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MICROBIAL SYSTEM FOR
FORMALDEHYDE SENSING AND
REMEDIATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 08/919,953, filed Aug. 29, 1997, which
will issue as U.S. Pat. No. 5,837,481 on Nov. 17, 1998,
which is a divisional application of U.S. patent application
Ser. No. 08/608,241, filed Feb. 28, 1996, now U.S. Pat. No.
5,747,328, each of which are incorporated herein by refer-
ence in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention made with United States Government
support awarded by USDA, USDA Project Numbers 37262-
5588 and 37306-0336; Hatch Project Number 3766. The
United States Government has certain rights in this inven-
tion.

BACKGROUND OF THE INVENTION

Increasing concern over environmental contaminants has
made desirable systems for detecting and remediating such
contaminants. Among the more important contaminants of
industrial societies is formaldehyde. The health and envi-
ronmental effects of formaldehyde have been well
characterized, as has their distribution in soil and water. See,
e.g. “Health and Environmental Effects Profile for
Formaldehyde,” Report No. EPA/600/X-85/362, Environ-
mental Criteria and Assessment Office, Office of Health and
Environmental Assessment, Office of Research and
Development, US Environmental Protection Agency,
Cincinnati, Ohio 45268 (NTIS document number PB8S8-
174958) (October 1985) and “Exploratory Report
Formaldehyde,” Report No. 710401018, National Institute
of Public Health and Environmental Protection, Bilthoven,
The Netherlands (NTIS Report No. PB93-224483) (October
1992).

Evidence of formaldehyde carcinogenicity in rats and
other epidemiological evidence have led to the classification
of this compound as a probable human carcinogen. Form-
aldehyde is a common product of several industries (wood
processing, paper production) that feed run-offs into aquatic
ecosystems. Formaldehyde, which is present in approxi-
mately 2,000 entries of the Product Register Data Base, is
also released from common cleaning agents, soaps,
shampoos, paints, and lacquers. Little is known about how
cells sense this toxin, metabolize it, or control the genes that
are required for formaldehyde oxidation.

Existing chemical monitors for formaldehyde are time-
consuming, exhibit variable sensitivity, and are prone to
cross-reactivity with other aldehydes. It would be useful to
utilize a biological system capable of specific response to,
and detection of, formaldehyde. Moreover, a system capable
of responding to the presence of formaldehyde could be
useful as a bioremediation tool to reduce or eliminate
formaldehyde as an environmental contaminant. However,
to date, no biological formaldehyde-inducible detection or
remediation system has been constructed.

Most organisms have the ability, using various metabolic
pathways, to generate both energy and carbon skeletons by
oxidizing a wide spectrum of substrates, including substrates
that are themselves environmental toxins. Formaldehyde
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oxidation can be mediated by Class III alcohol dehydroge-
nase enzymes, also called glutathione-dependent
formaldehyde-dehydrogenases or GSH-FDH, which are a
well-studied class of the zinc-dependent alcohol dehydro-
genase protein family that is known in both prokaryotes and
eukaryotes.

GSH-FDH enzymes are believed to perform different
functions depending upon the cell type. In some organisms,
GSH-FDH serves a role in the catabolism of methylated
compounds. For example, some methylotrophic microbes
use GSH-FDH to generate carbon skeletons and NADH
from the formaldehyde that is produced from methanol
oxidation. In non-methylotrophic organisms, GSH-FDH rids
the cells of toxic formaldehyde produced from the oxidation
of methylated substrates such as choline, sarcosine,
methionine, O-methylated amino acids, methanol, methyl
halides, or several N-, O-, or S-methylated xenobiotics. In
both roles, GSH-FDH enzymes generate reducing power,
NADH, and a product, S-formylglutathione, that can be
subsequently oxidized to generate one-carbon compounds
such as formate or carbon dioxide.

In particular, S-hydroxy methyl glutathione (HMGSH),
an adduct formed spontaneously by glutathione (GSH) and
formaldehyde (HCHO) (reaction 1), is both the preferred in
vitro substrate and the presumed physiologically relevant
substrate in vivo for GSH-FDH enzymes (reaction 2).

(1) HCHO+GSH—-HMGSH (spontaneous)

(2) HMGSH+AND*—S-formylglutathione+NADH+H*

Unlike other classes of alcohol dehydrogenase enzymes,
members of the GSH-FDH family do not exhibit appreciable
activity with short aliphatic alcohol substrates such as etha-
nol. Instead, GSH-FDH enzymes catalyze the AND-
dependent oxidation of long chain hydroxylated fatty acids
(i.e., 12-hydroxydodecanoic acid) or long chain alcohols.

In the photosynthetic purple bacterium Rhodobacter
sphaeroides, a glutathione-dependent formaldehyde dehy-
drogenase protein (Adhl) is encoded by adhl in an operon
that also includes cycl which encodes an isoform of the
cytochrome c, family of electron transport proteins. The
Adhl protein encoded by adhl has the characteristic sub-
strate preference of a glutathione-dependent formaldehyde
dehydrogenase. Ferguson plot analysis, using zymograms,
suggests that the functional form of Adhl is a homodimer of
approximately 40 kDa subunits, analogous to other such
enzymes. The complete nucleotide sequence of R. sphaeroi-
des adhl has not heretofore been disclosed.

Expression of the adhl-cycl operon is thought to be
regulated since the abundance of isocytochrome c, was
increased by a trans-acting regulatory mutation. Rott, et al.,
“Genetic Evidence for the Role of Isocytochrome c, in
Photosynthetic Growth of Rhodobacter sphaeroides Spd
Mutants,” J. Bacteriol. 175:358-66 (1993).

BRIEF SUMMARY OF THE INVENTION

The present invention is summarized in that a protein-
encoding genetic sequence that is operably linked to a
formaldehyde-inducible transcriptional promoter sequence
and a cis-acting operator in a genetic construct can be
specifically transcribed in a bacterial host cell that contains
a formaldehyde-specific regulatory system disclosed herein,
when the cell is exposed to formaldehyde. The genetic
construct is useful in an assay for detecting formaldehyde.

The invention is further summarized in that a formalde-
hyde dehydrogenase gene that is operably linked to the
formaldehyde-inducible transcriptional promoter/operator
sequence in a genetic construct can be specifically tran-
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scribed in a bacterial host cell that contains the
formaldehyde-specific regulatory system when the cell is
exposed to formaldehyde, thereby producing a formalde-
hyde dehydrogenase enzyme. The construct is useful in a
bioremediation assay capable of metabolizing formaldehyde
into single-carbon skeletons.

The invention is further summarized in that a bacterial
cell can respond in a biosensing assay or bioremediation
assay if it contains a genetic construct that includes a
protein-encoding genetic sequence operably linked to the
formaldehyde-inducible transcriptional promoter sequence
linked to a cis-acting operator, a trans-acting regulator of the
transcriptional promoter and a formaldehyde-specific sen-
SOr.

When linked to the cis-acting operator sequence described
herein, the transcriptional promoter can be induced in the
presence of formaldehyde to transcribe the operably linked
protein-encoding sequence in the presence of a two-
component regulatory system (also referred to as a histidine
kinase-response regulator) wherein one or more components
sense the presence of formaldehyde (hereinafter referred to
as a “sensor”) and another component, the so-called
“response regulator”) regulates transcription of the protein-
encoding sequence. The sensor and the regulator molecule
can be provided as proteins or can be encoded on a genetic
construct when placed under the control of a suitable pro-
moter. The gene or genes encoding the sensor and/or regu-
lator can be provided on the same construct as the
formaldehyde-inducible promoter operably linked to the
coding sequence, or can be provided on separate constructs.
If provided on the same construct, the gene or genes should
be under the transcriptional control of an unregulated or
constitutive promoter.

The present invention is also summarized in that a method
for detecting the presence of formaldehyde includes the
steps of (1) adding to a sample to be tested a bacterial cell
that contains (a) a genetic construct that includes a genetic
sequence encoding a detectable protein operably linked to
the disclosed promoter/operator sequence, and further con-
tains (b) a trans-acting regulator of the formaldehyde-
specific transcriptional promoter as well as (c) a
formaldehyde-specific sensor, and then (2) monitoring for
the presence of the detectable protein.

The present invention is also summarized in that a method
for remediating formaldehyde from an environment includes
the steps of (1) adding to a formaldehyde-containing sample
a bacterial cell that contains (a) a genetic construct that
includes a formaldehyde dehydrogenase gene operably
linked to the promoter/operator sequence disclosed herein,
and further contains (b) a trans-acting regulator of the
transcriptional promoter and (c) a formaldehyde-specific
sensor, and then (2) monitoring a decrease in formaldehyde
level in the environment.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1a shows a partial restriction map of a portion of the
R. sphaeroides genome that encodes the adhl-cycl operon.

FIG. 1b shows a partial restriction map of the promoter
portion of the adhl-cycl operon.

FIG. 2 shows a partial restriction map of genomic clone
pUI8017 that contains a polynucleotide having at least three
open reading frames that encode a repressor (formerly SpdR,
now GfdR), a polynucleotide that encodes a transmembrane
sensor protein (GfdT) and a polynucleotide that encodes a
soluble sensor protein (formerly SpdS, now GfdS).
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FIG. 3 depicts induction by methanol and formaldehyde
of an indicator gene (lacZ) operably linked to the promoter
and operator described herein.

DETAILED DESCRIPTION OF THE
INVENTION

In its broadest sense, the present invention is a system for
regulating transcription of a polynucleotide in a bacterial
host cell that can be induced when the cell is exposed to
formaldehyde. The transcriptional regulation scheme con-
templated herein is a regulatory system of the type reviewed
by Bourret, R. B. et al., Annual Rev.; Biochem; 60:401-411
(1991), incorporated herein by reference, and by Parkinson,
J. S. and E. C. Kofoid, Annual Rev. Genetics, 26:71-112
(1992), incorporated herein by reference.

In brief, a histidine kinase-response regulatory system
includes a sensor that specifically detects a target molecule
and, upon detection, transmits a signal to a trans-acting
effector or regulatory protein that modulates activity else-
where in a cell. Modulation can be at the transcriptional,
translational, or functional level. In structurally similar
systems, the signal is generally transmitted by autophospho-
rylation of the sensor followed by transphosphorylation by
the sensor of the regulator. In the present system, the
regulator is a DNA-binding repressor protein. Reference
herein to the repressor protein, the effector protein or regu-
latory protein are all intended to refer to this molecule.

Incorporated U.S. Pat. No. 5,747,328, from which this
application claims priority, disclosed that a single polynucle-
otide fragment (genomic clone pUI8017) contributed all
necessary repressor and sensor functions of the
formaldehyde-inducible regulatory system and it was pre-
dicted on the basis of preliminary sequence data that the
regulatory system contained thereon encoded no secondary
sensor protein. Because the fragment competently contrib-
uted the necessary functions, it was further predicted that
any additional system component would likely be encoded
on the same polynucleotide clone. The competent DNA
fragment is obtained from a genomic cosmid library of
wild-type Rhodobacter sphaeroides (strain 2.4.1) DNA. The
genomic library was described by Dryden, S. and S. Kaplan,
“Localization and Structural analysis of the ribosomal RNA
operons of Rhodobacter sphaeroides,” N. A. R. 18:7267
(1990), incorporated herein by reference. The genomic clone
pUIB017 was prepared in cosmid vector pLA2917, which
was itself described by Allen, L. N. and R. S. Hanson,
“Construction of Broad-Host-Range Cosmid Cloning Vec-
tors: Identification of Genes Necessary for Growth of
Methylobacterium organophilum on Methanol,” J. Bact.
161:955 (1985), incorporated herein by reference.

In nature, the sequences encoding the sensor and the
repressor of the present invention are linked members of a
single operon. FIG. 2 shows a partial restriction map of
genomic clone pUI8017 that contains the sequences that
encodes the repressor (formerly SpdR, now GfdR), and a
pair of sensor components which include a transmembrane
component (GfdT), and a soluble component (formerly
SpdS, now GfdS). This portion of a bacterial genome can be
obtained from other organisms by using a genetic probe
corresponding to the exemplified sequence or any portion
thereof. Since organisms may contain genes related to the
gfdr, gfdT and gfds genes, the hybridization conditions
employed should be sufficiently stringent to detect only the
desired gene regions.

A preferred repressor protein has the amino acid sequence
shown in SEQ ID NO:4, which shows significant homology
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to response regulators of histidine kinase response regulator
systems. A suitable and preferred DNA fragment that
encodes the full length coding sequence of such a repressor
is shown at bases 215-895 of SEQ ID NO:3. The sequence
possesses all of the most highly conserved residues and
many of the lesser-conserved residues of the N-terminal
consensus sequence proposed by Volz, Biochemistry 32:
11741 (1993). The deduced amino acid sequence also pos-
sesses a C-terminal LuxR family helix-turn-helix DNA
binding motif, shown between amino acids 175 and 202 of
SEQ ID NO:4. By analogizing with other members of this
family, it is believed that the site of phosphorylation is the
aspartate residue at amino acid 62 of the protein shown in
SEQ ID NO:4. The DNA binding motif and the structural
relationship to the response-regulating portions of other
regulatory systems suggest that this protein binds at or near
the formaldehyde-specific promoter, and negatively regu-
lates transcription from the promoter, as was noted above.

Of course it is understood from consideration of this
specification, that the entire repressor protein molecule or
gene may not be required for formaldehyde-specific regu-
lation. As will become apparent, the only required amino
acids of the regulator protein (or the corresponding nucleic
acid sequences in a genetic construct encoding such a
protein) are the portions of the protein used for DNA binding
at or near the promoter region and the portions used for
receiving a phosphorylation signal from a formaldehyde-
specific sensor. All modifications, alterations, or deletions of
the repressor that do not otherwise interfere with the ability
of the molecule to function as described are intended to fall
within the scope of the present invention.

The DNA-binding repressor protein can be provided in a
host cell by a genetic construct comprising a polynucleotide
sequence that encodes a polypeptide capable of repressing
transcription from the formaldehyde specific promoter
where the polynucleotide sequence is under the control of a
promoter functional in the host cell.

The next aspect of the invention is the ability to sense the
presence of environmental formaldehyde in a sample and to
direct a signal to the repressor protein in response thereto. In
one embodiment of the system disclosed herein, formalde-
hyde recognition is provided by a sensor (which has at least
one component and may have two components) that inter-
acts with or “senses” formaldehyde and then interacts with
the regulator component of the regulatory system.

The “sensor” of the preferred embodiment apparently
comprises at least two proteins, rather than the single protein
predicted in U.S. Pat. No. 5,474,328. An open reading frame
(ORF) at bases 993-2165 of SEQ ID NO:3 encodes the
deduced amino acid sequence of SEQ ID NO:5. Hydropathy
analysis of the deduced amino acid sequence reveals that the
OREF encodes a polypeptide having properties characteristic
of a transmembrane protein, and has been designated gfdT.
In addition to the transmembrane protein, the sequence
between bases 2236—4437 of SEQ ID NO:3 also encodes a
deduced amino acid sequence as shown in SEQ ID NO:6.
This second OREF, designated gfds, encodes an amino acid
sequence thought to be that of a soluble protein.

While both the transmembrane protein and the soluble
protein may be important components of the system, the
spatial interaction between the proteins is not yet known, nor
is it known whether both components are strictly required.
By analogy to other systems, it is thought that a histidine
residue near the carboxy terminal end of the soluble sensor
protein GfdS (amino acid 367 of SEQ ID NO:6) may be
dephosphorylated when formaldehyde binds to the trans-
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membrane receptor protein GfdT. In the absence of
formaldehyde, the phosphate on GfdS may be transferred to
an aspartate residue of the repressor (GfdR) described
elsewhere herein. Because the non-phosphorylated repressor
has reduced ability to bind to the promoter/operator region,
its attachment to the DNA is reduced, facilitating transcrip-
tion of the operably-linked gene. Without being limited as to
theory, formaldehyde present in the extracellular environ-
ment may signal its presence by becoming bound to, or
otherwise associated with, the transmembrane receptor, such
that a conformational change in the transmembrane protein
transduces the signal to the soluble sensor protein. In the
absence of formaldehyde, the soluble sensor histidine
kinase, in turn, may no longer phosphorylate the regulator,
thereby increasing the ability of the regulator to bind to the
operator and repressing transcription from the promoter. It is
understood that the invention in its broadest forms is not
intended to be limited to the transcription and subsequent
translation of any particular indicator gene operably linked
to the formaldehyde-inducible promoter that is regulated in
the regulatory system.

Moreover, strictly speaking, formaldehyde itself may not
be the effector molecule that induces the regulatory system.
Rather, it is likely that a adduct of formaldehyde may
actually be the target molecule of the system described
herein. A likely adduct is S-hydroxy methyl glutathione
(HMGSH), which is formed non-enzymatically in the aque-
ous environment of cells or in nature. It is abundantly clear
that the system is responsive to the presence of formalde-
hyde and for purposes of this application, convenient refer-
ence is made to induction “by formaldehyde,” with the
understanding that subsequent studies may reveal that the
true effector molecule is not formaldehyde but rather a
related molecule or adduct.

The formaldehyde that induces the expression system can
derive from any source, including industrial or commercial
waste, or a biological or chemical degradation product of
such waste. For example, the system can respond to a methyl
donor (such as choline, sarcosine, methionine, O-methylated
amino acids, methanol, methyl halides, or several N-, O-, or
S-methylated xenobiotics) if the bacterial host cell has the
facility to convert the methyl donor into formaldehyde or if
another conversion mechanism is provided.

In the present system, when the repressor is bound to the
promoter region there is virtually no transcription of the
operably attached gene in the absence of formaldehyde. For
purposes of this invention, “virtually no transcription”
means less than 10% and preferably less than 1% of the
transcription observed in the induced, or de-repressed, state.
For purposes of this patent application, “induction” means
an increase in transcription from the formaldehyde-
inducible promoter of more than 10-fold from its uninduced
state and preferably an increase of greater than 100-fold.
Transcriptional increases as high as about 1000-fold are
contemplated.

The system is responsive to formaldehyde even at very
low levels. Micromolar or higher quantities of formaldehyde
are sufficient in aqueous environments to induce the expres-
sion system of the present invention. Comparable levels are
likely sufficient in other environments as well. At a lower
limit, the system can be induced in the presence of less than
100 micromolar and more preferably less than 10 micromo-
lar formaldehyde in R. sphaeroides. The lower induction
limit is thought to be less than 1 micromolar (1 ppm), say
0.01 micromolar. In other organisms, the induction level
may vary, depending upon the threshold level of toxicity of
formaldehyde to the organism. It is, of course, understood
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