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Cr(VI) (chromate) is a toxic, soluble environmental contaminant. Bacteria can reduce chromate to the
insoluble and less toxic Cr(IIl), and thus chromate bioremediation is of interest. Genetic and protein engi-
neering of suitable enzymes can improve bacterial bioremediation. Many bacterial enzymes catalyze one-
electron reduction of chromate, generating Cr(V), which redox cycles, generating excessive reactive oxygen
species (ROS). Such enzymes are not appropriate for bioremediation, as they harm the bacteria and their
primary end product is not Cr(III). In this work, the chromate reductase activities of two electrophoretically
pure soluble bacterial flavoproteins—ChrR (from Pseudomonas putida) and YieF (from Escherichia coli)—were
examined. Both are dimers and reduce chromate efficiently to Cr(IIl) (k.. /K, = ~2 X 10* M~"'-s™"). The
ChrR dimer generated a flavin semiquinone during chromate reduction and transferred >25% of the NADH
electrons to ROS. However, the semiquinone was formed transiently and ROS diminished with time. Thus,
ChrR probably generates Cr(V), but only transiently. Studies with mutants showed that ChrR protects against
chromate toxicity; this is possibly because it preempts chromate reduction by the cellular one-electron
reducers, thereby minimizing ROS generation. ChrR is thus a suitable enzyme for further studies. During
chromate reduction by YieF, no flavin semiquinone was generated and only 25% of the NADH electrons were
transferred to ROS. The YieF dimer may therefore be an obligatory four-electron chromate reducer which in
one step transfers three electrons to chromate and one to molecular oxygen. As a mutant lacking this enzyme
could not be obtained, the role of YieF in chromate protection could not be directly explored. The results

nevertheless suggest that YieF may be an even more suitable candidate for further studies than ChrR.

Cr(VI) (chromate) is a serious environmental pollutant due
to the wide use of chromium compounds in industries such as
tanning, corrosion control, plating, pigment manufacture, and
nuclear weapons production (2). At the Department of Energy
(DOE) waste sites, for example, it is the second most common
heavy-metal contaminant, ranging in concentration between
0.008 and 173 uM in groundwater and 98 nM and 76 mM in
soil and sediments (30); since soil water is stored in small
capillary spaces, the last-mentioned concentrations are very
high. Chromate is toxic, mutagenic, and carcinogenic (14, 35).
Several factors contribute to its toxicity. Because of its struc-
tural similarity to SO,>", it is readily taken up by both bacterial
and eukaryotic cells through the sulfate transport system (5,
35). Inside the cell, it is reduced nonenzymatically, as well as by
various enzymes. Its partial reduction, particularly by the cel-
lular one-electron reducers, generates Cr(V) and reactive oxy-
gen species (ROS); the latter may be a major factor in causing
cellular damage (5, 35, 39). Chromate is soluble and thus
readily spreads beyond the site of initial contamination. Bac-
teria can convert chromate to Cr(I1I), which is much less toxic
and less soluble, and thus bacterial bioremediation of chro-
mate is of considerable interest, especially given the fact that
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alternative chemical means are prohibitively expensive for
large-scale cleanup (5).

Field studies have shown that biostimulation is a promising
approach for bioremediation (19, 24). This method entails
addition of nutrients to the environment, such as aquifers, to
stimulate the growth of indigenous bacteria. Although en-
hanced growth does promote bioremediation, the resulting
large amount of biomass can result in clogging of subsurface
pores and confining of remediation to a narrow zone (19).
Moreover, polluted environments, especially the DOE sites
(30), contain multiple pollutants. Biostimulation of such sites is
likely to have limited effectiveness, since the remediating bac-
teria, as well as the enzymes involved, are inhibited by the
mixed waste present in such environments (M. Keyhan and A.
Matin, unpublished data). Chromate remediation in such en-
vironments is further complicated by the fact that its reduction
involves the generation of toxic intermediates, which are det-
rimental to the remediating bacteria (5).

One way to address these problems is to use genetic- and
protein engineering approaches. For instance, the use of ap-
propriate promoters can ensure maximal expression of desired
genes in slowly growing bacteria, thereby minimizing biomass
formation and clogging (21, 22). Also, protein engineering of
bacterial chromate reductases can generate improved enzymes
that reduce chromate more efficiently, that minimize chromate
toxicity to the remediating bacteria, and that can function in
the presence of other pollutants. Some bacteria can evidently
use chromate as the terminal electron acceptor, employing
membrane-bound enzymes (23, 25, 41). However, several oth-
ers reduce it using soluble enzymes (4, 12, 28, 39). The func-
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TABLE 1. Bacterial strains and plasmids used
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Strain or plasmid

Relevant characteristics

Reference or source

E. coli
CC118\pir \pir phage lysogen; Rif" 24
BL21(DE3) Novagen
DH5« 27
AMS6 27
AMSONY AMS6 (\pCLA-3) This study
P. putida
KT2440 12
CRK3 KT2440 transconjugant bearing a cointegrate of the plasmid pCHPS8 This study
CRK4 KT2440 chrR::Cm mutant; Sm>/Suc" This study
Plasmids
pUC 19 Cloning vector; Amp" 27
pET28a(+) Translation vector with T7 lac promoter and His tag sequence; Km" Novagen
pRK600 Helper plasmid with ori ColE1 RK2-Mob™ Rk2-Tra™; Cm" 31
pMRS101 Suicide vector; Amp* 31
pCG-1 pET28a(+) with EcoRI-Ndel yieF gene; Kan® This study
pCHP4 pET28a(+) containing the P. putida chrR gene (Ndel/EcoRI); Km" This study
pCHPS pUC 19 containing P. putida 1.5-kb PCR fragment (BamHI/Xbal); Ap" This study
pCHP6 Identical to pCHP5 but Cm cassette in the middle of the chrR gene at Clal site; Ap" Cm" This study
pCHP7 pMRS101 with 2.3-kb fragment containing 1.5-kb PCR fragment and 0.8-kb Cm cassette This study
at BamHI/Xbal site; Ap" Cm" Sm"
pCHPS Identical to pCHP7 but oriE] and Ap" were removed by NorI digestion; Cm" Sm" This study
pRS415 lacZ fusion vector; Ap" 34
pCLA-3 pRS415 with yieF fusion This study
RS45 Helper phage 34

tional aspects of the latter group have been little studied,
and they are more amenable to protein engineering. We
have therefore focused on characterizing the soluble chro-
mate reductases to identify suitable candidates for further
work.

Using classical biochemical techniques, a novel soluble
enzyme (ChrR) with chromate reductase activity was previ-
ously purified to homogeneity from Pseudomonas putida
(28). N-terminal and internal amino acid sequence deter-
mination of the enzyme allowed the design of appropriate
primers to clone the chrR gene (27). BLAST searching of
protein databases with the derived ChrR amino acid sequence
revealed a conserved family of proteins whose members
are present in a wide range of organisms. Over 40 of these
homologs, including the predicted product of a previously
uncharacterized open reading frame (yieF) from Escherichia
coli, show >30% amino acid identity with ChrR. All contain
the characteristic signature of the NADH_dh2 family of pro-
teins, which consists of bacterial and eukaryotic NAD(P)H
oxidoreductases (http://www.ncbi.nlm.nih.gov/entrez/query.f-
cgi). Using appropriate primers, the E. coli yieF gene was
cloned as well, and it was shown that this enzyme also can
reduce chromate (27). The availability of the cloned genes has
enabled us to obtain large quantities of the two enzymes in
electrophoretically pure form and to compare several of their
characteristics: chromate reduction kinetics, generation of
ROS during chromate reduction, and induction patterns.
While both enzymes are suitable for further work to improve
bacterial chromate bioremediation, YieF appears to be a bet-
ter candidate.

MATERIALS AND METHODS

Bacterial strains and plasmids. The strains and plasmids used in this study are
listed in Table 1. Luria-Bertani (LB) liquid medium was used for bacterial
growth unless otherwise specified. Recombinant and lysogenic strains were se-
lected on solid media with appropriate antibiotics: ampicillin (100 wg/ml), kana-
mycin (25 pg/ml for E. coli; 50 wg/ml for P. putida), chloramphenicol (20 pg/ml),
or streptomycin (400 pg/ml).

Growth conditions and assays. Cell growth was followed by 444, measure-
ments. Chromate reduction rates were quantified in growing cultures, as well as
cell suspensions. Residual chromate was measured by the diphenyl carbazide
method (27, 28) after removing the cells by microcentrifugation. Cell suspensions
were prepared from overnight cultures which had been washed and resuspended
(Agg0, 4 10 6; 1.3 to 1.9 mg - ml of total protein~') in fresh LB medium containing
the specified concentration of potassium chromate. The suspensions were incu-
bated with shaking at 30°C and sampled at appropriate intervals to measure
residual chromate. At these cell concentrations, little change in culture density
occurred during the experiment.

Cell extract preparation and chromate reductase assays have been described
previously (10, 28). Kinetic measurements of enzyme activity were performed at
the optimal pH and temperature, which were determined in separate experi-
ments. For determinations of optimal pH, 50 mM citrate and phosphate buffers,
whose ranges overlap in part, were used. Protein concentrations were deter-
mined with the Bio-Rad Dc protein assay kit, using bovine serum albumin as a
standard. H,O, formation was quantified using the Amplex Red kit (Molecular
Probes).

Protein overproduction and purification. The plasmid pCHP4 (Table 1), con-
taining the chrR gene (27) in a pET-28a" vector, was used to overproduce the
ChrR protein in the E. coli BL21(DE3) strain. To prevent inclusion body for-
mation, the cells were grown at 18°C in LB medium containing 1 M p-sorbitol
and 2.5 mM glycine betaine, induced with 0.25 mM IPTG (isopropyl-B-p-thio-
galactopyranoside) at an A of 0.4, and harvested 8 h later (1). Recombinant
YieF was produced in a similar fashion. The coding region of the gene was
amplified from E. coli AMS6 genomic DNA using appropriate primers (27) and
cloned in the corresponding restriction sites of pET-28a" (plasmid pCG-1; Table
1). Overproduction of YieF in E. coli BL21(DE3) did not lead to significant
inclusion body formation, and soluble recombinant protein was purified without
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the addition of D-sorbitol and glycine betaine to the LB culture, as was required
for ChrR purification (see above).

The enzymes were purified using a Ni-nitrilotriacetic acid binding column
(Novagen) and incubated with 10 mM EDTA at room temperature for 10 min;
the EDTA treatment markedly enhanced enzyme activity. The enzyme prepa-
rations were desalted with an Amersham Biosciences HiTrap desalting column
and stored in 10 mM Tris— HCl, pH 7.5. A biotinylated thrombin capture kit
(Novagen) was used in thrombin cleavage. Polyacrylamide gel electrophoresis
(PAGE) under denaturing conditions was performed using 12% Criterion pre-
cast acrylamide gels and a MiniProtean II electrophoresis cell (Bio-Rad). The
gels were stained with Coomassie brilliant blue R-250 (28).

TLC. The enzyme-bound cofactor was released by boiling 2 mg of purified
protein ml~! for 10 min, followed by centrifugation at 12,000 X g for 10 min.
Fifty microliters of the supernatant was applied to 0.2 mm Kieselgel 60 thin-layer
chromatography (TLC) plates (Merck), using butanol-acetic acid-water (4:1:1) as
a solvent. Commercial flavin mononucleotide (FMN) and flavin adenine dinu-
cleotide (Sigma) were used as standards, and the fluorescent spots were visual-
ized under UV light.

Construction of P. putida KT2440 mutant with chrR gene disrupted. A 1.5-kb
DNA fragment containing the chrR gene plus upstream (627-bp) and down-
stream (342-bp) sequences was flanked with BamHI and Xbal restriction sites
and cloned in pUC19 (pCHP5) (Table 1). The Clal site in the middle of the chrR
gene was used to insert a Clal-flanked chloramphenicol cassette, generating the
plasmid pCHP6. The BamHI-Xbal fragment was excised from pCHP6 and
cloned in pMRS101 (31) (pCHP?7), followed by oriEI deletion from the plasmid
(Notl digestion [pCHPS8]). pCHP8 was transferred from E. coli CC118 Npir to P.
putida KT2440 by triparental mating using the helper plasmid pRK600 (6). Since
E. coli cannot grow on benzoate and KT2440 can, selection for plasmid cointe-
grates of KT2440 was accomplished using benzoate (10 mM)-M9 minimal me-
dium supplemented with streptomycin. The Sm* colonies were unable to grow on
LB medium containing 5% sucrose, confirming that the plasmid pMRS101 (with
its sacB gene) had integrated into these strains. The transconjugant CRK3 was
grown overnight in streptomycin-free LB medium, diluted 1,000-fold, and fol-
lowing incubation for 12 h, serially diluted and plated on LB medium with or
without sucrose. PCR analysis of one of the Suc’ Sm® clones, CRK4, confirmed
that gene replacement had occurred.

Rapid-scan kinetic measurements. Rapid-scan kinetic measurements were
performed using a stopped-flow spectrophotometer (8) that consisted of a mixing
chamber equipped with an OLIS-RSM data acquisition and analysis system (On
Line Instrument Systems, Inc., Bogart, Ga.). The dual-beam optical system used
is capable of achieving 1,000 spectral scans per s. Interchangeable grating mono-
chromators (400 lines blazed at 550 nm) permitted the acquisition of repeated
kinetic scans of the contents of the observation cell over a 230-nm span in the
visible region. The samples of ChrR and YieF (3.0 pM) and substrates were
prepared in 0.05 M citrate buffer, pH 5.0, and added to separate syringes of the
stopped-flow spectrophotometer. The temperature of the driving syringes was
maintained at 30 = 1°C; room temperature solutions were allowed to equilibrate
for 10 min in the driving syringes. Reactions were initiated by rapidly mixing 0.10
ml of the solution from each driving syringe.

For reductive half reactions, oxidized enzyme and different concentrations of
NADH were added to separate syringes of the instrument. For oxidative half
reactions, different concentrations of chromate were added to one syringe, while
the other syringe received 3.0 uM ChrR or YieF that was amended with NADH
as specified. The enzyme solution was gently bubbled with nitrogen gas to lower
the concentration of dissolved molecular oxygen. Reduced enzyme prepared
under these conditions exhibited air oxidation with a half-life of ~15 min, a
reaction that was sufficiently slow to permit stopped-flow observations of the
reduced enzyme without imposing strict anaerobic conditions.

Western analysis. Western analysis was performed as described previously
(42), using a polyclonal antibody against the ChrR protein raised in rabbits by
Josman Laboratories. The antibody was purified using an AminoLink Plus Im-
mobilization kit (Pierce) followed by nitrocellulose membrane immunoaffinity
purification (11) and desalting (Amersham Biosciences HiTrap desalting col-
umn). The purified antibody in 10 mM Tris-HCI, pH 8.0, remained stable for ~2
weeks at 4°C, but not upon freezing. The secondary antibody used was horse-
radish peroxidase-conjugated goat anti-rabbit secondary antibody (Sigma), and
the bands were detected using an ECL Plus Western Blotting detection system
(Amersham Pharmacia). Cells were taken from an overnight culture grown
without Cr(VI), diluted to an A4, of 0.1 in LB with or without Cr(VI), and
incubated with aeration at 30°C. Samples were collected by centrifugation at the
appropriate time points and resuspended in sodium dodecyl sulfate (SDS) lysis
buffer (20), and 26 ng of total protein was loaded per lane. A negative control
from CRK4 (not shown) was used to confirm the identity of the ChrR bands.
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Relative band intensities were estimated using the program ImageQuant (Mo-
lecular Dynamics).

Construction of the yieF-lacZ fusion. The yieF upstream region was PCR
amplified using the following primers: forward (—690), 5'-ATCGAATTCTCCC
CTCCCAGTGTCATC-3'; reverse (+183), 5'-ATCGCGGATCCCGTTGCTG
GAAAACCTTC-3". (The numbers in parentheses indicate positions in relation
to the translational start site.) Appropriate flanking restriction sites (EcoRI and
BamHI; underlined sequences) were added to obtain directional cloning. The
fragments were cloned into the fusion vector pRS415 (pCLA-3) (Table 1) and
transformed into E. coli AMS6, and the colonies were screened on X-Gal (5-
bromo-4-chloro-3-indolyl-B-p-galactopyranoside) plates. The resulting plasmid
was recombined in the phage RS45 and used to lysogenize AMS-6 to obtain a
single-copy fusion strain (AMS6AY) (18, 34). To determine the induction pattern
of the yieF-lacZ fusion, cells were grown in LB broth with or without chromate,
and aliquots (250 wl) were lysed using BugBuster solution (Novagen). Protein
was measured with a Bio-Rad protein assay kit, and B-galactosidase activity was
assayed as described previously (18); the activity is expressed in Miller units.

RESULTS

ChrR and YieF are dimeric flavoproteins. As stated in Ma-
terials and Methods, the ChrR and YieF proteins were ex-
pressed and purified as N-terminal His-tagged fusions. The
purification products each gave a single band on SDS-PAGE,
running at ~22 kDa. Size exclusion chromatography confirmed
that the purity of these preparations was >95% and also indi-
cated that the native molecular masses of the enzymes were ca.
50 kDa.

Both ChrR and YieF had typical flavoprotein absorption
spectra and a yellow color that was resistant to dialysis. The
cofactor was released by boiling and identified by TLC as FMN
(data not shown). Several regions of conservation in the de-
rived amino acid sequences of the two proteins were evident, in
particular, the signature sequence of the NADH_dh2 protein
family (LFEVTPEYNXXXXXXLKNAIDXXS) and the 18 res-
idues shown in Fig. 1. A clustal W alignment showed that these
residues are highly conserved (>95% identity) in 44 homologs
of ChrR. These amino acids may be involved in FMN binding,
since residues of the same identity and arrangement bind this
cofactor in the Vibrio fischeri enzyme flavin reductase P, whose
crystal structure has been solved (40).

The extra mass in the native proteins probably arises from
the bound cofactor and potential possession of an intersubunit
disulfide cross-linkage; such linkages can cause nonproportion-
ate movement in SDS-PAGE and gel filtration (36).

Chromate reduction kinetics and range of electron accep-
tors. In a previous work (28), which relied on classical purifi-
cation methods, it was not possible to generate sufficient elec-
trophoretically pure ChrR protein to conduct kinetic studies;
they were carried out with a partially pure preparation. The
kinetics reported here are for electrophoretically pure pro-
teins.

ChrR and YieF displayed very similar kinetics for chromate
reduction (Table 2) (k. /K, 2.2 X 10* M~ -s ! and 1.9 x 10*
M~!-s7! respectively), indicating that they are effective
agents for chromate reduction. Both had the same optimal pH
for this reaction, but ChrR functioned most efficiently at 70°C
while YieF had an optimal temperature of 35°C. Both en-
zymes, however, displayed >40% of maximal activity across a
broad range of pH (4.0 to 9.5) and temperature (25 to 80°C).
At limiting cofactor concentrations, ChrR displayed an eight-
fold preference for NADH over NADPH, while YieF ap-
peared to be able to utilize both cofactors equally well.
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YieF MSEKLQVVTLLESERKGEFNGMVARTLPKIAPASMEVNALPSIADIBLYDABVQQOEEGFE 60
ChrR MSQVYSVAVW-RKE.YNRKVARALSELAPSSLALKIV EIGDLILYNE'IEAEAP—I 58
.2 ***** * * *** * . ** * . . * * *** *
YieF ATVEALAEQIRQADGWVIVTPEYNYSVPGGLENAIBWLERLPDQ- PLAGKPVLIQTSSME 119
ChrR ETWKRFRDEIRRSDAWLFVTPEYNRSVPGCLENAIDV! PYGQSAWSG.PTAWSVSP. 118
* : : e * k. :*' ::****** *kok ok Kk ok ok ok ok *| . *** : : *  *
YieF VIBGARCQYHLRQILVFLDAMVMNKPE-FMGGVIQNKVDPQTGEVIDQGTLDHLTGQLTA 178
ChrR AIGGFGANHAVRQSLVFLDMPCMQMPEAYLGGAASLFED--SGKLNDK-TRPFLQAFVDR 175
.*** R :** * %k ok ok *: * % ::**. . * :*:: *: * .* .
YieF FGEFIQRVKI- 188
ChrR

FASWVKLNRAV 186

FIG. 1. Clustal W alignment of YieF and ChrR. The asterisks indicate identical residues, the colons indicate residues with a high level of
similarity, and the periods indicate residues with a lower level of similarity. The characteristic signature of the NADH_dh2 family of proteins is
boxed, and the 18 residues that are particularly highly conserved within ChrR homologs are shaded.

Inclusion of an EDTA incubation step in the enzyme puri-
fication protocol resulted in ca. fivefold increase in activity
compared to that previously reported (27). This suggested that
ChrR and YieF might be inhibited by divalent metal ions.
Subsequent incubation of the EDTA-treated enzymes with up
to 20 mM Cu?", Ni**, Mg>*, Ca?*, Fe**, Zn*", or Mn?",
however, had no significant effect on activity. This phenome-
non is under further investigation. As stated in Materials and
Methods, proteins purified by a process including the EDTA
step were used in the studies reported in this paper, as opposed
to a previous report from this laboratory (27). Removal of the
His tag by thrombin cleavage had no effect on the activity of
either enzyme.

The end product of chromate reduction was determined
using the X-ray absorption near-edge structure (XANES)
spectrum, as described previously (28). In this method, Cr(VI)
and Cr(III) can be distinguished by the pronounced preedge
feature of the former (28). The fraction of Cr(VI) was calcu-
lated by dividing the height of the Cr(VI) preedge peak by the
total absorption; that of Cr(III) was calculated from the dif-
ference between the amount of chromium represented by the
preedge peak and the total absorption jump. Chromate was
quantitatively converted to Cr(III) by both ChrR and YieF
(data not shown). Neither enzyme had any activity with Cr(III)
as a substrate.

Both of the enzymes also reduced quinones, potassium fer-
ricyanide, and 2,6-dichloroindophenol, but while ChrR did not
appear to have activity with any of the other high-valence
metals tested [U(VI), V(V), Mn(1V), and Mo(VI)], YieF re-
duced V(V) and Mo(VI). YieF also reduced methylene blue
and cytochrome ¢ and thus appears to have a broader substrate
range than ChrR.

Detection of flavin semiquinone forms of enzymes during
chromate reduction. Many bacterial flavoenzymes, e.g., gluta-
thione reductase (32, 33, 39), reduce chromate by a one-elec-
tron transfer process that leads to the generation of flavin
semiquinone forms of the enzymes and the Cr(V) radical. Both
are subject to redox cycling, resulting in the generation of large

amounts of ROS, and this is thought to be a central mechanism
of chromate toxicity (14, 35, 39). Since, as noted above, the end
product of both ChrR- and YieF-catalyzed reactions was
Cr(III), it is clear that these enzymes did not catalyze merely a
one-electron reduction of Cr(VI) to Cr(V). Nevertheless, since
the XANES analysis at the sensitivity level used cannot detect
Cr(V) (28), the results do not rule out transient formation of
Cr(V) and the flavin semiquinone forms of the enzymes during
the reaction. We therefore performed rapid-scan kinetic mea-
surements using a stopped-flow spectrophotometer (8) to de-
termine if the flavin semiquinone was generated during ChrR-
or YieF-catalyzed chromate reduction, since the appearance of
this enzyme form would imply Cr(V) formation. The time
resolution of this technique permits dissection of the kinetics
of the reductive and oxidative half reactions resulting in the
transfer of electrons from NADH to chromate.

The absorbance at 450 nm exhibited by flavoproteins disap-
pears upon their reduction. When either of the oxidized en-
zymes was rapidly mixed with different molar excess NADH
concentrations, each kinetic change in absorbance at this wave-
length conformed to a single exponential function of time
(data not shown). The values of the individual pseudo-first-
order rate constants for enzyme reduction were directly pro-
portional to the concentration of excess NADH, yielding val-
ues for the corresponding second-order rate constants of 1.0 X
10’ M~ ! - s~ ! for ChrR and 5.2 X 10° M~ ' - s~ ! for YieF. (The
rate constant is referred to as “pseudo” because it is assumed
that the concentration of the excess NADH does not change

TABLE 2. Kinetics for chromate reduction of ChrR
and YieF proteins®

. Vinax (mol * K, Kea keatKon Optimal ~ Optimal
Protein ™ mg ) (uM) () (M1-s"1) temp (C)  pH
ChrR 8.8 260 58 22x10* 70 5.0
YieF 5.0 200 3.7 19x10* 35 5.0

¢ All kinetic parameters were determined at optimal temperature and pH.
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during the reaction.) The direct proportionality indicates that
the formation of a kinetically significant complex between ox-
idized ChrR or YieF and NADH did not occur, thus validating
this technique for following the kinetics of the oxidation of the
reduced enzyme by chromate.

The oxidation of ChrR or YieF was studied, using limiting
NADH and excess chromate concentrations. The resulting
changes in the absorbances of the enzymes were a complex
function of the wavelength. Time-dependent absorbance
changes in ChrR or YieF were collected at each of 230 wave-
lengths between 400 and 630 nm. A global fit of the resulting
three-dimensional data set indicated that the observed spectral
changes at all wavelengths were described by a sum of two
exponential time functions. The spectra shown in Fig. 2A were
obtained by the global fit of all of the absorbance-versus-time
data for the two enzymes to a biphasic kinetic mechanism.
Spectrum a was obtained in the dead time of the instrument
and represents the fully reduced enzyme. Spectrum c is the
final absorbance recorded in the mixture after the reaction had
ceased and represents the oxidized enzyme. Spectrum b is the
transient intermediate that formed and disappeared during the
overall oxidation reaction and represents the semiquinone
form of the flavin. It is evident that this intermediate is formed
only during the reaction catalyzed by ChrR.

Further clarification of the difference between the chromate
reduction characteristics of the two enzymes is provided by the
kinetics of change in their electronic states at limiting NADH
(10 wM) and excess chromate (20 [trace a] or 40 [trace b] wM)
concentrations. While for both enzymes the disappearance of
the reduced enzyme (followed at A5, [Fig. 2B]) upon exhaus-
tion of NADH exhibited monophasic kinetics, the two enzymes
differed with regard to the appearance of the oxidized enzyme
(measured at A,(; [Fig. 2C]). For ChrR, but not for YieF, the
appearance of oxidized enzyme exhibited a lag. Furthermore,
in the case of the former, but not the latter, the disappearance
of the reduced enzyme was coupled with transient production
of a flavin semiquinone enzyme intermediate (Fig. 2D).

The spectrum for the flavin semiquinone shown in Fig. 2A,
trace b, is that calculated if all the ChrR flavin were converted
to that form; this concentration of semiquinone was never
actually realized in the rapid-mixing experiment. The values of
the apparent rate constants for both phases of the ChrR bi-
phasic reaction were directly proportional to the chromate
concentration (data not shown). These proportionalities yield-
ed second-order rate constants for the fast and slow phases of
ChrR oxidation of 2.1 X 10* and 1.1 X 10* M~* - s~ respec-
tively.

ROS generation during chromate reduction by the two en-
zymes. No flavin semiquinone form of YieF was detected dur-
ing the reduction of chromate catalyzed by the enzyme in the
rapid-mixing experiments described above. This implies that
YieF may be an “obligatory” two-electron reducing enzyme, as
is the case with the mammalian enzyme DT-diaphorase, which
reduces electrophiles by such obligatory divalent transfer of
electrons (3, 7, 17). Full chromate reduction [to Cr(III)] can
utilize only three electrons from a four-electron-reduced
dimeric enzyme, such as YieF. Thus, if YieF is an obligatory
two-electron reducer for chromate reduction, only one elec-
tron per molecule of chromate reduced would be available to
generate ROS. Direct measurements showed a stoichiometry
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of 37:17:8 nmol at 1 min and 90:44:24 nmol at 2 min of the
reaction among NADH consumed, chromate reduced, and
H,O, generated, respectively. At each time point, the ratio
corresponds to three electrons being passed to chromate and
one electron being passed to molecular oxygen (subsequently
generating H,O,) for every four electrons donated by NADH.
The results are consistent with the obligatory four-electron
reduction of chromate by the YieF dimer, in which the enzyme
simultaneously transferred three electrons to chromate and
one to molecular oxygen.

The appearance of the flavin semiquinone form of ChrR, on
the other hand, implies a nonsimultaneous transfer of elec-
trons, which would generate Cr(V). Both the flavin semiqui-
none and Cr(V) have a high probability of reacting with O, and
generating ROS through redox cycling. Measurements re-
vealed that at 1 and 2 min of chromate reduction by ChrR, of
the 76 and 150 nmol of NADH electrons consumed, 40 (53%)
and 59 (40%), respectively, were utilized in H,O, formation,
i.e., significantly more than the 25% that would have been
consumed in the absence of redox cycling. The amounts of
chromate that disappeared at corresponding times were 32 and
51 nmol, respectively, which for full reduction to Cr(III) would
require some 96 and 153 nmol of electrons, i.e., more than the
total NADH electrons consumed. The results are consistent
with partial chromate reduction and redox cycling during the
above-mentioned reaction. The numbers given for YieF and
ChrR represent averages of two independent measurements
with each enzyme with <2% variation.

Roles in chromate transformation and detoxification. The
amounts of the toxic ROS generated by ChrR and YieF during
chromate reduction differ. We were therefore interested in
comparing their roles in affording protection against chromate
toxicity. Several attempts employing different suicide vectors
(pMRS101 and pGP704), homology regions, antibiotic mark-
ers, and culture conditions, however, failed to generate a yieF'
mutant. yieF is probably essential to E. coli viability, and we are
attempting to isolate conditional mutants in this gene.

A P. putida strain with a disrupted chrR gene (CRK4) was
obtained, enabling us to compare the growth kinetics, chro-
mate transformation, and chromate sensitivity of the wild type
and the CRK4 mutant. Chromate (400 pM) inhibited the
growth of the wild-type P. putida (Fig. 3A). CRK4 was not
affected in growth in the absence of chromate, but it was
inhibited to a greater extent than the wild type in its presence
(Fig. 3B). The greater toxicity of chromate to CRK4 became
more marked at higher chromate concentrations. After 24 h of
incubation, the final 444,s for the wild type and the mutant at
5, 15, and 20 mM chromate were 0.70 and 0.40, 0.40 and 0.16,
and 0.14 and no growth, respectively. Chromate disappearance
from the medium occurred during the growth of the culture
but was slower for the mutant. After 24 h of incubation in
medium containing 400 pM chromate, the wild-type and the
mutant strains transformed some 38 and 25% of the chromate,
respectively.

The initial rates of chromate conversion were quantified
using dense cell suspensions: the mutant exhibited a 70% de-
crease in this rate (Fig. 4). Two controls were run to test the
possibility that cell surface adsorption influenced chromate
disappearance. The first involved the use of autoclaved cells
but an otherwise identical protocol. No chromate disappear-
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FIG. 2. Rapid-mixing studies with ChrR and YieF. The left column presents data for the ChrR protein; the right column presents data for the
YieF protein. (A) Spectra extracted from the data sets collected when ChrR or YieF (3 wM) was rapidly mixed with limiting NADH (10 pM) and
an excess of chromate (40 wM). The spectra were obtained from a global fit of all the absorbance-versus-wavelength-versus-time data to a biphasic
kinetic mechanism. Spectrum a, reduced enzyme; spectrum b, semiquinone form of FMN; spectrum c, oxidized enzyme. (B to D) Time courses
of absorbance changes at A5, (B, showing the disappearance of the reduced enzyme), 4,45 (C, showing the appearance of the oxidized enzyme),
and Asg, (D, showing flavin semiquinone formation) when oxidized ChrR or YieF was mixed with NADH and different molar excesses of chromate.
The final concentrations after mixing were as follows: ChrR, 3.0 uM; NADH, 10 wM; chromate, 20 (trace a) or 40 (trace b) uM.
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FIG. 3. (A) Growth of wild-type P. putida KT2440 in LB medium with (@) or without (®) 400 uM Cr(VI). (B) Growth of wild-type P. putida
KT2440 (m) and the CRK4 mutant (A) in LB medium with 400 uM Cr(VI). The data are the mean points of three independent measurements;

the standard error of the mean was <7%.

ance was seen, suggesting that surface adsorption did not con-
tribute to the observed results. The findings also eliminated the
possible contribution of Fe*", which is present in significant
amounts in the LB broth, in abiotic conversion of chromate.
Since autoclaving could have altered the surface properties of
the bacteria, a second control involved cells suspended in
buffer. Such suspensions removed chromate at some 2% of the
rate seen in LB medium, indicating little surface adsorption of
chromate; these results also show that the availability of an
energy source is essential for chromate reduction. ChrR thus
contributes significantly to the chromate-transforming ability
of P. putida and protects against its toxicity. How the latter may
be affected is considered in Discussion below.

Induction pattern. The above results indicate that ChrR may
have a functional role in detoxifying chromate in P. putida.
Induction patterns can be indicative of function. We therefore
determined if chromate induced ChrR. Western analysis
showed low levels of the ChrR protein in the exponential
phase, with a fourfold induction at the onset of the stationary
phase in P. putida cells grown in LB broth without chromate
supplementation (Fig. 3A and 5). Chromate (400 uM)-supple-
mented cultures exhibited increased levels, compared to the
unsupplemented cultures, at all time points except 12 h. In
these cultures also, the greatest increase was seen between 4
and 6 h, i.e., at the onset of the stationary phase (Fig. 3A).
Thus, ChrR is induced by both chromate and the stationary
phase; the implication of the latter is considered in Discussion
below.

Our inability to obtain a yieF E. coli mutant precluded direct
investigation of whether YieF protected the bacterium against
chromate toxicity. We nevertheless examined whether chro-
mate induced the enzyme in E. coli for the reason stated above.
The ChrR antibody did not recognize the YieF protein, and we
used E. coli strain AMS6\Y, bearing a single-copy yieF-lacZ
transcriptional fusion (Table 1), to address this question. The
fusion exhibited induction in the stationary phase in cultures
without chromate, while chromate induced the fusion in all
growth phases (Fig. 6). In the presence of chromate, a biphasic

growth pattern was seen, with growth arrest after two to three
generations, followed by partial recovery. The recovery coin-
cided with maximal yieF induction, which may be because the
induction of the fusion reflected induction of the protein.
Thus, the induction pattern of YieF appears to be consistent
with the possibility that it, too, protects against chromate tox-
icity.

DISCUSSION

Many soluble flavoproteins with unrelated metabolic func-
tions have been examined for chromate reductase activity. Ex-
amples are glutathione reductase, lipoyl dehydrogenase, and

0.51 4
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0.47 - r

0.45 . .
0 50 100 150
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FIG. 4. Initial rates of chromate removal from LB medium by wild-
type (KT2440; @) and mutant (CRK4; m) cell suspensions. The results
are averages of five independent measurements; the standard error of
the mean was <5%.
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Qualitatively similar results were seen in two independent measurements.

ferredoxin-NADP oxidoreductase. These catalyze one-elec-
tron reduction of chromate, generating flavin semiquinones
and Cr(V), which redox cycle and generate large quantities of
ROS. These studies were conducted to elucidate the biological
basis of chromate toxicity, and such enzymes are clearly not
appropriate for chromate bioremediation. Their activity dam-
ages the cell, and Cr(III) is not their end product (14, 32, 33).

Besides previous (27, 28; C. F. Gonzalez, D. F. Ackerley, M.
Keyhan, R. Blake, and A. Matin, Abstr. 103rd Gen. Meet. Am.
Soc. Microbiol., abstr. O-123, 2003.) and the present work, two
soluble bacterial enzymes have been studied with respect to
Cr(VI) reduction beyond Cr(V). One is the chromate reduc-
tase purified from Pseudomonas ambigua, which was shown to
generate Cr(V) only transiently. Indirect evidence suggested
that the end product of the reaction was Cr(I1I) (39). Whether
the enzyme activity enabled the organism to remediate and/or
detoxify chromate was not addressed. That the E. coli Fre
protein reduced Cr(VI) to Cr(III) was shown directly (29), and
since this enzyme has superior chromate reduction kinetics, it
too may be a suitable candidate for further work. Fre does not
contain bound flavin but reduces free flavins (FMN, flavin
adenine dinucleotide, and riboflavin) that are then able to pass
electrons to chromate. Free flavins are highly reactive, partic-
ularly in generating ROS; this may limit the usefulness of this
enzyme in chromate bioremediation. Whether Fre contributes
to the E. coli capacity to detoxify and remediate chromate has
also not been investigated.

Both ChrR and YieF, in electrophoretically pure form, con-
verted Cr(VI) to Cr(IIl). This is shown by the XANES spec-
trum measurements, as well as by stopped-flow experiments,
which demonstrated that each of the reduced enzymes was
fully oxidized by chromate, albeit with some delay in the case
of ChrR. Further, we show that ChrR not only contributes to the
chromate-remediating ability of P. putida but also reduces chro-
mate toxicity to the bacterium, since the mutant CRK4 lacking
this enzyme exhibited significant impairment in both respects.

ChrR belongs to the NADH_dh2 family of proteins, which
consists of obligatory two-electron reducers of electrophiles.
Thus, a possible reason for the protective role of ChrR against
chromate toxicity could have been that the dimeric enzyme
reduced chromate by a simultaneous four-electron transfer. In
such a scenario, the four-electron-reduced enzyme dimer
would catalyze a one-step, three-electron reduction of Cr(VI)
to Cr(III), and the remaining one flavin semiquinone would
simultaneously react with another electron acceptor, such as
molecular oxygen, so that no more than 25% of the electrons
consumed would form ROS. However, the fact that the
semiquinone form of the enzyme was detected in stopped-flow
experiments, together with the finding that >25% of the
NADH electrons were transferred to ROS, indicates that
ChrR is not a pure two-electron reducer of chromate and that
Cr(V) is likely to be an intermediate in the reaction it cata-
lyzes. Whether Cr(V) is formed during ChrR-catalyzed reduc-
tion of Cr(VI) is under investigation.

Regardless, and notwithstanding considerable ROS genera-
tion, ChrR does protect P. putida against chromate toxicity.
What accounts for this effect? As stated above, several cellular
enzymes are pure one-electron reducers of chromate. Indeed,
cellular metabolites, such as glutathione and ascorbate, can
also do the same (9, 16). Since the resulting redox cycling
generates extensive ROS, an enzyme that generates Cr(V) only
transiently can in principle have a protective role. During
ChrR-catalyzed chromate reduction, ROS formation dimin-
ished considerably with time. This is consistent with the pos-
sibility that Cr(V) generation occurs only transiently during
this reaction. If so, the protective role of ChrR may lie in its
ability to preempt reduction of chromate by cellular one-elec-
tron reducers, thereby minimizing ROS formation. Competi-
tion studies between ChrR and one-electron reducers for chro-
mate reduction are now in progress to test this notion.

In contrast to ChrR, YieF did not show semiquinone fla-
voprotein generation during chromate reduction and con-
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FIG. 6. B-Galactosidase activity determined during growth of AMS-6)\Y in LB medium without (@) or with (m) 200 uM chromate. The open
symbols show culture growth monitored at A4, in the absence (O) or presence ([J) of chromate. The results represent averages of three

experiments; the standard error of the mean was <5%.

sumed only some 25% of NADH electrons to molecular oxy-
gen in ROS generation. Thus, this enzyme produces only the
minimal amount of ROS, involving a reaction in which a four-
electron-reduced enzyme catalyzes a three-electron-requiring
reduction. To our knowledge this is the first enzyme for which
stoichiometric production of ROS associated with Cr(VI) re-
duction has been demonstrated. YieF should thus prove to be
particularly effective in protecting against chromate toxicity;
our present attempts to obtain a conditional E. coli yieF mutant
are aimed at testing this possibility.

Have ChrR and YieF evolved specifically to protect against
chromate toxicity? Given that chromium in nature exists pri-
marily as chromite ore (FeCr,0,), in which it is present in the
3+ state (2), and that the introduction of chromate in the
environment is a relatively recent event, this is unlikely. In-
stead, our ongoing work strongly suggests that ChrR and YieF
may be bacterial counterparts of the mammalian DT-diapho-
rase (7, 15, 17) with the main biological role of detoxifying
quinonoid compounds, which are a constant threat to bacteria

(37). Their protection against chromate toxicity may be a re-
flection of a more generalized role of divalent reduction of
electrophiles that are prone to one-electron reduction and
ROS generation. As YieF can reduce cytochrome c, other
metals, and K ;FeCN,, it may have additional roles, e.g., in
metal assimilation. These and other possibilities are presently
under investigation.

As stated in the introduction, our long-term goal is to im-
prove bacterial bioremediation through genetic and protein
engineering, and one of the objectives of the present work was
to identify suitable enzymes for this end. Several findings make
ChrR and YieF appropriate for further investigation. Both
convert Cr(VI) to Cr(IlI); ChrR protects against chromate
toxicity, and it is likely that YieF will prove to be even more
effective in this respect; and both enzymes appear to be natu-
rally under the control of starvation promoters, as they are
induced in the stationary phase. Such promoters are activated
at low growth rates (13), and this should prove advantageous.
By permitting effective gene expression without the need for
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rapid growth, these promoters minimize biomass formation
and can enhance the efficacy of biostimulation (21, 22). The
fact that yieF’ and chrR belong to a large class of homologous
genes will facilitate the application of techniques like DNA
shuffling (38) for evolving enzymes with improved capacities
for chromate bioremediation.
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