p-chlorotoluene through the TOL upper pathway is
limited by TO. However, it should be noted that if these
toluenes were metabolized through the upper pathway, they
would not allow cell growth because of the buildup of the
dead-end products. Thus, it seems that in vivo TOL upper
and meta-cleavage pathways coevolve to determine which
substrates they metabolize. In contrast, catabolic pathways
can be independently evolved in the laboratory either by
expansion of the substrate-effector specificities of the bot-
tleneck steps or by transfer or cloning of specific pathway
segments to new hosts in which existing pathways are
horizontally or vertically evolved (24).

Both genetic and biochemical characterizations of the
TOL upper pathway were considered in designing laboratory
strategies for the evolution of this pathway. When this work
was initiated we had previously manipulated the TOL plas-
mid meta-cleavage pathway to allow the metabolism of
p-ethylbenzoate (25). We have now used this modified
pathway to expand the range of alkyltoluenes mineralized
through the TOL catabolic pathways after isolation of one
TO mutant able to oxidize p-ethyltoluene to p-ethylbenzyl
alcohol, which is further transformed into p-ethylbenzoate
through the action of TOL plasmid-encoded BADH and
BZDH. The mutant TO enzyme, in addition to gaining the
ability to transform p-ethyltoluene, retained the ability,
although to a somewhat diminished extent, to oxidize hydro-
carbon substrates that the wild-type TO enzyme attacked.

The constructed p-ethyltoluene-degrading strain had three
mutations on TOL plasmid pWWO0-EB62. xylE6 encodes a
C2,3-0 resistant to inactivation by its substrate p-ethylcate-
chol, in contrast to the wild-type enzyme. xylS4 is a mutant
regulator whose gene product, in contrast to the wild-type
xylS gene product, switches on the meta-cleavage pathway
in the presence of concentrations of p-ethylbenzoate as low
as S uM (J. L. Ramos, C. Michau, F. Rojo, D. Dwyer, and
K. N. Timmis, J. Mol. Biol., in press). The introduction of
this mutation on the TOL plasmid is required, as p-ethyltol-
uene elicits a low induction of the TOL meta-cleavage
pathway through the cascade regulatory system. These two
mutations permit the metabolism of p-ethylbenzoate and,
together with a third mutation in the genes encoding TO,
enable Pseudomonas strains to mineralize p-ethyltoluene
through the TOL plasmid catabolic pathways. The three
independent mutations introduced in the TOL plasmid arose
at frequencies of 10™% and 10™° per cell per generation,
making it unlikely that a plasmid similar to pWWO0-EB62
(appearing at a frequency of about 10~2%) could be isolated
from nature.

On the other hand, once a pathway segment has been
genetically and biochemically characterized, it can be ex-
ploited to construct new pathways by combining it with
other pathway segments. The strategy of combining critical
genes from separate pathways to produce a hybrid pathway
was originally tested by transfer of the TOL plasmid pWWO0
into Pseudomonas sp. strain B13 (28). B13 grew on m-
chlorobenzoate but not on p-chlorobenzoate, as shown by
the narrow substrate specificity of the first pathway enzyme
(27). In contrast, the toluate 1,2-dioxygenase encoded by the
TOL plasmid was able to oxidize m- and p-methyl- and m-
and p-chlorobenzoate (27). Pseudomonas sp. strain
B13(pWWO) able to grow on p-chlorobenzoate was eventu-
ally isolated. Because of rearrangements in the TOL plas-
mid, the B13 derivatives able to degrade p-chlorobenzoate
had lost TOL upper pathway genes and could not grow on
toluene (17, 26). In the present study, we reasoned that it
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should be possible to isolate m-chlorotoluene degraders by
transferring the TOL plasmid into B13. These clones were
expected to grow slowly on such a substrate because of the
low rates of oxidation of m-chlorotoluene by TO. One such
m-chlorotoluene degrader was in fact isolated in the course
of this study, and we are currently searching for mutants
able to degrade m-chlorotoluene more rapidly. The muta-
tions are expected to appear in the TO genes.

Directed evolution of existing pathways requires a de-
tailed knowledge of the biochemistry and genetics of the
pathways to design appropriate laboratory strategies. The
TOL upper pathway had a regulator which was very flexible
for effectors, together with enzymes with very broad sub-
strate specificities. In light of the fact that the pathway genes
are born on a transposon contained in a self-transmissible
plasmid (1, 16), this pathway is a key element in the rapid
evolution of catabolic routes not only in Pseudomonas
strains, the natural hosts of the TOL plasmid, but also in
many other bacteria.
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Mutagenesis of the Gene Encoding Cytochrome css, of Paracoccus
denitrificans and Analysis of the Resultant Physiological Effects

ROB J. M. VAN SPANNING, CORRY WANSELL, NELLIE HARMS, L. FRED OLTMANN, AND
ADRIAN H. STOUTHAMER

Department of Microbiology, Biological Laboratory, Vrije Universiteit, P.O. Box 7161,
1007 MC Amsterdam, The Netherlands

Volume 172, no. 2, p. 990, Fig. 2: The amino acids under nucleotides 388 to 423 were transposed with those under
nucleotides 424 to 474; the correct amino acid sequence of cytochrome css, is shown below.

240 255 270 285
ATG AAG ATC AGC ATC TAT GCC ACT CTC GCC GCC ATC ACC CTC GCC CTG CCC
Met Lys Ile Ser Ile Tyr Ala Thr Leu Ala Ala Ile Thr Leu Ala Leu Pro

300 315 330
GCT GCG GCC CAG GAT GGC GAC GCC GCC AAA GGC GAG AAA GAA TTC AAC AAG
Ala Ala Ala*Gln Asp Gly Asp Ala Ala Lys Gly Glu Lys Glu Phe Asn Lys

345 360 375
TGC AAG GCT TGC CAC ATG ATC CAG GCG CCG GAC GGC ACC GAC ATC ATC AAG
Cys Lys Ala Cys His Met Ile Gln Ala Pro Asp Gly Thr Asp Ile Ile Lys

390 405 420 435
GGC GGC AAG ACC GGG CCC AAC CTT TAC GGC GTC GTC GGC CGC AAG ATC GCC
Gly Gly Lys Thr Gly Pro Asn Leu Tyr Gly Val Val Gly Arg Lys Ile Ala

450 465 XhoI 480
TCG GAG GAG GGC TTC AAA TAC GGC GAA GGC ATC CTC GAG GTC GCC GAA AAG
Ser Glu Glu Gly Phe Lys Tyr Gly Glu Gly Ile Leu Glu Val Ala Glu Lys

495 510 525 540
AAC CCC GAC CTG ACC TGG ACC GAG GCC GAC CTG ATC GAA TAC GTC ACC GAC
Asn Pro Asp Leu Thr Trp Thr Glu Ala Asp Leu Ile Glu Tyr Val Thr Asp

555 570 585
CCC AAG CCC TGG CTG GTC AAG ATG ACC GAC GAC AAG GGC GCC AAG ACC AAG
Pro Lys Pro Trp Leu Val Lys Met Thr Asp Asp Lys Gly Ala Lys Thr Lys

600 615 630
ATG ACC TTC AAG ATG GGC AAG AAC CAG GCC GAC GTG GTG GCC TTC CTG GCC
Met Thr Phe Lys Met Gly Lys Asn Gln Ala Asp Val Val Ala Phe Leu Ala

645 660 675 690
CAG AAC TCG CCC GAT GCG GGC GGC GAC GGC GAG GCT GCG GCC GAG GGC GAA
Gln Asn Ser Pro Asp Ala Gly Gly Asp Gly Glu Ala Ala Ala Glu Gly Glu

699
TCG AAC
Ser Asn
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