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Glutathione-dependent formaldehyde dehydrogenases (GSH-FDH) represent a ubiquitous class of enzymes,
found in both prokaryotes and eukaryotes. During the course of studying energy-generating pathways in the
photosynthetic bacterium Rhodobacter sphaeroides, a gene (adhl) encoding a GSH-FDH homolog has been
identified as part of an operon (adhl-cycl) that also encodes an isoform of the cytochrome c, family of electron
transport proteins (isocytochrome c,). Enzyme assays with crude Escherichia coli extracts expressing Adhl
show that this protein has the characteristic substrate preference of a GSH-FDH. Ferguson plot analysis with
zymograms suggests that the functional form of Adhl is a homodimer of ~40-kDa subunits, analogous to other
GSH-FDH enzymes. These properties of Adhl were used to show that mutations which increase or decrease
adhl expression change the specific activity of GSH-FDH in R. sphaeroides extracts. In addition, expression of
the presumed adhl-cycl operon appears to be transcriptionally regulated, since the abundance of the major
adhl-specific primer extension product is increased by the frans-acting spd-7 mutation, which increases the level
of both isocytochrome ¢, and AdhlI activity. While transcriptional linkage of adhl and cycl could suggest a
function in a common metabolic pathway, isocytochrome c, (periplasm) and AdhlI (cytoplasm) are localized in
separate compartments of R. sphaeroides. Potential roles for Adhl in carbon and energy generation and the
possible relationship of GSH-FDH activity to isocytochrome c, will be discussed based on the commonly

accepted physiological functions of GSH-FDH enzymes in prokaryotes and eukaryotes.

Most organisms have the ability, by using various metabolic
pathways, to generate both carbon and energy from the oxida-
tion of a wide spectrum of substrates. The function of these
metabolic pathways often requires the coordinated expression
of specific enzymes for substrate oxidation and novel electron
carriers to generate cellular energy from this substrate. To
understand how different metabolic pathways provide cells
with both carbon and energy, we are studying the regulation
and function of energy-generating systems in the purple non-
sulfur photosynthetic bacterium Rhodobacter sphaeroides.

While energy-generating pathways in R. sphaeroides have
been extremely well analyzed from biochemical and bioener-
getic standpoints (24), genetic analysis has uncovered the ex-
istence of unexpected electron transport proteins. For exam-
ple, recent experiments have identified a c-type cytochrome,
isocytochrome c,, which allows R. sphaeroides Spd mutants to
grow photosynthetically in the absence of cytochrome c,, the
normal electron donor to the light-oxidized reaction center
complexes (29). While the function of isocytochrome ¢, as a
photosynthetic electron carrier in Spd mutants has been con-
firmed both genetically (31) and biochemically (46), a physio-
logical role for this protein in wild-type cells is not known.
Because mutational and complementation analysis indicated
that ~1.5 kb of DNA upstream of the isocytochrome ¢, struc-
tural gene (cycl) was required for synthesis of this alternative
electron carrier, it was suggested that this region might contain
additional open reading frames transcriptionally linked to cycl
(31).

Our results provide biochemical and genetic evidence that a
gene (adhl) upstream of cycl encodes a glutathione-dependent
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formaldehyde dehydrogenase (GSH-FDH; also known as class
III alcohol dehydrogenase). GSH-FDH enzymes are a well-
studied class of the alcohol dehydrogenase protein family that
have been discovered in both prokaryotes and eukaryotes (9,
16, 17, 25, 28, 33, 39, 45). Unlike many alcohol dehydrogenase
enzymes, GSH-FDH do not exhibit appreciable activity with
short aliphatic alcohols (43). Instead, GSH-FDH enzymes cat-
alyze the NAD-dependent oxidation of long-chain alcohols or
hydroxylated fatty acids. Specifically, S-hydroxymethylgluta-
thione (HMGSH), an adduct formed spontaneously by gluta-
thione (GSH) and formaldehyde (HCHO) (reaction 1), is both
the preferred in vitro and presumed in vivo substrate for GSH-
FDH enzymes (22, 41) (reaction 2).

Reaction 1: HCHO+GSH (spontaneous) HMGSH
Reaction 2: HMGSH+NAD™* (GSH-FDH) S-formylglutathione+NADH+H*

In this way, GSH-FDH enzymes can participate either in ca-
tabolism of single-carbon substrates like methanol (28) or in
detoxifying formaldehyde generated by oxidative demethyla-
tion of methylated compounds (18).

In this paper, we show that R. sphaeroides Adhl has a high
degree of sequence similarity to GSH-FDH enzymes. Also,
when Adhl is expressed in Escherichia coli, it has the enzymatic
activity, subunit molecular weight, and oligomeric state typical
of members of this family. Furthermore, we find that GSH-
FDH activity in R. sphaeroides correlates with expression of the
adhl-cycl operon. Indeed, the levels of a major adhl-cycl tran-
script are increased by the frans-acting spd-7 mutation, which
elevates the abundance of isocytochrome ¢, in Spd mutants
(31). Finally, by localizing Adhl to the R. sphaeroides cyto-
plasm, we address the potential for metabolic interactions in
carbon and energy generation between this GSH-FDH enzyme
and the periplasmic electron carrier isocytochrome c,.
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TABLE 1. Bacterial strains and plasmids

Strain or
plasmid

Description

Source or
reference

R. sphaeroides

Ga crtD Laboratory strain
CYCAG6S crtD AcycA::Kan 4
CYCAG65R7 crtD AcycA::Kan spd-7 29
ADHI1 crtD Aadhl::QSp* This work
E. coli
DH5«a supE44 AlacU169 (80 lacZAM15) hsdR178 recAl endAl gyrA96 thi-1 relA-1 1
S17-1 C600::RP-4 2-(Tc::Mu) (Kn::Tn7) thi pro hsdR hsdM™" recA 36
Plasmids
pUC18 Ap" 23
pUC19 Ap" 23
pSUP202 Ap" Tc' Cm" Mob™ pBR325 derivative 36
pHP45Q Source of (Sp" cartridge 26
pMARS 2.5-kb BamHI-HindIII restriction fragment containing adhl-cycl operon cloned into pUC18 31
in the same orientation as P,
pJES1 2.0-kb Smal restriction fragment containing ()Sp" cartridge cloned into blunt Bg/II-Sall sites This work
of adhl in pMARS
pJES2 4.3-kb Pvull restriction fragment containing adhl::QSp" from pJESI cloned into blunt EcoRI This work

site of pSUP202

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this work are listed in Table 1. E. coli strains were grown at 37°C
in Luria-Bertani medium. R. sphaeroides strains were grown in Sistrom’s minimal
medium A (37) at 32°C. Filter-sterilized supplements were added as follows:
ampicillin, 100 wg/ml; tetracycline, 1 wg/ml for R. sphaeroides and 10 wg/ml for E.
coli; spectinomycin, 25 pg/ml; and isopropyl-B-p-thiogalactopyranoside (IPTG),
1 mM.

DNA sequence analysis. DNA sequencing with Tag DNA polymerase (Pro-
mega, Inc., Madison, Wis.) was performed as suggested by the manufacturer with
deazanucleoside triphosphate reagent kits. Most of the DNA sequence was
obtained with lac-specific primers and double-stranded derivatives of the pUCI18
or pUC19 vector. Primers specific to R. sphaeroides DNA were used to complete
the generation of double-stranded DNA sequence. A list of plasmids and inter-
nal primers used is available upon request. The DNA and subsequent protein
sequences were analyzed with software from the Genetics Computer Group,
Madison, Wis. (3). The DNA sequence from the BamHI to Sall restriction
endonuclease sites (Fig. 1) has been appended to the previously submitted
sequence of cycl (31) in the Genome Sequence Data Base (accession number
147326).

Construction of a defined adhl null mutant. To construct an R. sphaeroides
strain containing an adhl null mutation, a 506-bp restriction fragment internal to
the coding sequence (Fig. 1) was replaced with a spectinomycin resistance gene.
Specifically, pMARS plasmid DNA was digested with Bg/IT and Sall to remove
adhl coding sequences, and the resulting DNA was made blunt by addition of
nucleotide triphosphates and DNA polymerase I large (Klenow) fragment (19).
This DNA was ligated with a ~2.0-kb Smal restriction fragment carrying an
omega ({2) cartridge containing a spectinomycin resistance gene (Sp*). The
resultant plasmid (pJES1) was digested with PvuII to generate a ~4.3-kb restric-
tion fragment containing the interrupted (adhl::QSp") gene. This Pvull restric-
tion fragment was cloned into a filled-in EcoRI site of pSUP202, a mobilizable
suicide vector (36). The resulting plasmid, pJES2, was used to construct Aadhl
null alleles in different R. sphaeroides strains by homologous recombination (26).
Genomic Southern blot analysis with both adhl- and Q-specific probes confirmed
that the adhl locus was interrupted in these strain constructs (data not shown).

Enzyme assays. Experiments measuring GSH-FDH activity were performed
with crude cell extracts. Either R. sphaeroides or IPTG-induced E. coli cells were
grown aerobically to late log-early stationary phase, harvested at 8,000 X g, and
washed with 150 mM sodium phosphate buffer (pH 8.5). Cell pellets were stored
at —20°C until the assay was performed. Prior to lysis, the thawed cell pellet was
suspended in 5 ml of 150 mM sodium phosphate buffer (pH 8.5) containing 0.1%
phenylmethylsulfonyl fluoride as a protease inhibitor. The cells were lysed by two
passes through a French press cell at 18,000 1b/in?, DNase was added to a final
concentration of 5 pg/ml, and the lysate was incubated on ice for 30 min. Cell
debris was removed by centrifugation at 10,000 X g for 15 min, and the super-
natant was assayed for GSH-FDH activity (see below). Protein concentrations
were determined by the sodium dodecyl sulfate (SDS) modification of the Folin-
phenol method (21), with bovine serum albumin as a standard.

Assays for GSH-FDH activity with HMGSH as a substrate were performed as
described by Uotila and Koivusalo (40) with the following modifications: the final
concentration of sodium phosphate buffer (pH 8.5) was 150 mM, the final
concentration of NAD was 1 mM, and 0.01 to 1 mg of crude cell extract protein

was added. A typical assay with other potential GSH-FDH substrates included a
volume of cell extract containing 0.1 to 1 mg of total protein, 150 mM sodium
phosphate buffer (pH 8.5), 1 mM NAD as an electron acceptor, and an appro-
priate concentration of substrate (1 mM for long-chain [>5 aliphatic carbons]
alcohols and acids, 0.2 M to 1 M for short-chain [<5 aliphatic carbons] alcohols).
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FIG. 1. Identification of the adhl gene product. (A) Summary of adhl-cycl
genetic locus, depicting the orientation of genes with respect to the putative
promoter region (arrow). The restriction map of the adhl-cycI operon shows the
BglII and Sall sites used in construction of the adhl null mutation (see Materials
and Methods). (B) Protein-stained SDS-PAGE gel of crude extracts of E. coli
cells harboring either pUC19 as a control or the adhl expression plasmid
PMARS. The migration positions of molecular size standards are shown on the
left of the gel. (C) Activity stain gel analysis of crude extracts of E. coli cells
harboring either pUCI19 as a control or the adhl expression plasmid pMARS.
The protein species that stains in response to addition of HMGSH is noted by the
arrow labeled GSH-FDH.
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Enzyme activity was measured spectrophotometrically by the time-dependent
reduction of NAD at room temperature in an SLM DW2000 spectrophotometer.
One unit of GSH-FDH activity is defined as the amount of enzyme required to
reduce 1 pmol of NAD per min.

Activity gel electrophoresis. Following native polyacrylamide gel electrophore-
sis, zymograms for GSH-FDH activity were modeled after previous work (42,
44). A half-volume of a loading solution, containing 40% (wt/vol) sucrose plus a
trace of bromophenol blue, was added to an appropriate volume of cell extract
prior to loading the gel. Proteins were separated on a 5% stacking gel and 10%
separating gel with Tris-HCI buffer (pH 8.3) in the gel and Tris-glycine buffer
(pH 8.8) in the electrode vessels, with an applied current of 10 to 20 mA per gel
at 4°C for a minimum of 14 h.

Following electrophoresis, the gel was stained for GSH-FDH activity with a
solution of 70 mM sodium phosphate buffer (pH 7.5), 500 mM KCl, 1.2 mM
NAD, 4.8 mM formaldehyde, 1 mM glutathione, 0.4 mg of nitroblue tetrazolium
per ml, and 0.03 mg of phenylmethylsulfate per ml with gentle shaking at 37°C.
Enzyme activity was visualized in less than an hour, and the gel was rinsed in
distilled water prior to photography.

Determination of the oligomeric state of active Adhl enzyme. Ferguson plot
analysis was performed with a series of 5 to 10% native polyacrylamide gels (7,
10). The relative mobilities of carbonic anhydrase (29 kDa), bovine serum albu-
min (monomeric, 66 kDa; dimeric, 132 kDa), and B-amylase (215 kDa) were
determined following Coomassie blue staining and normalized to the mobility of
the bromophenol blue dye front. Adhl mobility on these identical gels was
measured by activity stain and also normalized.

Localization of Adhl in R. sphaeroides. Fractionation of aerobically grown cells
into cytoplasmic, periplasmic, cytoplasmic membrane, and outer membrane sam-
ples was performed by the method of Tai and Kaplan (38). Malate dehydroge-
nase, succinate dehydrogenase, and ascorbate-reducible cytochrome ¢ were used
as known markers for the cytoplasm, cytoplasmic membrane, and periplasm,
respectively (20).

Primer extension analysis. RNA from aerobic R. sphaeroides cultures was
prepared as previously described (47). An oligonucleotide (5'-ATTGACCTC
CATGATCTCGA-3") complementary to a region 42 nucleotides downstream of
the adhl translational start codon was used for primer extension assays (Genosys,
The Woodlands, Tex.). Primer (25 pmol) and RNA (15 ug) were hybridized at
45°C for 15 min; then, a solution of nucleotide triphosphates, reverse tran-
scriptase, and actinomycin D was added and incubated for 30 min at 45°C. The
reaction was stopped by adding a formamide-EDTA loading buffer. Samples
were boiled prior to loading on a 6% denaturing polyacrylamide gel. Putative
transcription initiation sites were mapped by comparison to DNA sequencing
reactions generated with the same primer on an adhl template.

RESULTS

The adhl gene product is similar to GSH-FDH enzymes.
Previous experiments suggested that ~1.5 kb of DNA up-
stream of cycl was required for expression of this gene (31). In
addition, DNA sequencing had identified the carboxy terminus
of a potential upstream open reading frame that ended 130 bp
preceding the start of cycl. By sequencing the remainder of the
2.5-kb BamHI-HindllI region containing cycl, we have identi-
fied a single upstream open reading frame of 1,128 bp (Fig.
1A). This potential open reading frame, designated adhl, has a
putative ribosome-binding site (5'-GGGAGAG-3’) 5 nucleo-
tides upstream of the translational start site and would encode
a 376-amino-acid polypeptide with a predicted size of 42 kDa.
To demonstrate the existence of the adhl gene product, we
tested for the accumulation of a protein of the expected size in
IPTG-treated E. coli cells containing a plasmid (pMARS) with
adhl cloned downstream of a pUC19 lac promoter. Under in-
ducing conditions, the adhl gene on pMARS produced a pro-
tein of the expected size (~40 kDa) which was not present in
E. coli cells containing pUC19 (Fig. 1B).

When the deduced Adhl protein sequence was compared
with sequences in the SWISSPROT database, significant
amino acid identity and similarity to members of the zinc- and
NAD-dependent medium-chain alcohol dehydrogenase family
were found. Previous work with zinc-dependent medium-chain
alcohol dehydrogenases has identified amino acid sequences
required for either structural or functional aspects of this en-
zyme family (13). The adhl gene product contains amino acid
residues implicated as ligands for both the structural (C-100,
C-103, C-106, and C-114) and catalytic (C-47, H-69, and C-
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182) zinc ions (Fig. 2). In addition, AdhI contains a typical
Rossman fold sequence (residues 207-GLGGIG-212) indica-
tive of a putative NAD™ binding site, which would be expected
from the use of pyridine nucleotides as a cofactor by many
zinc-dependent alcohol dehydrogenases.

Despite overall sequence similarity to members of the alco-
hol dehydrogenase family, AdhI is distinct from several previ-
ously described bacterial zinc-dependent medium-chain alco-
hol dehydrogenases (represented in Fig. 2 by a Zymomonas
mobilis alcohol dehydrogenase). The Adhl protein sequence
has only 30% amino acid identity and 52% amino acid simi-
larity with Z. mobilis alcohol dehydrogenase, values well be-
low those obtained in comparisons between Adhl and human
zinc-dependent medium-chain alcohol dehydrogenases (45%
amino acid identity and 60% amino acid similarity [Fig. 2]).

In recent years, the mammalian zinc-dependent medium-
chain alcohol dehydrogenases have been subdivided into
classes I to V based on distinct biochemical properties, tissue
distribution, and sequence determinants (2, 14, 15, 34). Among
the mammalian alcohol dehydrogenase sequences, Adhl has
the highest similarity to GSH-FDH (class III alcohol dehydro-
genases), exhibiting 60% amino acid identity and 72% protein
similarity to human GSH-FDH. During the preparation of this
paper, a Paracoccus denitrificans GSH-FDH that has 89%
amino acid identity and 95% amino acid similarity to R. sphaer-
oides Adhl was sequenced (Fig. 2).

Further support that Adhl is a bacterial GSH-FDH comes
from inspection of specific sequence determinants that differ-
entiate these enzymes from other zinc-dependent medium-
chain alcohol dehydrogenases. For instance, the AdhI se-
quence contains a conserved arginine (residue 118 in Fig. 2)
that is required for activity with some GSH-FDH substrates (6,
11). Furthermore, a comparison of amino acid sequence iden-
tity at positions in the predicted substrate-binding cleft (15) of
the different classes of alcohol dehydrogenase (Fig. 2) indicates
that Adhl is most similar to GSH-FDH enzymes. Overall,
AdhI has 9 of 10 residues that are predicted to be conserved in
the substrate-binding cleft of GSH-FDH enzymes. At most,
AdhI has a 4 of 10 match when aligned with residues at the
presumed substrate-binding cleft in other classes of eukaryotic
zinc-dependent alcohol dehydrogenases.

Adhl exhibits characteristics typical of a GSH-FDH. Per-
haps the most definitive property of GSH-FDH enzymes is
substrate preference. GSH-FDH enzymes from various or-
ganisms oxidize long-chain aliphatic alcohols, long-chain hy-
droxylated fatty acids (i.e., 12-hydroxydodecanoic acid), and
HMGSH in increasing order of preference (6, 9). However,
unlike other classes of zinc-dependent alcohol dehydroge-
nases, GSH-FDH enzymes show little or no activity with short-
chain aliphatic alcohols (43). To investigate if AdhI has the
substrate preference characteristic of a GSH-FDH, enzyme as-
says were performed with crude extracts of E. coli cells con-
taining the adhl expression plasmid pMARS.

These enzyme assays showed that extracts of an E. coli strain
harboring the adhl expression plasmid exhibited a substrate
preference consistent with the production of a GSH-FDH (Ta-
ble 2). NAD reduction with HMGSH (1 mM) as a substrate
was dependent on adhl expression, since the GSH-FDH spe-
cific activity of these extracts was ~250-fold more than that
present in extracts of a control E. coli strain lacking adhl. In
addition, the crude extracts of E. coli cells prepared from the
adhl expression strain exhibit significant in vitro NAD reduc-
tion with several other potential GSH-FDH substrates, al-
though enzyme activity with these substrates is much lower
then when HMGSH was provided (Table 2).



Vou. 178, 1996

1

Huadha .STAGKVIKC
Huadhp .GTKGKVIKC
Huadhx ...ANEVIKC
Rsadhi ....... MRT
Pdfaldh ....... MRT
Ecfdh weee...MKS
Huadhé MSTTGQVIRC
Zmadh  ......... M
101
Huadha GKCRICKNPE
Huadhp RKCKFCLSPL
Huadhx GECKFCLNPK
Rsadhi RQCPSCLSQK
Pdfaldh RQCASCLSGK
Huadhé GECTSCLNSE
Zmadh GHCEYCVSGN
201
Huadha STCAVFGLGG
Huadhp STCAVFGLGG
Huadhx SVCAVFGLGG
Rsadhi AKRAVVFGLGG
Pdfaldh AKAVVFGLGG
Huadhé STCAVFGLGG
Zmadh QWLAIYGLGG
301 *
Huadha ACGTSVIVGV
Huadhp GWGSCTFIGV
Huadhx GWGVSVVVGV
Rsadhi GWGQSIVIGV
Pdfaldh GWGQSIIIGV
Huadh6 SYGVCVVVGV
Zmadh G.GRVVAVGL

KAAVLWELKK
KAATAWEAGK
KAAVAWEAGK
RAAVAVEAGK
RAVVALEAGK
RAAVAFAPGK
KAAILWKPGA
KAAVI.TKDH

*
SNYCLKNDVS
TNLCGKISNL
TNLCQKIRVT
TNLCTAIRGT
TNLCTAIRAT
GNFCIQFKQS
ETLCRNVEN.

VGLSAIMGCK
VGLSAVMGCK
VGLAVIMGCK
IGLNVIQGLK
IGLNVLQGLR
VGLSVVMGCK
LGNLALQYAK

PPDSQNLSMN
AAGSKGLTIF
AASGEEIATR
APAGAEIQTR
APAGAEISTR
LPASVQLKIS
PPEKMDLSTI.

PFSIEEVEVA
PLCIEEVEVA
PLSIEEIEVA
PLEIMEVNLE
PLEVMEVNLE
PLEIVEIDVA
PFSIEEVEVA
TIEVKDTKLR

NPQG....TL
KSPASDQQLM
QGKG....LM
QGQG. ... LM
QGQG. .. .LM
KTQ. .... LM
. AGYTVDGAM

ADAGAARIIAV
AAGASRIIGI
VAGASRIIGV
LAGADMIIGV
LAGADMIIGV
AAGAARIIGV
NVFNAKVIAI

*
PMLLLTGRTW
PEELIIGRTI
PFQLVTGRTW
PFQLVTGRVW
PFQLVTGRVW
GQLFFSGRSL
PRLVLDGIEV

PPKAHEVRIK
PPKAHEVRIQ
PPKAHEVRIK
GPKAGEVMVE
GPKAGEVMVE
PXKKGEVLIK
PPKAKEVRIK
PLKYGEALLE

QDGTSRETC.
EDKTSRFTC.
PDGTSRFTC.
PDGTSRFSML
PDGTSRFSML
SDGTSRFTC.

DINKDKFAKA
DINSEKFVKA
DINKDKFARA
DLNNAKKEWG
DLNDDKKPMA
DVNKEKFKKA
DVNDEQLAFA

*
KGAILGGFKS
NGTFFGGWKS
KGTAFGGWKS
KGSAFGGARG
KGTAFGGARG
KGSVFGGWKS
LGSLVGTRED

*5
MVAVGICGTD
IIATSLCHTD
IIATAVCHTD
IKATGICHTD
IKATGICHTD
VTHTGVD. ..
VVATGLCGTE
MEYCGVCHTD

*k
RRKPIHHFLG
KGKPVYHFFG
KGKTILHYMG
DGTPILHYMG
DGTPIFHYMG
KGKSIYHFGN

250
KELGATECIN
KALGATDCLN
KEFGATECIN
ERFGMTHFVN
EHFGMTHFIN
QELGATECLN
KELGADMVIN

350
KECVPKLVAD
VDSIPKLVTD
VESVPKLVSE
RTDVPKIVDW
RTDVPQIVDW
RQHIPKLVAD
LKEAFQFAAE
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0 * *
DHVVSGTM.V TPLPVILGHE
ASVIDSKFEG LAFPVIVGHE
AYTLSGADPE GCFPVILGHE
EFTLSGADPE GMFPAILGHE
EFTLSGADPE GLFPSILGHE

* 100
V.IPLAIPQC
V.IPLYTPEC
V.IPLYIPQC
V.IPLYTPEC
V.IPLYTPEC

AAGIVESVGE
AAGIVESIGP
GAGIVESVGE
GAGVVVEVGP
GAGVVVEVGP

GVTTVKPGDK
GVTNVKPGDK
GVTKLKAGDT
GVTSVKPGDH
GVTSVKPGNH
MKVLGSKHLD
LHVKNGDFGD

LLYPTILGHE
ET.GRITGHE

GAGIVESIGE
GIGIVKQVGE

GVSTVKPGDK
GVTSLKAGDR

V.ITLFLPQC
ASVAWFFKGC

200
AVNVAKVTPG
AINNAKVTPG
AVNTAKLEPG
VINTAKVEIG
VINTAKVEIG
AINTAKVTPG
AVRVSQIQPG

ISTFSQYTVV
TSTFSQYTVV
TSTFSEYTVV
CSTFSNYTVL
CSTFSNYTVL
TSTFCEYTVI

DENAVAKIDA
SDINLAKIDD
ADISVAKIDP
PEIAVAKVRP
PEIAVAKVRE
KEISVAKIDA
ADYSVKVPDG

ASPLEKVCLI
DANLERVCLL
LAPLDKVCLL
DAPFDKICYI
DAPFDKICYI
VAPLEKVCLI
LDPAVASSIT

GCGFSTGYGS
GCGFSTGYGA
GCGISTGYGA
GCGVTTGIGA
GCGVTTGIGA
SCGFSTGFGA
CAGVTT. .YK

300
MMASLLCCHE
MKAALDCTTA
MRAALEACHK
MRQALEACHR
MRDALECTHR
LAAALASCNE
FNSAVEAIRA

- .QDYKKPI
. .RDLHKPI
- . QDFSKPI

P QEVLKEMTD.
P
P
P..SEIDGDV
P
P
P

QEVIIELTK.
QEVLIEMTD.
VAHLVNMTKT
QE.IVNLTKT
QEVLFDMTD .

SFEVIGRLDT
ALDCAGGSET
SFECIGNVKV
TFDCTGNVKV
SFDCTGNVKV
CFEAIGNLDV
TVVTAVAKSA

PFDQIGGADY
. . KNCENVV PFDQIGGADY
- .QDLKKPI

KNEDAAKII

FMAKKFSLDA
YKNKKFNLDA
YMSKKIKVDE
YMEGKIQIDP
YMDGKIEIDP
YMAEKLNLDP

LITHVLPFEK
LVTHTLPFDK
FVTHNLSFDE
MITHILSLEE
MITHTLSLDD
LITHTLNLDK
KVTKR.KVEE

INEGFDLLHS
ISEAFDLMNQ
INKAFELMHS
INKGFDLMHA
INKGFKLMHA
INEAVELMKT
INQIFDEMEH

GKSIRTILMF
GKSVRTILIF
GKSIRTVVKI
GESIRSVVVF
GESIRSVVLY
GKW

FIG. 2. Alignment of primary structures for various classes of alcohol dehydrogenases. Entries include human class I alcohol dehydrogenase « subunit (Huadha;
accession number P07327), human class II alcohol dehydrogenase (Huadhp; P08319), human class III alcohol dehydrogenase (Huadhx; P11766), R. sphaeroides Adhl
(Rsadhi; L47326), P. denitrificans glutathione-dependent formaldehyde dehydrogenase (Pdfaldh; U34346), E. coli N-terminal sequence of glutathione-dependent
formaldehyde dehydrogenase (Ecfdh; A42015), human class V alcohol dehydrogenase (Huadh6; P28332), and Z. mobilis type I alcohol dehydrogenase (Zmadh;
P20368). Residue numbering follows that of the human class V alcohol dehydrogenase. Gaps in sequences are marked by periods. Asterisks (*) denote residues
predicted to comprise the substrate-binding cleft of the mammalian alcohol dehydrogenase family (15).

For example, enzyme activity was ~100-fold above that ob-
served in the control with a long-chain hydroxylated acid (12-
hydroxydodecanoic acid) as a substrate. Also, the use of long-
chain alcohols (i.e., decanol and octanol) as substrates resulted
in enzyme activity that was reproducibly six- to eightfold above
that observed in the control extract. Finally, activity of about

TABLE 2. Adhl has the substrate profile of
a GSH-FDH"

Specific Activity

Substrate pMAR5 pUC19
HMGSH 2.500 0.010
12-HDA 0.211 0.002
Butanol 0.114 0.019
Decanol 0.024 0.003
Octanol 0.024 0.004
Various primary alcohols >0.020 >0.020
H

|
Reaction: R-CH,OH + NAD* — R-C=0 + NADH + H*

“Data are values obtained when Adhl is expressed from
PMARS in E. coli. Specific activity is measured in micromoles of
NAD reduced per minute per milligram of protein. Background
activity in an E. coli strain containing pUC19 is listed on the
right. These values represent the average activity from at least
two independent cultures, with an estimated +20% difference in
activity observed between cultures. 12-HDA, 12-hydroxydode-
canoic acid.

fivefold over the background was observed with butanol but
only when the substrate was present at a high concentration
(200 mM). In contrast, no significant activity over background
was detected when various short-chain alcohols or aromatic
alcohols (ethanol, propanol, isopropanol, isobutanol, hexanol,
cyclohexanol, and benzyl alcohol) were used as substrates
(data not shown). The activities reported for all substrates in
Table 2 were dependent on NAD, since no Adhl-dependent
substrate oxidation could be detected by using NADP as an
electron acceptor under various pH conditions (data not
shown). In summary, the analysis of AdhI’s substrate prefer-
ence indicates that it is a GSH-FDH enzyme.

The oligomeric state of active GSH-FDH enzymes has pre-
viously been shown to be dimeric in both eukaryotes (27, 39)
and E. coli (9). In contrast, the identified P. denitrificans GSH-
FDH appears to be tetrameric (28). To analyze the oligomeric
state of the functional AdhI protein, we used Ferguson plot
analysis of activity-stained native polyacrylamide gels. Activity
staining with HMGSH as a substrate revealed an enzyme spe-
cific to E. coli cells containing the adhl expression plasmid
(Fig. 1C). When the migration of this GSH-FDH activity was
analyzed on a series of native gels containing different poly-
acrylamide concentrations, the apparent size of this enzyme
was ~75 to 80 kDa (Fig. 3). Thus, the enzymatically active
form of R. sphaeroides Adhl appears to be dimeric when ex-
pressed in E. coli.

GSH-FDH activity in R. sphaeroides correlates with expres-
sion of the adhl-cycI operon. The spectrophotometric and elec-
trophoretic assays used in analyzing E. coli cells expressing
AdhI were employed to test for the presence of GSH-FDH
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FIG. 3. Ferguson plot analysis of AdhlI. The relative mobilities of carbonic anhydrase (29 kDa; CA), bovine serum albumin (monomeric, 66 kDa [BSA-M]; dimeric,
132 kDa [BSA-D]), B-amylase (215 kDa; amylase), and AdhI (monomeric, ~40 kDa) were determined and plotted against the percentage (5 to 10%) of polyacrylamide
in each gel (data not shown). From these plotted data, a standard curve (shown) was constructed by deriving the slope for each standard protein and plotting negative
slope versus molecular weight. From the standard curve, the approximate molecular mass (~80 kDa) of the active AdhI molecule (indicated by arrow) is derived.

activity in R. sphaeroides. Zymograms of crude extracts from
wild-type R. sphaeroides demonstrated that an HMGSH-stain-
ing activity comigrates with the activity produced when E. coli
harbors the adhl expression plasmid (Fig. 4). The comigration
of Adhl in R sphaeroides and E. coli extracts suggests that
Adhl is also functional as a homodimer in R. sphaeroides. If the
GSH-FDH activity present in wild-type cells was due to Adhl,
then it should not be present in an adhl null mutant. Indeed, a
Aadhl strain (AdhIl) exhibits no GSH-FDH activity above
background, and it lacks the ~80-kDa protein observed in
zymograms with HMGSH used as a substrate (Fig. 4).
Furthermore, the apparent transcriptional linkage between

g N
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R. sphaeroides + + ¢
E. coli + o+
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FIG. 4. Measurement and zymogram comparison of Adhl activity in E. coli
and R. sphaeroides extracts. Extracts were prepared from aerobically grown R.
sphaeroides ADHI1 (Aadhl, lane 1), R. sphaeroides CYCAG65RT (spd-7, lane 2),
R. sphaeroides Ga (wild type [WT], lane 3), E. coli containing pUC19 (lane 4),
and E. coli containing pMARS (lane 5). Activity-stained proteins were detected
by incubation with HMGSH as a substrate as described in Materials and Meth-
ods. GSH-FDH specific activity was measured for each strain in at least two
independent culture extracts with HMGSH as a substrate. The specific activity is
reported as micromoles of NAD reduced per minute per milligram of protein.
Background activity of glutathione-independent formaldehyde oxidation was
measured and subtracted for each assay.

adhl and cycl (31) predicts that GSH-FDH activity might in-
crease in Spd mutants, which contain elevated levels of isocy-
tochrome c,. Indeed, CYCAG65R?7, a strain containing a trans-
acting spd-7 mutation that increases the level of isocytochrome
¢,, contains about threefold more GSH-FDH activity than
wild-type cells (Fig. 4). In summary, these experiments dem-
onstrate that R. sphaeroides contains GSH-FDH activity that is
dependent on expression of the adhl gene.

Adhl is a cytoplasmic protein. Since the apparent transcrip-
tional linkage of adhl and cycl suggests that these two energy-
generating proteins participate in a common metabolic path-
way, we sought to determine if these proteins had the potential
to interact directly. Previously, we have shown that isocyto-
chrome ¢, is a periplasmic protein (29). However, adhl se-
quence analysis did not reveal any indication of a typical pro-
karyotic signal sequence. To evaluate the location of Adhl in
R. sphaeroides cells, GSH-FDH activity was monitored in cells
that had been fractionated into cytoplasmic, cytoplasmic mem-
brane, periplasmic, and outer membrane fractions (38). For
this analysis, proteins with known subcellular locations were
used to assess the relative purity of cytoplasmic (malate dehy-
drogenase), cytoplasmic membrane (succinate dehydrogenase),
and periplasmic (cytochrome c) fractions. When the distribu-
tion of AdhI activity (95% of the total activity is found in the
cytoplasm) is compared with that of known marker proteins, it
appears that Adhl is a cytoplasmic protein (Table 3). To en-
sure that this analysis was not compromised by the relatively
low levels of enzyme activity present in wild-type cells, GSH-
FDH activity was also localized in the spd mutant CYCAG65R7,
which contains increased AdhI activity. Again, AdhI appears to
be cytoplasmic, because ~95% of GSH-FDH activity found in
the spd mutant was present in the cytoplasm.

Levels of a specific adhl-cycl transcript are increased by the
spd-7 mutation. A simple explanation for the elevated levels of
GSH-FDH activity in CYCA65R7 (Fig. 4 and Table 3) is that
adhl and cycl constitute an operon whose transcription is in-
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TABLE 3. Adhl is localized in the R. sphaeroides cytoplasm*®

Strain Ga (wild type)

Strain CYCAG65R7 (spd-7)

Fraction
MDH (U) SDH (U) Cyt ¢ (pmol) AdhlI (U) MDH (U) SDH (U) Cyt ¢ (pmol) Adhl (U)
Cytoplasm 5.5(63) ND? 160.0 (10) 204.5 (95) 7.7 (65) 9.0 (5) 104.9 (8) 932.8 (95)
Cytoplasmic membrane 0.3(4) 341.0 (97) 224.0 (14) 73(3) 0.2(2) 176.0 (95) 289.8 (24) 242 (2)
Periplasm 2.6 (30) 10.0 (3) 1,156.6 (75) 42 (2) 3.6 (30) ND 836.8 (66) 264 (3)
Outer membrane 0.2(3) ND 18.0 (1) ND 03(3) ND 29.5(2) ND

“ Values are the averages of at least two independent determinations and represent the total units of activity in 10! cells. Numbers in parentheses represent the
percentage of total activity in each fraction. One unit of malate dehydrogenase (MDH) activity is the amount of enzyme required to oxidize 1 pmol of NADH per min
at 20°C. One unit of succinate dehydrogenase (SDH) activity is the amount of enzyme required to oxidize 1 nmol of phenazine methosulfate per min at 20°C. Values
for cytochrome ¢ (Cyt ¢) present in each fraction represent picomoles of total ascorbate-reducible cytochrome. One unit of GSH-FDH (Adhl) activity is the amount

of enzyme required to reduce 1 nmol of NAD per min at 20°C.
» ND, none detected.

creased by the spd-7 allele. Indeed, Northern (RNA blot) anal-
ysis with either adhl- or cycl-specific probes showed increased
levels of a ~2.0-kb mRNA transcript in cells containing the
spd-7 mutation (data not shown). When primer extension anal-
ysis was used to evaluate if the observed increase in mRNA
abundance reflects an effect of the spd-7 allele at one or more
adhl-cycl promoters, a major product in wild-type cells whose
5" end maps 49 nucleotides upstream of the start of adhl
translation was found (Fig. 5). A second primer extension
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FIG. 5. Primer extension analysis of genomic adhl-specific nRNA products.
The first three lanes contain primer extension products observed with mRNA
obtained from aerobically grown cells of strains CYCA65 (AcycA), Ga (wild type
[WT]), and CYCAG65RT (spd-7), respectively. Primer extension products from
photosynthetically grown Ga and CYCAG65R7 are in the next two lanes. The
lanes marked C, T, A, and G indicate the DNA sequencing ladder used to map
the mRNA 5’ end (indicated with an asterisk on the right). The mRNA 5’ end
that maps 49 nucleotides upstream of the adhl translational start is noted with an
arrow labeled —49.

product was detected 280 nucleotides upstream of the adhl
translational start, but this transcript can only be observed
following prolonged exposure (data not shown).

It seems likely that the major primer extension product
defines a primary transcript, since the region immediately up-
stream contains appropriately positioned hexamers (ATGC
CG and TAAGGT) (see accession number 1.47326) with rea-
sonable similarities (underlined) to consensus —35 and —10
elements often recognized by the major form of bacterial RNA
polymerase holoenzymes. Transcription of the adhl-cycl
operon does not seem to respond to the loss of cytochrome c,,
since the abundance of this primer extension product is similar
in wild-type cells (wt) and a strain containing a AcycA mutation
(Fig. 5). However, the level of this primer extension product is
elevated in cells containing the spd-7 mutation (Fig. 5). These
results suggest that the increases observed in both the abun-
dance of isocytochrome ¢, and the level of GSH-FDH activity
caused by the spd-7 allele are due to an increase in the level of
a specific adhl-cycl transcript.

Additionally, these experiments reveal a slight but reproduc-
ible decrease in the major adhl primer extension product in
both photosynthetically grown wild-type (wt) and spd mutant
(spd-7) cells compared with aerobically grown cells (Fig. 5).
The apparent reduction in the major adhl-cycl transcript under
photosynthetic conditions in both wild-type (wt) and spd-7
mutant cells supports previous studies showing that both
strains contained slightly less isocytochrome c, in the absence
of oxygen (30).

DISCUSSION

Previous genetic and molecular characterization of R. sphaer-
oides cycl suggested that the C terminus of a gene product
encoded by a potential upstream open reading frame had sig-
nificant similarity to proteins in the alcohol dehydrogenase
family (31). In this work, we demonstrate that this upstream
gene product, Adhl, has GSH-FDH activity. The apparent
existence of an adhl-cycl operon and the increase in abun-
dance of adhl-specific mRNA in cells containing the trans-
acting spd-7 allele suggest that Adhl might be required to
generate energy under specific conditions in R. sphaeroides.

Adhl is a bacterial member of the GSH-FDH family. Until
recently, the sequences for GSH-FDH enzymes had only been
found in eukaryotes (8, 12, 33, 35, 45). Although GSH-FDH
activity has been measured in several prokaryotes (16), se-
quence information on bacterial GSH-FDH enzymes includes
only the N terminus of a potential E. coli homolog (9), a P.
denitrificans GSH-FDH (28), and now R. sphaeroides Adhl. Se-
quence comparison of the two complete bacterial GSH-FDH
enzymes shows that the R. sphaeroides and P. denitrificans
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proteins have two insertions compared with their eukaryotic
counterparts (Fig. 2). If one models R. sphaeroides Adhl on the
crystallographic structure of a related class I alcohol dehydro-
genase (5), a six-amino-acid insertion (positions 269 to 275) is
predicted to be in a surface loop of the coenzyme-binding
domain. A similar analysis suggests that a one-amino-acid in-
sertion (position 140) is located in a reverse turn in the cata-
lytic domain. Since these insertions might alter catalytic activ-
ity, it could be interesting to determine any potential
consequences of these amino acid insertions on the function or
structure of the bacterial enzymes. It will also be interesting to
see if similar amino acid insertions are present when sequences
of other bacterial GSH-FDH enzymes become available.

AdhlI displays characteristic structural and functional prop-
erties of a GSH-FDH when the protein is expressed in E. coli
(Table 2). For example, Adhl and GSH-FDH enzymes from
various sources (6, 9) catalyze NAD-dependent oxidation of
HMGSH, long-chain hydroxylated fatty acids, and long-chain
alcohols in decreasing order of substrate preference. Addition-
ally, the lack of significant NAD-dependent reduction by AdhI
with various short-chain alcohols and aromatic alcohols is not
surprising when one considers the relatively low activity of
other GSH-FDH enzymes with these substrates. Furthermore,
Ferguson plot analysis with zymograms predicts that Adhl is
active as a dimer, similar to the E. coli (9) and eukaryotic (27,
39) GSH-FDH enzymes. This observation suggests that the
two previously mentioned amino acid insertions in AdhI do not
significantly alter the substrate profile or oligomeric state of
this enzyme. However, the cause for the apparently atypical
behavior of the P. denitrificans GSH-FDH as a tetramer (28)
remains unclear without additional experiments.

GSH-FDH activity in R. sphaeroides correlates with expres-
sion of adhl. Analysis of three R. sphaeroides strains that ex-
hibit various degrees of adhl-cycl operon expression shows that
GSH-FDH activity correlates with AdhI synthesis. While there
are reports of glutathione-dependent formaldehyde oxidation
by extracts of members of the family Rhodospirillaceae (32), to
our knowledge, the data in this work provide the first direct
biochemical and genetic support for a GSH-FDH homolog in
this or any other photosynthetic bacterium. The increase in
adhl transcript levels in cells containing the spd-7 mutation
suggests that adhl transcription is controlled. However, more
experiments are required to identify metabolic signals which
might increase synthesis of Adhl in wild-type cells.

What is the role of GSH-FDH in R. sphaeroides? When our
data are considered with reports of GSH-FDH homologs in
prokaryotes and eukaryotes, it seems possible that these en-
zymes are present in a wide variety of biological systems. De-
spite their apparent ubiquity, defined physiological functions
for GSH-FDH homologs have yet to be described in most
organisms. In higher eukaryotes, GSH-FDH enzymes have
been implicated in the oxidation of formaldehyde that can be
generated by oxidative demethylation of one or more methyl-
ated compounds (18). In this role, GSH-FDH generates energy
in the form of NADH and prevents a build-up of a toxic and
highly reactive molecule, formaldehyde. Within the microbial
world, GSH-FDH enzymes have been identified in both methy-
lotrophic and nonmethylotrophic organisms. The recent report
that a defined P. denitrificans GSH-FDH mutant fails to grow
on methanol as a sole carbon source clearly implicates this
enzyme in methylotrophic growth (28). However, enteric bac-
teria are not known to be methylotrophic, so the function of a
GSH-FDH in E. coli and other such bacteria (9, 16) could
extend beyond a role in methanol oxidation.

In considering a metabolic function for Adhl in R. sphaer-
oides, several pieces of evidence suggest that it is not required
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for growth of wild-type cells under typical laboratory condi-
tions. First, primer extension analysis suggests that adhl tran-
scription is low when wild-type cells are grown in a succinate-
based minimal medium. In addition, Adhl activity is not
required for viability in this medium, since the adhl null mu-
tation described in this paper does not prevent growth by
photosynthesis or respiration in the presence or absence of
oxygen (data not shown). If, as we believe, the increase in
adhl-cycl transcription in cells containing the spd-7 allele in-
dicates that expression of this operon is repressed in succinate-
based minimal medium, then we might be able to identify
conditions which increase operon expression because one or
both of these gene products are required.

Are AdhI and isocytochrome c, involved in one or more
metabolic pathways? The transcriptional linkage of adhl and
cycl suggests that the corresponding gene products interact in
a metabolic pathway, coupling substrate oxidation and NADH
formation to energy generation in an electron transport chain.
However, direct interactions between Adhl and isocytochrome
¢, seem unlikely, since GSH-FDH (cytoplasm) and isocyto-
chrome ¢, (periplasm) are located in different subcellular com-
partments. Despite the different cellular locations, Adhl and
isocytochrome ¢, could still function in the same metabolic
pathway, either by interacting through one or more interme-
diate electron carrier molecule(s) or by acting at different steps
in a common catabolic pathway. In this regard, inspection of
the DNA sequence upstream of adhl, between adhl and cycl,
and downstream of cycl does not reveal the presence of any
other significant open reading frames. Thus, it would not ap-
pear that such hypothetical intermediate electron carriers are
products of the adhl-cycl operon. Another possibility is that
isocytochrome ¢, may be required to reduce light-oxidized
reaction center complexes in photosynthetically growing cells
using a specific carbon source that generates formaldehyde.
Although the characterization of Adhl has not produced a
clear physiological role for isocytochrome c,, it has provided a
series of specific questions that are currently being addressed.
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