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ABSTRACT: cis-2,3-Dihydro-2,3-dihydroxybiphenyl dehydrogenase (BphB) fromComamonas testosteroni
strain B-356 is the second enzyme of the biphenyl/polychlorinated biphenyl degradation pathway. Based
on the crystal structure of a related BphB, three conserved residues, Ser142, Tyr155, and Lys159, have
been suggested to function as a “catalytic triad” as for other members of the short-chain alcohol
dehydrogenase/reductase (SDR) family. In this study, substitution of each triad residue was examined in
BphB. At pH 9.0, turnover numbers relative to wild-type enzyme were as follows: Y155F, 0.1%; S142A,
1%; and K159A, 10%. Although the Michaelis constants of K159A and S142A forcis-2,3-dihydro-2,3-
dihydroxybiphenyl increased about 20-fold, relatively little change was observed in theKm for dinucleotide.
The K159A mutant, which showed little dehydrogenase activity at pH 7, was sharply activated by increasing
the pH, reaching almost 25% of the activity of the wild-type enzyme at pH 9.8. These three residues are
therefore critical for BphB activity, as suggested by the crystal structure and similarity to other SDR
family members. In addition, BphB showed a strong preference for NAD+ over NADP+, with a 260-fold
higher specificity constant (kcat/Km). Evidence is presented that the inefficient use of NADP+ by BphB
might partly be due to the presence of an aspartate residue at position 36.

The polychlorinated congeners of biphenyl (PCB’s) once
had vast industrial application, but now confront society as
unusually persistent environmental pollutants. A number of
strains of bacteria that can catabolize biphenyl, and come-
tabolize PCB’s, have been isolated from the environment.
These includeComamonas testosteronistrain B-356 (1),
Burkholderia cepaciastrain LB400 (2), Pseudomonas
pseudoalcaligenesstrain KF707 (3), andPseudomonas sp.
strain KKS102 (4). The common metabolic pathway for
biphenyl has four major steps. A multicomponent biphenyl
dioxygenase, comprising a terminal oxygenase (BphAE),1

ferredoxin (BphF), and ferredoxin reductase (BphG), incor-
porates two atoms of oxygen into the biphenyl ring. The
resulting product,cis-2,3-dihydro-2,3-dihydroxybiphenyl, is
then dehydrogenated by BphB using NAD+ (Figure 1), and
further metabolized to benzoic acid and 2-oxo-4-pentdienoate
by the sequential actions of 2,3-dihydroxybiphenyl dioxy-
genase (BphC) and a hydrolase (BphD).

BphB from C. testosteronistrain B-356 (BphBB-356) is a
tetramer with identical subunits of 29.4 kDa. The amino acid
sequence of BphBB-356 is about 80% identical to that of BphB
from B. cepacia strain LB400 (BphBLB400), and more
distantly related to othercis-dihydrodiol dehydrogenases
involved in aromatic degradation pathways (5-7). These
dehydrogenases are, in turn, members of a very large family
of short-chain alcohol dehydrogenase/reductases (SDR).
Although pairwise residue identity within the family is
typically only 15-30%, an amino-terminal GXXXGXG
nucleotide-binding motif and an active site YXXXK motif
are characteristic of all family members (8).

Based on sequence similarities and the crystal struc-
ture of BphBLB400 (9), Ser142, Tyr155, and Lys159 of BphBB-

356 are candidates to form an active site catalytic triad similar
to that described for other members of the SDR family (8,
10-13). As was pointed out by Hulsmeyer et al., the triad
residues of the active sites of the available SDR structures
superimpose with an average RMS deviation of only 0.48
Å (9). Therefore, despite the low overall sequence identity,
the active site structures of SDR family enzymes
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FIGURE 1: First two steps of the metabolic pathway for the bacterial
degradation of biphenyl.
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are likely to be quite similar. Nevertheless, since a structure
is not available for a BphB/cis-2,3-dihydro-2,3-dihydroxy-
biphenyl complex, the details of the arrangement of the BphB
active site are not known with certainty.

Site-directed mutagenesis of the active site SYK triad has
been done with a few members of the large and diverse SDR
family. Substitution of phenylalanine for the conserved active
site tyrosine of three different hydroxysteroid dehydrogenases
(14-16), Drosophilaalcohol dehydrogenase (10), and 15-
hydroxyprostaglandin dehydrogenase (17) all resulted in
enzymes with<0.1% of the wt turnover number. A role for
this residue in deprotonation of the alcohol of the substrate
has been postulated (8, 10, 14, 18). In some cases, replace-
ment of the tyrosine by a readily ionizable residue, cysteine
or histidine, yielded active mutants (10, 16). It has been
suggested that the catalytic triad lysine residue is responsible
for deprotonation of the phenolic proton of tyrosine. In
general, replacement of the conserved lysine residue by a
neutral residue also abolishes enzymatic activity (10, 14, 15,
17), although 5% residual activity was observed for K163I
E. coli 7R-hydroxysteroid dehydrogenase (16). By contrast,
when the triad lysine was replaced with another basic residue,
arginine, mutant enyzmes retained dehydrogenase activity
(10-100% of wtkcat) (10, 15). Finally, replacement of the
triad serine residue by alanine yielded inactive SDR enzymes
in three cases (11-13), but in another case, 20% activity
was retained (16). Replacement of the serine residue with a
threonine resulted in a fully active enzyme, suggesting a role
for serine in hydrogen bonding with the substrate/product
hydroxyl (12).

Another aspect of substrate specificity forcis-dihydrodiol
dehydrogenases involved in aromatic catabolism concerns
the specificity for NAD+ vs NADP+. In general, it has been
reported that thesecis-dihydrodiol dehydrogenases are inac-
tive when NADP+ is substituted for NAD+ (9, 19, 20). This
is an interesting observation since some oxygenases cata-
lyzing cis-dihydrodiol formation, such as biphenyl dioxy-
genase (Figure 1), can oxidize either NADH or NADPH (2).
The structure of BphB suggests a role for specific residues
in determining nucleotide specificity. In the NAD+-
BphBLB400 complex, the hydroxyl group of the adenine
ribosyl of NAD+ participates in two hydrogen bonds with
Asp36. Enzymes with a negatively charged residue in this
position are known to prefer NAD+ over NADP+ (21-23).
However, in some related dihydrodiol dehydrogenases, such
as 1,2-dihydroxy-1,2-dihydronaphthalene dehydrogenase
(NahB), Asp36 in BphBLB400 is occupied by a neutral residue,
Val35 (5, 6). Thus, it is of interest to assess the importance
of Asp36 in nucleotide discrimination.

In this study, we report for the first time the roles of the
SYK triad residues of acis-dihydrodiol dehydrogenase
member of the SDR family. The results indicate that these
residues are critical for catalytic activity. From a study of
the pH dependence of native and mutant enzymes, we
obtained evidence for a role of the triad lysine in lowering
the pKa of the active site tyrosine residue. Interestingly, our
results indicate that although BphB shows a strong preference
for NAD+, it can indeed use NADP+ as a coenzyme. The
importance of Asp36 in determining this preference was
investigated by comparison with NahB, where Asp36 is
replaced by a neutral residue, Val35.

MATERIALS AND METHODS

Materials.NAD+ and NADP+ were purchased from Sigma
Chemical Co. Restriction enzymes, ligase, DNA purification
kits, and IPTG were from Promega. Biphenyl was obtained
from Anachemia. All other chemicals were reagent grade
or better.

Preparation and Purification of cis-2,3-Dihydro-2,3-
dihydroxybiphenyl. cis-2,3-Dihydro-2,3-dihydroxybiphenyl
was synthesized using a strain ofE. coli expressing the
biphenyl dioxygenase components ofB. cepaciastrain LB-
400. E. coli BL21(DE3)plysSharboring a T7-polymerase-
based plasmid expressing the biphenyl dioxygenase genes
(a gift from Dr. Lindsay Eltis, Laval University, Quebec)
was grown at 37°C in Luria-Bertani broth (LB) to OD600

of 0.8-0.9: protein expression was induced by addition of
IPTG (0.5 mM). Growth was continued for 3 h after which
cells were harvested by centrifugation and resuspended in
minimal medium. After addition of biphenyl (0.2%), the cell
suspension was incubated overnight with agitation. The next
day excess biphenyl was removed by filtration through glass
wool, and cells were harvested by centrifugation. The product
was then purified from the supernatant.

cis-2,3-Dihydro-2,3-dihydroxybiphenyl was purified es-
sentially using the method of Patel and Gibson (24). The
culture supernatant was extracted using an equal volume of
ethyl acetate, which was then dried over anhydrous sodium
sulfate. Ethyl acetate was evaporated using a rotary evapora-
tor (30-40 °C), and the residue was dissolved in warm
hexane and kept at-20 °C overnight. Crystallizedcis-2,3-
dihydro-2,3-dihydroxybiphenyl was dried under a stream of
nitrogen and was kept at-20 °C until use. The presence of
cis-2,3-dihydro-2,3-dihydroxybiphenyl was monitored during
purification by the presence of a peak in the UV spectrum
at 306 nm, which is quite distinct from that of biphenyl at
203 nm. About 40-60 mg ofcis-2,3-dihydro-2,3-dihydroxy-
biphenyl was typically purified from 1 L of culture. The
purity of the final product was greater than 90% as confirmed
by HPLC and gas chromatography-mass spectrometry (data
not shown) (1).

Expression and Purification of BphBB-356. The region
encoding BphB (BphB) was PCR-amplified from a cloned
DNA fragment ofComamonas testosteronistrain B-356 in
the pQE31 vector (19), usingPwo polymerase (Boehringer
Mannheim). To later subclone the PCR fragment into the
pET-3a expression vector (Novagen),NdeI and BamHI
restriction sites (underlined) were introduced. The primers
used for PCR were:

The PCR product was then purified, digested withNdeI and
BamHI, and ligated to theNdeI andBamHI sites in pET-3a.
The nucleotide sequence ofbphBwas confirmed in plasmids
carrying the insert.

Subsequently, the pET-3a(bphB) construct was trans-
formed intoE. coli BL21(DE3) for expression (25). Typi-
cally, cells were grown at 37°C in LB medium (3 L) with

Primer 1:
ATCACCATACGGATCATATGAAGCTGACAGG

Primer 2:
GCTAATTAAGCTTGGATCCAGGTCGACCC
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ampicillin (50µg/mL) to an OD600 of 0.8-0.9, at which time
IPTG (0.5 mM) was added and growth was continued for 3
h.

BphB was isolated using two purification steps: am-
monium sulfate fractionation followed by Fast-Flow DEAE
Sepharose chromatography. Cells from 3 L of culture were
collected by centrifugation and resuspended in 50 mM
sodium phosphate buffer, pH 7 (54 mL), before being lysed
by sonication. The lysate was clarified by centrifugation, and
ammonium sulfate was added to the supernatant to 40%
saturation. After 30 min on ice, precipitated protein was
removed by centrifugation, and the pellet was redissolved
in 50 mM phosphate buffer, pH 7 (50 mL).

The sample from the previous step was loaded onto a Fast-
Flow DEAE Sepharose column (bed volume of∼60 mL).
The column was washed with 50 mM sodium phosphate
buffer, pH 7 (200 mL), and eluted in 12 mL fractions with
a gradient of sodium phosphate buffer, pH 7 (50-400 mM,
400 mL each). Eluted BphB was detected in fractions 2-16,
with fractions 8-10 corresponding to the peak of enzyme
activity. Active fractions were combined, concentrated, and
stored in 50% glycerol at-20 °C until further use. The final
preparation of BphB was pure as judged by SDS-PAGE
after staining with Coomassie Blue. Electrospray mass
spectrometry was used to determine the molecular weight
of BphB and was kindly performed by Elisabeth Cadieux,
Concordia University.

Expression and Purification of His-Tagged BphBB-356

and NahBG7. His-tagged NahBG7 was expressed inE. coli
and purified by affinity chromatography according to pro-
tocols described previously (19, 26). Although NahBG7 was
stable at-80 °C for a few weeks, diluted NahBG7 at 4 °C
was quite unstable. For this reason, all experiments were
performed as rapidly as possible, each time using a fresh
dilution. Expression and purification of his-tagged
BphBB-356 have also been described previously (19).

Site-Directed Mutagenesis and DNA Sequencing. BphBin
the pET-3a vector was mutated using the Quikchange method
(Stratagene), following the protocol of the manufacturer. The
codons for S142 (TCT), Y155 (TAT), and K159 (AAG) were
altered to GCT (alanine), TTT (phenylalanine), and GCG
(alanine), respectively. Complementary primers (29-33 bp)
were designed with these substitutions, and obtained from
BioCorp Inc. (Montreal, Canada). Introduction of the desired
mutations was confirmed by sequencing. S142A, Y155F,
K159A, S142A/Y155F, and Y155F/K159A mutant BphB
enzymes were expressed and purified as described for the
wild-type (wt) enzyme.

DNA sequencing was performed at the Sheldon Biotech-
nology Centre (Montreal, Canada) using a Perkin-Elmer
373A sequencer and ABI sequencing strategy.

Circular Dichroism Spectroscopy.Purified wt BphBB-356

and all mutant enzymes were analyzed in 50 mM sodium
phosphate buffer, pH 7, at 25°C using a JASCO 710
spectropolarimeter. Ellipticity was measured as a function
of wavelength from 190 to 260 nm at a protein concentration
of 0.2 mg/mL, using a 0.05 cm cell.

Protein Assays.Protein concentration was routinely as-
sayed either by the method of Bradford (27), using BSA as
a standard, or by measuring the absorption of light at 280
nm. An extinction coefficient of 14 890 M-1 cm-1 was used
to calculate the concentration of purified BphB.

Enzyme ActiVity Assays.BphB-catalyzed dehydrogenase
activity was routinely assayed in 50 mM sodium pyrophos-
phate buffer, pH 9, at 25°C. Production of NAD(P)H was
monitored by continuously recording the emission at 460
nm after excitation at 340 nm, using a model RF-5000
fluorometer from Shimadzu. The wavelength dispersion was
5 nm for both excitation and emission. Data were analyzed
by fitting initial rates to the Lineweaver-Burk equation using
linear regression. Values forkcat are reported for the tetramer.

Values of Michaelis constants for NADP+ and NAD+,
using NahBG7, BphBB-356, S142A, Y155F, and K159A, were
estimated in the presence of saturatingcis-2,3-dihydro-2,3-
dihydroxybiphenyl concentrations (ranging from 0.1 to 0.8
mM, depending upon the mutant enzyme examined). In each
case, it was experimentally confirmed that further increases
in the concentration ofcis-2,3-dihydro-2,3-dihydroxybiphenyl
did not increase the activity. The Michaelis constants for
cis-2,3-dihydro-2,3-dihydroxybiphenyl were estimated using
saturating concentrations of NAD+ or NADP+ (2.5 and 20
mM, respectively) and varying the concentration ofcis-2,3-
dihydro-2,3-dihydroxybiphenyl from 0.4 to 1000µM. Since
specific activities were so low, the turnover numbers of the
two double mutants were estimated from assays using
saturating concentrations of both substrates (0.4-0.8 mM
cis-2,3-dihydro-2,3-dihydroxybiphenyl and 2 mM NAD+).

For pH-dependence studies, the activities of wt
BphBB-356 and mutant enzymes were assayed at saturating
concentrations ofcis-2,3-dihydro-2,3-dihydroxybiphenyl and
NAD(P)+ in either 50 mM sodium phosphate buffer and/or
sodium pyrophosphate buffer, and also in a three-component
buffer (0.1 M MES, 0.05 MN-ethylmorpholine, 0.05 M
diethanolamine, and 1 mM EDTA) at various pH values
ranging from 6 to 10 (28). For wt enzyme, both buffer
systems yielded identical results. Hence, phosphate and
pyrophosphate buffers were used to construct the pH-rate
profile for the mutant proteins. It was experimentally
determined that at any given pH, the fixed substrate was
present at saturating levels. Rate-pH data were fitted to the
appropriate equations using GraFit (version 4.0, Erithacus
Software Limited, Middlesex, U.K.).

RESULTS

Expression and Purification of BphB.The gene encoding
BphBB-356 was PCR-amplified from a cloned DNA fragment
of C. testosteroni: NdeI and BamHI restriction sites were
introduced at the 5′- and 3′-ends of the gene, respectively.
TheNdeI-BamHI fragment was subcloned into the pET-3a
vector, and the resulting plasmid was used for expression of
BphBB-356 in E. coli BL21(DE3).

Recombinant BphBB-356 was very well expressed inE. coli
(Figure 2, lane 2), allowing the purification of about 50 mg
of enzyme/L of cell culture. The purification procedure
involved ammonium sulfate precipitation followed by Fast-
Flow DEAE-Sepharose chromatography. Precipitation of
BphBB-356 from crude extract at 40% saturated ammonium
sulfate resulted in a 3.2-fold increase in specific activity. Fast-
Flow DEAE-Sepharose chromatography gave a further 2-fold
increase in the specific activity of the enzyme (Table 1).

The final preparation was pure, as judged by SDS-PAGE
after staining with Coomasie Blue (Figure 2). Electrospray
mass spectrometry showed that the molecular mass of
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purified BphBB-356 (29 351 Da) was the same as that expected
from the deduced amino acid sequence (data not shown).
Purified BphBB-356 was stable in 50% glycerol at-20 °C
for months. These preparations appeared to be stable over a
longer period of time than purified his-tagged BphBB-356 (19).

Replacement of PutatiVe Catalytic Triad Residues.Based
on the high similarity (80% identity) between the amino acid
sequences of BphBB-356 and BphBLB400 (Figure 3) and also
the crystal structure of BphBLB400 (9), members of a putative
catalytic triad, Ser142, Tyr155, and Lys159, were replaced
by alanine (S142A), phenylalanine (Y155F), or alanine
(K159A), respectively. S142A, Y155F, K159A, S142A/
Y155F, and Y155F/K159A single and double mutants of
BphBB-356 were expressed and purified as described for native
enzyme. The mutant BphB enzymes were all well expressed
and soluble, and exhibited similar behavior during purifica-
tion (data not shown). To investigate if the amino acid
substitutions affected the overall secondary structure of the
enzyme, circular dichroic spectra of the mutants were
compared to that of wt BphBB-356. The spectra for all proteins
were very similar, indicating that no gross secondary
structural changes occurred as a result of the amino acid
substitutions made (data not shown).

Kinetic Properties of Wild-Type and Mutant BphBB-356. It
has generally been reported that bacterialcis-dihydrodiol
dehydrogenases from aromatic degradation pathways are
inactive with NADP+ as the redox cofactor (9, 19, 20, 24).
By exploiting a sensitive new fluorometric assay method,
we discovered that BphBB-356 can also use NADP+ as a
coenzyme. BphBB-356 activity increased with increasing pH,
reaching maximum activity at about pH 9, using either NAD+

or NADP+ (Figure 4). Kinetic properties of BphBB-356

obtained at pH 9 are presented in Table 2. Michaelis

constants for NAD+ and NADP+ were 0.24 and 5.5 mM,
respectively. The value ofkcat using NAD+ as a coenzyme
(2500 ( 100 min-1) was about 11-fold higher than that
obtained using NADP+ (220 ( 35 min-1). As expected,
values of kcat/Km were 260-fold higher for NAD+ than
NADP+, indicating that BphB shows a strong preference for
the nonphosphorylated nucleotide. His-tagged BphBB-356 was
also active with NADP+ and exhibited similar kinetic
properties under the assay conditions used in this study (data
not shown).

The effects of three amino acid substitutions are sum-
marized in Table 2. Substitution of Tyr155 by phenylalanine
(Y155F) decreasedkcat1000-fold, indicating that the hydroxyl
group of Tyr155 is critical for enzyme activity. Substitution
of Ser142 by alanine decreasedkcat by a factor of 100,
illustrating the importance of the hydroxyl group of Ser142
in catalysis. Interestingly, the activity of the K159A mutant
was only 1 order of magnitude lower than that of the wt
enzyme. In addition to affecting turnover numbers, the
K159A and S142A substitutions increased theKm values for
cis-2,3-dihydro-2,3-dihydroxybiphenyl by 18- and 25-fold,
respectively, relative to wt enzyme, which further decreases
the efficiency (kcat/Km) of these mutants. However, little
change in the Michaelis constant for NAD(P)+ was observed,
demonstrating that these substitutions have relatively small
effects on nucleotide binding (Table 2). No Michaelis
constants could be reliably estimated for the Y155F mutant
because of its very low turnover number.

The presence of residual activity in the Y155F mutant
prompted construction of the S142A/Y155F double mutant
to test the possibility that S142 could partially replace Y155
as an active site nucleophile. The similar turnover numbers
of the two mutant enzymes (Table 2) indicates that this is
not the case.

Dependence of Reaction Rates on pH.The rates of the
reactions catalyzed by wt and mutant enzymes of BphBB-356

increased as the pH was elevated, with the wt enzyme
achieving a maximum value between pH 9 and 9.5 (Figure
4). However, thekcat values of wt and mutant forms S142A
and Y155F did not show a marked dependence on pH,
indicating that for these enzymes there is nosingleionizable
group critical for catalysis that titrates over the experimentally
accessible pH range (29). Comparison of the relative
activities at pH 10, in the presence of NAD+, indicates that
S142A and Y155F catalyze the reaction 2 and 3 orders of
magnitude more poorly than wt enzyme. NADP+ can replace
NAD+, but thekcat of the wt enzyme is lower by a factor of
about 10. In contrast, K159A is an effective catalyst, showing
25% the turnover number of the wt enzyme at pH 10.
Moreover this mutant enzyme shows a pronounced depen-
dence on pH (Figure 4). The log(kcat) increased by a unit for
every unit increase in pH, indicating that maximum activity
is dependent on the deprotonation of a single ionizable group
(29). The data for K159A were fitted using nonlinear
regression to a single ionization curve:y ) Limit ‚10(pH-pKa)/
[10(pH-pKa) + 1], where Limit is an undefined upper limit
and y represents the value ofkcat at a particular pH value
(GraFit version 4.0). The fit yielded a pKa value of 9.6(
0.02. This pKa value approaches that of a Tyr side chain
unperturbed by environment (pKa ≈ 10).

The pH-rate dependence observed for the K159A mutant
was abolished in the Y155F/K159A double mutant, as

FIGURE 2: Expression and purification of BphB fromC. testosteroni
strain B356. Samples of crude cell lysate, ammonium sulfate
precipitate, and pure BphB (lanes 2-4, respectively) were resolved
by SDS-PAGE (16%) and stained by Coomassie Blue. Lane 1
contains protein standards.

Table 1: Purification of Recombinant BphBB-356

purification step
volume
(mL)

total protein
(mg)

total activity
(U)a

specific
activity
(U/mg)

crude extract 54 1130 3020 2.7
ammonium sulfate

precipitation
50 340 2970 8.7

DEAE-Sepharose
chromatography

3.9 146 2540 17.4

a Represents the conversion of 1µmol of NAD+ to NADH per minute
at 25°C and pH 9 in the presence ofcis-2,3-dihydro-2,3-dihydroxybi-
phenyl.

Active Site of BphB Biochemistry, Vol. 39, No. 17, 20005031



indicated by the similarity of estimatedkcat values at pH 9
(0.6 min-1, Table 2) and pH 7 (0.2 min-1). This result
confirms that the titrating group in the K159A mutant (Figure
4) is Y155.

Structural Basis for the Nucleotide Specificity of
BphBB-356. BphBB-356 exhibited a strong preference for NAD+

over NADP+, as do other aromaticcis-dihydrodiol dehy-
drogenases. One of the structural features that discriminates
against NADP+ is likely to be the presence of a negatively
charged residue at position 36 of BphBB-356 (Asp36), which
repels the negatively charged phosphate of NADP+. To test

this hypothesis, asparagine and valine residues were substi-
tuted at position 36 of BphB. Unfortunately, the resulting
mutants (D36N and D36V) were found in inclusion bodies.
An alternative approach using a relatedcis-dihydrodiol
dehydrogenase was therefore used, and is outlined below.

NahB from P. putidaG7 has been shown previously to
catalyze the same range of reactions as BphBB-356 (5).
Residues involved in nucleotide binding in BphB are also
conserved in NahBG7, which, significantly, contains Val35
instead of the negatively charged Asp36 found in BphB
(Figure 3). The kinetics of NahBG7 were examined using a
his-tagged form of the enzyme. Values ofkcat/Km show that
NahBG7 catalyzes the reaction in the presence of NADP+

7.5 times more effectively than BphBB-356 . However, NahB
still prefers NAD+ as a cofactor, sincekcat/Km is 60-fold
higher for NAD+ compared to NADP+ (Table 2).

DISCUSSION

Amino acid sequence comparisons of BphBB-356 (19) with
BphBLB400 (30), cis-toluene dihydrodiol dehydrogenase from
P. putida (7), DoxE from Pseudomonas sp.C18 (6), and
NahBG7 from P. putida G7 (5) show that although these
dihydrodiol dehydrogenases belong to different aromatic
degradation pathways, 72 residues are absolutely conserved
among them (Figure 3). Based on the crystal structure of
BphBLB400, whose amino acid sequence is 80% identical to
that of BphBB-356, conserved residues Ser142, Tyr155, and

FIGURE 3: Amino acid sequence comparison of BphB fromPseudomonas sp. strain LB400 (LB400) (30) with cis-toluene dihydrodiol
dehydrogenase fromP. putida(TOLUD) (7), BphB fromC. testosteronistrain B-356 (Testo) (19), 1,2-dihydroxy-1,2-dihydronaphthalene
dehydrogenase fromPseudomonas sp.strain C18 (DoxEC) (6), and 1,2-dihydroxy-1,2-dihydronaphthalene dehydrogenase fromP. putida
G7 (NahB7) (5). All conserved residues including glycines at positions 12, 16, and 18 are indicated by (*) while aspartate 36 (LB400
numbering) has been marked by #.

FIGURE 4: Variation with pH of logkcat for the reaction catalyzed
by wt BphB assayed in the presence of NAD+ (b) or NADP+ (2),
and of S142A (9), Y155F (]), and K159A (3) mutants assayed
in the presence of NAD+. The assay conditions are described under
Materials and Methods.
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Lys159 have been suggested to form a catalytic triad in the
active site (9). Roles for conserved triad residues have been
investigated in more distantly related members of the SDR
family, but to our knowledge never in a member of thecis-
dihydrodiol dehydrogenase branch. In the present study,
BphBB-356 mutants, in which each of these residues were
replaced, have been generated and studied.

Replacement of Tyr155 by phenylalanine in the active site
inactivated BphBB-356 (Table 2), indicating that the hydroxyl
side chain of Tyr155 is involved in the catalytic mechanism
of the enzyme. Similar results have been reported previously
for other members of the SDR family (8, 10). Results of the
pH-rate studies reported here suggest that Lys159 may be
involved in deprotonating the active site nucleophile, Tyr155.
Lys159 is in close contact with Tyr155 in the active site of
BphBLB400 (9) and hence could perturb the pKa of the Tyr
residue downward so that the pH optimum of the wt enzyme
is about 9. This occurs as the deprotonated form of Lys159
removes a proton from Tyr155’s hydroxyl group. In the
absence of Lys159, the pKa of Tyr155 is no longer perturbed
downward but rather remains at about 10. As shown in Figure
4, replacing Lys159 in BphBB-356 by alanine resulted in a
marked shift in the pH-rate profile to alkaline pH. The
mutant enzyme is only active at high pH values, where base
rather than a lysine residue directly deprotonates the Tyr155
hydroxyl group. Furthermore, the insensitivity of wt enzyme
activity to pH (Figure 4) indicates that deprotonation of the
tyrosine residue is not rate-limiting.

The position of the side chain of Lys159 in the active site
of the enzyme appears very critical. The substitution by Ile
of Lys156 in Drosophila alcohol dehydrogenase, where it
is part of the triad in the active site, inactivated the enzyme
while substitution by arginine decreased the activity to 2.2%
of the wt (10). Introduction of a large side chain in this
position may involve unfavorable steric interactions. Com-
plete elimination of the side chain of Lys159 in K159A,
however, yielded an active mutant of BphBB-356, allowing
characterization of the role of the side chain of Lys159 using
pH studies.

Ser142 has been proposed to hydrogen bond with a
hydroxyl group ofcis-2,3-dihydro-2,3-dihydroxybiphenyl in
the active site of BphBLB400 (9). In the present study,
replacing Ser142 with an Ala in BphBB-356 yielded an enzyme
that shows 1% of thekcat for the wild-type enzyme. Although
this substitution in some members of the SDR family caused
complete inactivation (11-13), replacement with threonine

resulted in an active mutant of 3R/17R-hydroxysteroid
dehydrogenase (12). Such a result is consistent with a role
for this residue in hydrogen bonding with the substrate. For
the S142A mutant of BphBB-356, the Michaelis constants for
dinucleotide actually decreased by a factor of 4, but theKm

for cis-2,3-dihydro-2,3-dihydroxybiphenyl rose 26-fold (Table
2), indicating that Ser142 interacts with and stabilizes
substrate binding, likely by hydrogen bonding. Taken
together, our results clearly indicate that Ser142, Tyr155,
and Lys159 are critical residues in the active site of
BphBB-356 and support previous conclusions based on the
crystal structure of BphBLB400 (9) and on studies of other
members of the SDR family (10-13).

The nucleotide binding site of BphBLB400 (9), as in other
SDR family members, is located at the amino terminal of
the enzyme and comprises the putative glycine-rich finger-
print (G12XXXGXG18), which interacts with the pyrophos-
phate of the bound dinucleotide (22, 23, 31, 32). Amino acid
sequence alignment (Figure 3) shows that Gly12, Gly16, and
Gly18 are among 19 conserved glycine residues. In addition,
most of the other residues involved in hydrogen bonding with
the dinucleotide at the active site of BphBLB400 are conserved
in BphBB-356, DoxE, and NahBG7 (including Ser15, Asp59,
and Tyr119). A negatively charged residue in BphBLB400,
Asp36, hydrogen bonds to the 2′-hydroxyl of the adenine
ribose of NAD+ (9). Dehydrogenases possessing an acidic
residue at this position are known to prefer NAD+ over
NADP+, since a phosphate group on the 2′-hydroxyl of the
ribose ring is repelled by the negatively charged side chain
(21-23, 33). While an acidic residue is conserved at position
36 in BphBB-356 andcis-toluene dihydrodiol dehydrogenase
from P. putida, it is replaced by a valine in NahBG7 and
DoxE (Figure 3). Unfortunately, we were unable to inves-
tigate the importance of Asp36 in BphBB-356 directly since
mutants were insoluble. However the related enzyme,
NahBG7, was found to use NADP+ more efficiently (7.5-
fold higher kcat/Km) than BphB, which may correlate with
the absence of a residue equivalent to Asp36. However, since
NahBG7 exhibits a Michaelis constant for NAD+ very close
to that found for BphBB-356, it raises the question of why the
absence of a negatively charged residue (Asp36), which is
supposed to hydrogen bond with the 2′-hydroxyl of adenine
ribose, has such a small effect on the affinity of the enzyme
for NAD+.

Substitution of the negatively charged residue which
hydrogen bonds with the 2′-hydroxyl of the adenine ribose

Table 2: Kinetic Properties of BphBB-356, BphBB-356 Mutants, and NahBG7 at pH 9 and 25°C

Km

enzyme coenzyme
2,3DDBPHa

(µM)
NAD(P)+

(mM)
kcat

(min-1)
kcat/Km,NAD(P)+

(×10-3 min-1mM-1)

BphB NAD+ 3.1( 0.5 0.24( 0.01 2500( 100 10.4
NahB 16.8( 2.7 0.14( 0.03 2500( 320 17.8
K159A 55.7( 7.1 0.11( 0.01 230( 40 2.1
S142A 78( 36 0.05( 0.004 33( 10 0.7
Y155F NDb ND 3.1( 0.7 -
S142A/Y155F ND ND 2.6( 0.2c -
Y155F/K159A ND ND 0.6( 0.2c -

BphB NADP+ 2.5( 0.6 5.5( 0.2 220( 35 0.04
NahB 27.5( 1 3.3( 1.8 1030( 200 0.3

a cis-2,3-Dihydro-2,3-dihydroxybiphenyl.b ND, not determined.c Average of 4 determinations in the presence of saturating concentrations of
both substrates.

Active Site of BphB Biochemistry, Vol. 39, No. 17, 20005033



of NAD+ is known to affect the Michaelis constant for NAD+

of some enzymes (33, 34), but not others (35). As noted
above, the absence of a negatively charged residue in NahBG7

also affected theKm relatively little. The crystal structure of
BphBLB400 reveals why the absence of the structurally
equivalent aspartate may have relatively little effect on the
nucleotide specificity of the aromaticcis-dihydrodiol dehy-
drogenases. Unlike dehydrogenases of the SDR family that
only form one or two hydrogen bonds with the pyrophosphate
of the dinucleotide cofactor (36, 37), six hydrogen bonds
connect the pyrophosphate to BphB (9). Ser15 is one of the
residues that interact with NAD+, and this is conserved in
the amino acid sequence of NahBG7 (Figure 3). Additional
contacts to the nucleotide are through residues 189-191.
Leu191 is also conserved in NahBG7, but Ser189 is replaced
by threonine, which is also capable of hydrogen bonding.
Asp59 interacts with the adenine ring of NAD+, the only
interaction of this type between the protein and adenine ring
of the nucleotide. This residue is also conserved in the
NahBG7 sequence (Figure 3). Such a close similarity in
primary sequence in the nucleotide binding region, as well
as very strong interaction through six hydrogen bonds
between the protein and NAD+, may be the reason the lack
of two extra hydrogen bonds, between Asp36 and NAD+,
fails to significantly perturb the affinity of the enzyme for
NAD+.

This study has provided important biochemical evidence
for the functional significance of several active site residues
of a cis-dihydrodiol dehydrogenase involved in bacterial
degradation of polychlorinated biphenyls. This information
provides the basic groundwork for rational manipulation of
the active site of BphB to accommodate a broader range of
substrates. These include chloro-substitutedcis-dihydrodiols
and 3,4-cis-dihydrodiols that are generated from some PCB
congeners and are relatively poor substrates for BphB (5,
38), limiting the versatility of the biphenyl degradation
pathway.
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