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Abstract—Genome search of Bacillus subtilis revealed the presence of an open reading frame annotated as glutathione-
dependent formaldehyde dehydrogenase/alcohol dehydrogenase. The open reading frame consists of 1137 nucleotides cor-
responding to a polypeptide of 378 amino acids. To examine whether the encoded protein is glutathione-dependent
formaldehyde dehydrogenase or alcohol dehydrogenase, we cloned and characterized the gene product. Enzyme activity
assays revealed that the enzyme exhibits a metal ion-dependent alcohol dehydrogenase activity but no glutathione-depend-
ent formaldehyde dehydrogenase or aldehyde dismutase activity. Although the protein is of mesophilic origin, optimal tem-
perature for the enzyme activity is 60°C. Thermostability analysis by circular dichroism spectroscopy revealed that the pro-
tein is stable up to 60°C. Presence or absence of metal ions in the reaction mixture did not affect the enzyme activity.
However, metal ions were necessary at the time of protein production and folding. There was a marked difference in the
enzyme activity and CD spectra of the proteins produced in the presence and absence of metal ions. The experimental
results obtained in this study demonstrate that the enzyme is a bona-fide alcohol dehydrogenase and not a glutathione-

dependent formaldehyde dehydrogenase.
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Alcohol dehydrogenases (ADH) with lowest enzyme
commission number (EC 1.1.1.1) catalyze the intercon-
version of primary or secondary alcohols and correspon-
ding aldehydes or ketones, respectively [1]. They play an
important role in a broad range of physiological process-
es including alcohol metabolism and cell defense against
exogenous alcohol and aldehyde stress [2]. These
enzymes are widely distributed in all the three domains of
life [3]. ADHs can be divided into three superfamilies
based on the cofactor specificity. They are: (i) NAD(P)*
dependent; (ii) pyrroloquinoline quinine, heme, or coen-
zyme F420 dependent; (iii) FAD dependent [4]. The
NAD" or NADP* dependent ADHs are further divided
into three classes: (a) short-chain, (b) medium chain,

Abbreviations: ADH, alcohol dehydrogenase; CD, circular
dichroism; GSH, glutathione; GSH-FDH, glutathione-
dependent formaldehyde dehydrogenase.
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usually zinc-containing, and (c) iron-activated long-
chain alcohol dehydrogenases [3, 5, 6]. Medium-chain
zinc-containing ADHs are further divided into various
classes, and among them class I, classical liver alcohol
dehydrogenase [7], and class III, the ancestral glu-
tathione-dependent formaldehyde dehydrogenase
(GSH-FDH) [8] are the most studied [9]. GSH-FDH
oxidizes formaldehyde to formate, which is further oxi-
dized to carbon dioxide or incorporated into the one-car-
bon pool [10]. In contrast to several ADHs, GSH-FDHs
do not exhibit substantial activity towards short aliphatic
alcohols [11]. Instead, they catalyze the NAD-dependent
oxidation of long-chain alcohols in addition to their nor-
mal formaldehyde dehydrogenase activity [12]. It is
thought that in the course of evolution tandem gene
duplication of GSH-FDH led to the new form of class I
enzymes [13] with an inclination towards ethanol related
activities. Further duplication gave rise to different class-
es and different isozymes within these classes [14]. Each
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class has specific conserved substrate-binding residues,
which are helpful in the recognition of the particular class
[15, 16].

Genome search of Bacillus subtilis strain SZMC 6179],
available at http://www.ncbi.nlm.nih.gov/nucleotide/
101289974 12report=genbank&log$=nuclalign&blast_ra
nk=1&RID=NJPWZC4B01R, revealed the presence of
an open reading frame (AMS48275) annotated as GSH-
FDH/ADH but not yet characterized. In this study, we
cloned and characterized GSH-FDH/ADH homolog
(GSH-FDH/ADHy;) from B. subtilis strain R5 exhibiting
a 100% identity with AMS48275. Biochemical character-
ization revealed that the enzyme is not a glutathione-
dependent formaldehyde dehydrogenase, but a metal ion-
activated alcohol dehydrogenase.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacillus sub-
tilis strain RS [17] was cultivated in LB (tryptone 1%,
yeast extract 0.5%, NaCl 0.5%, pH 7.0) medium at 30°C.
All chemicals used were of analytical grade and purchased
from either Sigma-Aldrich Company (USA), Fluka
Chemical Corporation (USA), or Thermo Fisher
Scientific Inc. (USA). DNA polymerase, restriction
enzymes, cloning vectors, and DNA purification Kkits
were purchased from Thermo Fisher Scientific Inc. or
Novagen-Merck Millipore (USA). Gene-specific primers
were commercially synthesized by Gene Link, Inc.
(USA). Escherichia coli DH5a. strain was used for cloning
and plasmid preparation, and the FE. coli Codon-
Plus(DE3)-RIL (Stratagene, USA) strain was used as a
host for the heterologous expression of the gene.

Construction of recombinant plasmids. The gene
encoding GSH-FDH/ADHgs; was amplified by poly-
merase chain reaction using a set of forward (5'-
AGATATACATATGCACCACCACCACCACCACAAG-
GCAGTAACGTATCAAGGC-3') and reverse (5'-
AAAGCTGAGCTCAGTATGCCCTCCTGTAAATC-
TC-3") primers and genomic DNA of B. subtilis RS as
template. A His-tag (shown in bold) and Ndel site
(underlined sequence) were added in the forward primer.
The reverse primer contained a Bpull02l site (under-
lined). The PCR amplified gene product was cloned in
pTZ57R/T cloning vector. The resulting plasmid was
named pTZ-FDH/ADH. The GSH-FDH/ADHg; gene
was excised from pTZ-FDH/ADH plasmid using Ndel
and Bpul1102I and ligated at the corresponding position in
GroEL-pETDuet (prepared in our laboratory for another
study). The resulting plasmid was named GroEL-
pETDuet-FDH/ADH.

Production of recombinant GSH-FDH/ADHjg; in E.
coli. Plasmid GroEL-pETDuet-FDH/ADH was used to
transform FE. coli BL21-CodonPlus(DE3)-RIL cells.
Gene expression was induced by the addition of iso-

propyl-B-D-1-thiogalactopyranoside (IPTG) at a final
concentration of 0.07 mM. After induction, the cells were
grown overnight at 17°C and harvested by centrifugation.
Cells, almost 1.5 g wet weight from 1 liter of culture, were
suspended in 50 ml of 50 mM Tris-HCI buffer, pH 8.0,
and disrupted by sonication. Soluble and insoluble frac-
tions were separated by centrifugation at 12,000g for
30 min. Proteins were analyzed by denaturing polyacryl-
amide gel electrophoresis (SDS-PAGE). Supernatant,
containing GSH-FDH/ADHg; in the soluble form, was
supplemented with 0.5 M NaCl and 5 mM imidazole and
applied to a column containing high capacity nickel
chelate affinity matrix (Sigma). The bound proteins were
eluted with 50 mM Tris- HCI containing 20, 50, 100, 150,
200, and 300 mM imidazole. The fractions containing
recombinant GSH-FDH/ADHgs; were pooled and
applied to a Superdex 200 10/300 GL (GE Healthcare,
USA) gel-filtration chromatography column. The molec-
ular mass of recombinant GSH-FDH/ADHg; was deter-
mined by plotting a standard curve with thyroglobulin
(669 kDa), ferritin (440 kDa), aldolase (158 kDa), conal-
bumin (75 kDa), and ovalbumin (44 kDa). Solutions of
the standard and sample proteins were prepared in
20 mM Tris-HCI (pH 8.0) containing 150 mM NaCl.
Protein concentration was determined spectrophotomet-
rically at every step of purification using Bradford
reagent.

Enzyme assays. Enzyme activity was examined spec-
trophotometrically using a Shimadzu UV-1601 spec-
trophotometer equipped with a thermoelectric cell. To
examine the glutathione-dependent formaldehyde dehy-
drogenase activity, the assay mixture consisted of either
50 mM Tris-HCI, pH 8.0, or 50 mM glycine NaOH,
pH 9.5, 1-50 mM GSH, 2 mM NAD®, 1-20 mM
formaldehyde, and 25 pg of purified enzyme in a total
volume of 1 ml. The reduction of NAD* was examined at
37°C by measuring the increase in absorbance at 340 nm.

To examine the alcohol dehydrogenase activity, the
reaction mixture consisted of 50 mM glycine-NaOH
buffer (pH 9.5), 50 mM of various alcohols, and 0.2 mM
NAD™, and 25 pg of purified protein. The reduction reac-
tion mixture consisted of 50 mM sodium phosphate
buffer (pH 6.0), 20 mM aldehyde or ketone, 0.2 mM
NADH, and 25 pg of purified protein. The routine
enzyme assays were conducted at 37°C. One unit of ADH
was defined as the amount of enzyme that catalyzes the
formation of 1 pmol of aldehyde or ketone per minute.

Formaldehyde dismutase activity was examined at
37°C in a 10 ml reaction mixture containing 20 mM
formaldehyde, 100 mM KCI, 50 mM Tris-HCI, pH 7.0,
25 ug of the enzyme under N, gas, and formation of for-
mate was monitored by pH-stat titration with 5 mM
NaOH [18].

Effect of temperature and pH was determined by
measuring the enzyme activity at various temperatures
(30-70°C) while keeping the pH constant or varying the
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pH values (4-11) and keeping the temperature unchanged
by using ethanol as substrate.

Effect of metal ions on the enzyme activity was ana-
lyzed either by the addition of 25 uM of metal ions in the
reaction mixture or growth medium during protein pro-
duction in E. coli. Chloride salts of Cu?*, Fe?*, and Zn?>"
were used in the growth medium prepared in deionized
water. Control protein was produced without addition of
any metal ions in the growth medium prepared in either
tap water or deionized water. ADH activity was measured
as described above using ethanol as substrate.

For zymography, 50 ug of GSH-FDH/ADHgs was
electrophoresed on native polyacrylamide gel, in dupli-
cate, at room temperature. The gel was cut in two halves.
For ADH activity, one half of the gel was incubated, after
washing with deionized water, in 50 mM glycine-NaOH
buffer (pH 9.5) containing 100 mM ethanol, 1.5 mM
NAD®, 0.24 mM nitroblue tetrazolium, and 0.063 mM
phenazine methosulfate [19]. For glutathione-dependent
formaldehyde dehydrogenase activity, the other half of
the gel was incubated with 50 mM Tris-HCI (pH 8.0)
containing 500 mM KClI, 10 mM formaldehyde, 1.5 mM
NAD™, 0.24 mM nitroblue tetrazolium, and 0.063 mM
phenazine methosulfate [12]. Both halves of the gel were
incubated on a shaker at room temperature for 30 min.

Steady state enzyme kinetics for oxidation reaction
was measured in triplicates in 50 mM glycine-NaOH
buffer (pH 9.5) by varying the concentration of the sub-
strate (0.5-30 mM 1-propanol). Steady state enzyme
kinetics for reduction reaction was measured in triplicates
in 50 mM sodium phosphate buffer (pH 6.0). The kinetic
parameters K, V. ke and k./K, were calculated
using the Michaelis—Menten equation.

Metal ion content and structural stability. The metal
ion contents of the recombinant protein were analyzed by
inductively coupled plasma-atomic absorption mass
spectrometry (ICP-MS) using an Elemental Solaar M6
AA atomic absorption spectrophotometer (Thermo
Scientific, USA). The blank solution, 20 mM Tris-HCI
buffer (pH 8.0), was used for dilution of standards and
samples. Calibration curves were obtained by analysis of
the calculated external standards. All solutions were pre-
pared in deionized double distilled water.

Structural stability of the protein was analyzed by
circular dichroism (CD) spectroscopy using a Chirascan-
plus CD Spectrometer (Applied Photophysics, UK).
Recombinant protein was produced in E. coli in the pres-
ence or absence of different metal ions. The CD spectra
of the protein samples were recorded in 10 mM Tris-HCI,
pH 8.0, in the far UV-range of 200-260 nm. Solvent spec-
tra were subtracted from those of the experimental values.
Equal amount (0.3 mg/ml) of protein was used in each
case, and the CD spectra were measured at 30°C.

Structure prediction and homology modeling. For
structure prediction and homology modeling, the amino
acid sequence of GSH-FDH/ADHg; was submitted to
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NCBI Blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to
get the most similar protein whose crystal structure had
been determined. Among these proteins, ADH from
Thermus ATN1 alcohol dehydrogenase (PDB code:
4CPD) [20] was found most similar to GSH-
FDH/ADHg;s with identity of 34%, and therefore it was
used as a template for structure prediction and homology
modeling studies. For construction of the predicted
model, the sequence was submitted to SWISS-MODEL
ExPASy (https://swissmodel.expasy.org/). Analysis and
comparison of the predicted model were carried out by
using PyMOL provided at https://www.pymol.org/.
Sequence accession number. The sequence of GSH-
FDH/ADHg; is available under accession number
LC159199 in the GenBank/EMBL/DDBJ databases.

RESULTS AND DISCUSSION

Sequence comparison. The GSH-FDH/ADHg; gene
from B. subtilis strain R5 consisted of 1137 nucleotides
encoding a protein of 378 amino acids with theoretical
molecular mass of 41,208 Da and isoelectric point of
5.72. Amino acid sequence comparison of the protein dis-
played the highest identity of 100% with an uncharacter-
ized glutathione-dependent formaldehyde dehydroge-
nase from B. subtilis strain SZMC 6179]. In an unrooted
phylogenetic tree of characterized medium-chain
formaldehyde dehydrogenases and alcohol dehydroge-
nase, constructed by the Neighbor-Joining method,
GSH-FDH/ADHpg; clustered neither with NAD(P)-
ADH nor GSH-FDH. Rather, it made a mixed group
comprising bacterial formaldehyde dehydrogenases and
an alcohol dehydrogenase from Thermus sp. ATNI1
(Tadh) (Fig. 1). Among these characterized enzymes
highest identity, 61%, was found with formaldehyde
dehydrogenase from Brevibacillus brevis [21], followed by
43% with glutathione-independent formaldehyde dehy-
drogenase from Pseudomonas aeruginosa [22], 34% with
alcohol dehydrogenase from Thermus sp. ATNI1 [20],
31% with formaldehyde dismutase from Pseudomonas
putida [18], and 24% with glutathione-dependent
formaldehyde dehydrogenase from Arabidopsis thaliana
[23]. A glycine rich conserved motif “GXGXXG”, report-
ed to be involved in dinucleotide binding [24], was found
(*GCGPVG"™") in GSH-FDH/ADHjgs. A bifurcation of
NAD* or NADP* dependence is marked by the presence
or absence of Asp223 (human numbering), respectively
[25]. Alignment with the human enzyme demonstrated
that this Asp is conserved in GSH-FDH/ADHg; at posi-
tion 210. Four cysteine residues — Cys97, Cysl100,
Cys103, and Cysl11 — in human GSH-FDH are involved
in structural Zn?>" binding. These residues were also con-
served in GSH-FDH/ADHgs as Cys90, Cys93, Cys96,
and Cys104. Similarly, Cys46, His67, and Cysl174 are
involved in catalytic Zn?* binding in human GSH-FDH.
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Fig. 1. Phylogenetic tree of GSH-FDH/ADHys. The unrooted tree with branch length was constructed using the Neighbor-Joining method.
Bootstrap values and segments corresponding to evolutionary distance of 0.1 are shown. Following are the sources of sequences with accession
numbers used for the alignment: NADP-dependent alcohol dehydrogenases (NADP-ADH) from Thermoanaerobacter brockii (ADV78851),
Thermococcus guaymasensis (ADV18977.1), Clostridium beijerinckii (P25984.2), Entamoeba histolytica (BAN39903), and Ralstonia eutropha
(P14940); NAD-dependent alcohol dehydrogenases (NAD-ADH) from Sulfolobus tokodaii (WP_010977990.1), Sulfolobus sp. RC3 (P50381),
Aeropyrum pernix (BAA81251), Geobacillus stearothermophilus (P42327.1), Saccharomyces cerevisiae (EWG88693.1), and Rhodococcus ruber
(WP_010594839); glutathione-dependent formaldehyde dehydrogenases (GSH-FDH) from Arabidopsis thaliana (CAA57973.1), Pisum
sativum (P80572.1), Candida boidinii (BAC16635.1), Homo sapiens (NP_000662), Rhodobacter sphaeroides (1L47326.1), and Pseudomonas den-
itrificans (AAC44551); and mixed group formed by NADH-ADH from Thermus sp. ATN1 (ACD50896.1) and glutathione-independent FDHs
from Brevibacillus brevis (AEM59539), Methylobacter marinus (P47734), Pseudomonas putida (P46154.3), and Pseudomonas aeruginosa

(WP_061181139).

Comparison demonstrated that the first two residues —
Cys44 and His66 — are conserved in all the Zn?"-depend-
ent medium-chain dehydrogenases. However, the third
residue may be Cys or Asp. In GSH-FDH/ADHjg;, these
residues were Cys38, His60, and Asp162. Although GSH-
FDH/ADHy; exhibited highest homology with the
uncharacterized GSH-FDH from B. subtilis, the four
amino acid residues (Thr48, Asp57, Glu59, and Argl15,
human numbering) reported to be involved in glutathione
binding [25] and conserved in all the characterized GSH-
FDHs were missing in GSH-FDH/ADHg; (Fig. 2). The
absence of these amino acid residues created ambiguity
whether GDH-FDH/ADHg; is a bona-fidle GSH-FDH
or not. A glycyl-aspartyl dipeptide that is involved in
maintaining the structural integrity of the N-terminal
segment of medium-chain alcohol dehydrogenases [26]
was also found, ’GD (Fig. 2).

Gene expression in E. coli and purification of re-
combinant GSH-FDH/ADHg;. Production of recombi-
nant GSH-FDH/ADHgs in E. coli cells harboring
GroEL-pETDuet-FDH/ADHgs was analyzed by SDS-
PAGE, and it was found that a high level of recombinant
protein was produced in the cells induced with IPTG.
The recombinant protein, having a His-tag at the N-ter-
minal, was purified to homogeneity using nickel affinity
chromatography. About 5 mg of purified GSH-
FDH/ADHg; was obtained from 1.5 g of E. coli cells
(1 liter of culture).

The molecular mass and subunit number of the
recombinant protein were determined by gel-filtration
chromatography. GSH-FDH/ADHjg; eluted at retention
volume of 14 ml, which corresponded to an approximate
molecular mass of 164 kDa on the standard curve.
Keeping in view the subunit mass of 42 kDa, this result
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GSH-FDH/ADHR5 ~ ----—————- MKAVTYQGIKNVVVKDVPDPKIE————-- KSDDMIIKVTSTAI®GSDLHL 44

P. putida = —--—--- MSGNRGVVYLGSGKVEVQKIDYPKMQDPRGKKIEHGVILKVVSTNI@GSDOHM 53

Thermus sp.ATN1 —  -————————- MRAVVFENKERVAVKEVNAPRLQ-———-~- HPLDALVRVHLAGI@GSDLHL 44

A. thaliana MATQGQVITCKAAVAYEPNKPLVIEDVQVAPP----——— QAGEVRIKILYTAL@HTDAYT 53

H. sapiens - -MANEVIKCKAAVAWEAGKPLSIEETIEVAPP——————- KAHEVRIKIIATAV@HTDAYT 52

S. tokodaii = —==mmm--- MKAMLIKEFGKPLKLEDVDVPKLK—-————-- ONQVLIRVRSAGV@HTDVSV 55

A. pernix  ————————c MKAARLHEYNKPLRIEDVDYPRLE-----~ GRFDVIVRIAGAGV@HTDLHL 45

T. brockii = ————————o MMKGFAMLSIGKVGWIEKEKPAPG——————~- PFDAIVRPLAVAP@TSDIHT 44

* *
L[] [ ] [ ]
GSH-FDH/ADHRS THG------ FIPNMQEDYVIGEEPMGIVEEVGSGVTKLK VIIPFNIACGECFFCKN 98
P. putida VRG------- RTTAQVGLVLGRIEITGEVIEKGRDVENLQ]GD}VSVPFNVACGRCRSCKE 106
Thermus sp.ATNI YHG------ KIP-VLPGSVLGREFVGQVEAVGEGIQDLOHGDYVVGPFHIACGTCPYCRR 106
A. thaliana WSG-—---- KDPEGLFPCILGRIEAAGIVESVGEGVTEVQAGDEVIPCYQAECRECKFCKS 97
H. sapiens LSG----—- ADPEGCFPVILGBIEGAGIVESVGEGVTKLKAGDFVIPLYIPQCGECKFCLN 96
S. tokodaii RSGTIYKRVSVNPPKLPFIPGEEIAGIIEDVGDEVIGFTHGDKVIVNPWQGEGNCYYCKI 104
A. pernix VQG---MWHELLQPKLPYTLGRIENVGYIEEVAEGVEGLE VILHPAVTDGTCLACRA 102
T. brockii VFEG--—--- ATIGERHNMILGREAVGEVVEVGSEVKDFK VVVPAITPDWRTSEVQR 97
* %k * **  x
GSH-FDH/ADHRS OLESQCDQSNDNGEMGAYFGYSGQTGGY PG-—---—— GOAEYLRVPFANFTHFKIP--ES 149
P. putida MHTGVCLTVNPARAGGAYG-~YVDMGDWTG------~ GOAEYLLVPYADFNLLKLPDRDK 157
Thermus sp.ATNI HQYNLCER------- GGVYGYGPMFGNLQG------~ AQAEILRVPFSNVNLRKLP--PN 141
A. thaliana GKTNLCGKVRSATGVGIMMNDRKSRFSVNGKPIYHFMGTSTFSQYTVVHDVSVAKI--DP 165
H. sapiens PKTNLCQKIRVTQGKGLMP-DGTSRFTCKGKTILHYMGTSTFSEYTVVADISVAKI--DP 164
S. tokodaii GEEQYCDF——=-—-======~ PTWLGISTNG----—-- GYAEYVVSNENYVYKVNKLS-—— 142
A. pernix GEDMHCEN---—---=--=-~ LEFPGLNIDG-—----- GFAEFMRTSHRSVIKLPKDI-SR 142
T. brockii GYHQHSGG-—-—-—------ MLAGWKFSNVKDG-—---~ VFGEFFHVNDADMNLAHLPK--E 140
GSH-FDH/ADHRS5 CEEPDEKLSVIABAMTTGFWSVDNAGVKKGDTVIVIGCGP-VGLFAQKFCWLKGAKRVIA 209
P. putida AMEKIRDLTCLS|ILPTGYHGAVTAGVGPGSTVYVAGAGP-VGLAAAASARLLGAAVVIV 216
Thermus sp.ATNI LSP--ERAIFAGRILSTAYGGLIQGQLRPGDSVAV]GAGP-VGLMAIEVAQVLGASKILA 198
A. thaliana TAPLDKVCLLGC[€VPTGLGAVWNTAKVEPGSNVAIHGLGT-VGLAVAEGAKTAGASRIIG 224
H. sapiens LAPLDKVCLLGCEISTGYGAAVNTAKLEPGSVCAVHGLGG-VGLAVIMGCKVAGASRIIG 223
5. tokodaii --VEEASPLACAGVTAYRAARLAN--LTPSKYVMV]GAGGGLGSFGVQIVKALYGSTVIA 198
A. pernix EKLVEMAPLADA®ITAYRAVKKAARTLYPGAYVAIYGVGG-LGHIAVQLLKVMTPATVIA 201
T. brockii I-P-LEAAVMIPMMTTGFHGAELADIELGATVAVIGIGP-VGLMAVAGAKLRGAGRIIA 197
* K *
on

GSH-FDH/ADHRS5 VDYVNYRLQHAKRTNKVEIVNFEDHEN-TGNYLKEITKGGADVVIDAVGMDGKMSDLEFL 267
P. putida GDINPARLAHAKAQG-FEIADLSLDTPLHEQIAALLGEPEVDCAVDAVGFEARGHGHEG- 274
Thermus sp.ATNI IDRIPERLERAASLGAIPIN-AEQENP-VRRVRSETNDEGPDLVLEAVGG----—————~ 246
A. thaliana ID}PSKKYETAKKFGVNEFVNPKDHDKPIQEVIVDLTDGGVDYSFECIGN--—-—————-= 274
H. sapiens VD]NKDKFARAKEFGATECINPQDFSKPIQEVLIEMTDGGVDYSFECIGN--—-—————— 273
S. tokodaii VD]NEEGLKLASRLGSDYVMNAKDQSLLQEILRITEGR-GVDAILDFVGS-----————= 247
A. pernix LDYKEEKLKLAERLGADHVVDAR-RDPVKQVMELTRGR-GVNVAMDFVGS ———————-—~~ 249
T. brockii VG§RPVCVDAAKYYGATDIVNYKDGPIESQIMNLTEGK-GVDAATTAGGN-=-=-===--~- 246
GSH-FDH/ADHRS ASGLKLHGGTMSALVIASQAVRKGGTIQITGVYGGRYNGFPLGDIMORNVNIRSGQAP-- 325
P. putida --—-AKHEAPATVLNSLMQVTRVAGKIGIPGLYVTEDPGAVDAAAKIGSLSIRFGLGWAK 330
Thermus sp.ATN1 —  -————————- AATLSLALEMVRPGGRVSAVGVDNAPSFPFPLASGLVKDLTFRIGLAN-- 288
A. thaliana = -————————- VSVMRAALECCHKGWGTSVIVGVAASGQEISTRPFQLVTGRVWKGTAFGG 324
H. sapiens = —------——- VKVMRAALEACHKGWGVSVVVGVAASGEEIATRPFQLVTGRTWKGTAFGG 223
S. tokodaii = —=m—mm---- ESTTKNYYTILAKLGRYIKVGTFGGGLPQEAGLKLHSMGWEFIGTLTG-- 295
A. pernix  —————————- QATVDYTPYLLGRMGRLIIVG--YGGELRFPTIRVISSEVSFEGSLVG-- 295
T. brockii = —————————- ADIMATAVKIVKPGGTIANVNYFGEGEVLPVPRLEWGCGMAHKTIKGGLC 296
GSH-FDH/ADHR5 ~ -————————- VIHYMPYMFELVSTGKIDPGDVV-SHVLPLSEAKHGYDIFDSKMDDCIKV 374
P. putida SHSFHTGQTPVMKYNRALMQAIMWDRINIAEVVGVQVISLDDAPRGYGEFDAGVPKKEVI 392
Thermus sp.ATNI —  ——-—-———-- VHLYIDAVLALLASGRLQPERIV-SHYLPLEEAPRGYELFDRKEALKVLL 343
A. thaliana = ----———- FKSRTQVPWLVEKYMNKEIKVDEYI-THNLSLGEINKAFDLLHEGTCLRCVL 375
H. sapiens = —---———- WKSVESVPKLVSEYMSKKIKVDEFV-THNLSFDEINKAFELMHSGKSIRTVV 376
S. tokodaii =~ —mmmmmmmmmmoo NRRDFLEIIKLAESGKIRIV-ITKLSLEEANEALNNLESNKVTGRQV 341
A. pernix —=——————————e NYVELHELVTLALQGKVRVE-VDIHKLDE INDVLERLEKGEVLGRAV 341
T. brockii I GGRLRMERLIDLVFYKRVDPSKLVTHVFRGFDNIEKAFMLMKDKPKDLIKP 348

Fig. 2. Comparison of amino acid sequence of GSH-FDH/ADHg;s with characterized NADH-ADH (S. fokodaii and A. pernix), NADPH-
ADH (T. brockii), GSH-FDH (H. sapiens and A. thaliana), and mixed (glutathione-independent FDH from P. putida and NADH-ADH from
Thermus sp. ATN1). Comparison was made using the ClustalW program. The accession numbers are given in the legend to Fig. 1. The residues
shown with gray background are involved in the glutathione binding. Residues highlighted in black background are involved in catalytic zinc
binding. Amino acids shown with black filled circles at the top are the structural zinc binding residues. Residues enclosed in a box are involved
in maintaining the structural integrity of the N-terminal segment. The sequence segment in braces corresponds to the dinucleotide-binding
region. The aspartate shown with an unfilled circle is expected to be involved in preference of NAD* over NADP™. Asterisks designate the
residues, which are the same in all eight aligned sequences.
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Table 1. Substrate specificity of GSH-FDH/ADHg;
Relative
Substrate Concentration, activity,
mM o
Oxidation | methanol 50 16
reaction ethanol 50 63
1-propanol 50 100
1-butanol 50 34
1-hexanol 50 7
1,2-butanediol 50 5
isopropanol 50 0
2,3-butanediol 50 0
isobutanol 50 0
isoamyl alcohol 50 0
cyclohexanol 50 0
Reduction | formaldehyde 20 78
reaction acetaldehyde 20 95
propionaldehyde 20 100
acetone 20 0
cyclohexanone 20 0
acetophenone 20 0
a-tetralone 20 0
a
100
80—
°
=
Z 607
0
©
g
E 40—
3]
o
20—
0 T I I 1 |
20 30 40 50 60 80

Temperature, °C

indicated that the recombinant GSH-FDH/ADHg;
existed as a tetramer.

Biochemical characterization. When glutathione-
dependent or -independent formaldehyde dehydrogenase
activity was examined, we could not detect any activity
even when the glutathione and formaldehyde concentra-
tions were varied from 1 to 50 mM and from 1 to 20 mM,
respectively. Similarly, no aldehyde dismutase activity
could be detected. However, GSH-FDH/ADH; exhibit-
ed significant alcohol dehydrogenase activity (450 nmol/
min per mg) when ethanol was used as the substrate.
Zymogram analysis also confirmed the presence of alco-
hol dehydrogenase activity in GSH-FDH/ADHg; and no
formaldehyde dehydrogenase activity (data not shown).
GSH-FDH/ADHg; exhibited a clear preference for
aliphatic primary alcohols and corresponding aldehydes
as substrates. In the oxidative direction, highest activity
was found when 1-propanol was used as the substrate
(Table 1).

When the enzyme activity of GSH-FDH/ADHg;
was examined at various temperatures at constant pH, the
activity increased with increasing temperature until it
reached 60°C. The enzyme activity decreased drastically
above 60°C (Fig. 3a). Similarly, when the enzyme activity
was examined at 60°C in different buffers of various pH,
the highest activity for the oxidation reaction, using
ethanol as substrate, was found at pH 9.5 in glycine sodi-

120 b
100
80

60 —

40

Relative activity, %

20 -

pH

Fig. 3. Effect of temperature and pH on the enzyme activity of GSH-FDH/ADHg; produced in cells grown in the presence of 25 pM Cu?*.
a) Effect of temperature on the enzyme activity. Activity assays were performed in 50 mM glycine-NaOH buffer at 30-70°C using ethanol as
the substrate. b) Optimal pH for the enzyme activity of GSH-FDH/ADHys. The activity assays were conducted at 60°C using sodium acetate
buffer (pH 5.0-5.5; gray filled circles) and sodium phosphate buffer (pH 5.5-7.5; black filled squares) for reduction reaction using acetalde-
hyde as the substrate. Oxidation reactions were conducted using sodium phosphate buffer (pH 6.5-7.5; unfilled squares); Tris-HCI buffer
(pH 7.5-9.0; unfilled circles), and glycine NaOH buffer (pH 9-11; black filled circles), and ethanol as the substrate.
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Fig. 4. Purification and enzyme activity of GSH-FDH/ADHygs produced in cells grown in the presence and absence of metal ions. a)
Coomassie brilliant blue stained 14% SDS-PAGE showing the purified GSH-FDH/ADHys. b) Comparison of enzyme activity of the same

proteins as shown in (a). The activity was measured at 60°C and pH 9.5.

um hydroxide buffer, whereas the highest activity for the
reduction reaction, using acetaldehyde as substrate, was
observed at pH 6.0 in sodium phosphate buffer (Fig. 3b).

The presence or absence of metal ions in the reaction
mixture did not significantly affect the enzyme activity of
GSH-FDH/ADHg;. Instead of increase, there was a
slight decrease in enzyme activity when various metal
ions were added in the reaction mixture at final concen-
tration of 100 uM. This observation indicated that the
enzyme activity of GSH-FDH/ADHy; is independent of
added metal ions. However, the presence of EDTA in the
reaction mixture at final concentration of 10 mM signifi-
cantly decreased the enzyme activity. This is in contrast to
the first observation. We hypothesized that metal ions
might be required in the structural stability during pro-
duction and folding of GSH-FDH/ADHgs. Therefore,
the GSH-FDH/ADHg;s gene was expressed in the pres-
ence of various metal ions including Cu®>*, Fe?*, and Zn*"
at final concentration of 25 uM. Two control experi-
ments, expression in double distilled water and in tap
water, were included. These proteins were purified to
apparent homogeneity (Fig. 4a), and the enzyme activi-
ties were compared (Fig. 4b). There was very low activity,
20 nmol/min per mg, in the protein produced in double
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distilled water, which increased 5-fold in the protein pro-
duced in tap water. The highest activity, 22-fold increase,
was found in the protein produced in the presence of
25 uM Cu?*, followed by Fe?* (20-fold). Although all the
amino acid residues reported for structural Zn** binding
[25] were conserved in GSH-FDH/ADHjgs, the protein
produced in the presence of 25 pM Zn?* exhibited lower
activity compared to the protein produced in the presence
of same concentration of Fe?" or Cu?* (Fig. 4b).

Kinetic parameters of GSH-FDH/ADH; produced
in the presence of Cu®* and Zn?>" were determined at 60°C
and pH 9.5 by plotting the initial velocities for various
concentrations of 1-propanol. The K, and V,,,, values of
GSH-FDH/ADHgs produced in the presence of Cu®*
were 1.12 mM and 885 nmol/min per mg, respectively.
The kinetic parameters of GSH-FDH/ADHg;s produced
in cells grown in the presence of Cu?" or Zn?" are com-
pared in Table 2.

The specific activity of recombinant GSH-
FDH/ADHg; was found to be much lower compared to
the alcohol dehydrogenase from Thermus sp. ATNI1
(30.6 umol/min per mg) [20], horse liver alcohol dehy-
drogenase (3.2 umol/min per mg) [27], and human liver
alcohol dehydrogenase (3.3 umol/min per mg) [28]. Low
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Table 2. Kinetic parameters of GSH-FDH/ADHg; pro-
duced in the presence of metal ions

Metal Kma Vmax’ anI/ kcal’ kcal/](ma
mM | min per mg min~! | mM™'min!

Cu** 1.12 885 148 132

Zn*t 2.10 637 107 51

activity of GSH-FDH/ADHRS may be attributed to
incorrectly or misfolded recombinant protein produced
in E. coli.

Structural stability. The structural stability of GSH-
FDH/ADHy; was analyzed at different temperatures (20-
80°C). The CD spectra showed that there was no signifi-
cant change in the spectrum up to 60°C (Fig. 5a), indi-
cating that the enzyme maintains its secondary structure
up to 60°C, which is in good agreement with the optimal
temperature for the enzyme activity. The structure of
GSH-FDH/ADHg; produced in the presence or absence
of divalent metal ions was analyzed by CD spectroscopy
at 30°C. A significant change in the CD spectra of the
protein produced in the presence, particularly Fe?* or
Cu?", and absence of metal ions was observed, indicating
that binding of Cu?* or Fe?* may have resulted in struc-
tural changes during folding of the protein that con-
tributed to higher activity of the enzyme as compared to
Zn* -bound enzyme (Fig. 5b).

The metal ion contents of the proteins produced in
the presence or absence of metal ions (25 uM Zn** or
Cu*") were determined, and it was found that there was
1.5 mol of Zn?" (in the protein produced in the presence
of 25 uM Zn?*) and 1.3 mol of Cu?* (in the protein pro-

a
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Molar ellipticity x1072
[deg cm? dmol™']

T R R
A W W NN = = |
O 00 O o0 o ;1 © a O u
_ 11

duced in the presence of 25 pM Cu?") per mol of the pro-
tein. However, no metal ion could be detected when the
protein was produced in the absence of any metal ion,
though it exhibited weak enzyme activity, possibly due to
the low sensitivity of detection.

Protein 3D structure comparison. Among the pro-
teins whose crystal structures have been determined,
GSH-FDH/ADHg; displayed the highest identity of 34%
with Tadh from Thermus sp. ATN1 (4CPD), followed by
31% with formaldehyde dehydrogenase from P. putida
(IKOL), and 24% with human alcohol dehydrogenase
(ITEH). A theoretical model of GSH-FDH/ADH; was
constructed using the crystal structure of 4CPD as a tem-
plate. There was 24% [-strand and 28% a-helix in the
theoretical structure of GSH-FDH/ADHgs. The
Ramachandran plot assessment of the predicted model by
RAMPAGE showed that a high number of the amino
acids (91.8%) were present in the favored region.

To analyze the tertiary structural differences in GSH-
FDH/ADHg;, the predicted model was superimposed on
the crystal structure of either IKOL or 1TEH or 4CPD.
The crystal structure of 1KOL shows the presence of two
insertion loops comprising 263-281 and 302-317 a.a. [29].
The former loop makes a compact shield and hydrogen
bonding with the adenine part of NAD", thus restricting
the release of NAD™ from the enzyme [30]. The predicted
structure of GSH-FDH/ADHg; also shows the presence
of an insertion loop (257-279 a.a.), but this loop is not as
compact as in 1KOL. Therefore, the release of NAD™ may
not be restricted and might be exchanged with the solvent.
The second loop in 1KOL (301-308 a.a.) was absent in
GSH-FDH/ADHjg; (Fig. 6a).

The superimposition on 1TEH revealed a distinct
orientation of amino acids around catalytically important
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Fig. 5. Circular dichroism studies on GSH-FDH/ADHjys. a) Far-UV spectrum of GSH-FDH/ADHg; was analyzed by examining the circu-
lar dichroism spectra from 200-260 nm at 20 (closed diamond), 30 (closed squares), 40 (closed triangles), 50 (closed circles), 60 (open
squares), 70 (open circles), and 80°C (crosses). b) Comparison of circular dichroism spectra of GSH-FDH/ADHg; produced in E. coli cells
grown in the medium prepared either in double distilled deionized water (diamonds) or containing 25 uM of either Zn** (squares), or Fe?"

(circles), or Cu?* (triangles).
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Fig. 6. Superimposition of predicted structure of GSH-FDH/ADHg;s (shown in black) and 1KOL or 1TEH (shown in gray). a) Presence of
relaxed loop in GSH-FDH/ADHyg; at a.a. position 257 to 279 reported to allow the release of NAD* and absence of another loop at position
301 to 308, which helps to make a compact structure, which may result in the structural stability of GSH-FDH/ADHys at higher tempera-
ture. b) Replacement of loop in ITEH by a helix in GSH-FDH/ADHjy;s at a.a. position 47 to 53 contrary to replacement of helix in ITEH by
aloop in GSH-FDH/ADHg;s at position 105 to 114. This replacement is expected to hinder the entrance of large molecules into the catalyt-

ic cavity.
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conserved residues. In 1TEH, amino acids 55-61 form a
loop and 112-120 form a helix, which results in an open
entrance for large substrate molecules [25]. In GSH-
FDH/ADHyg;, instead of the helix, a loop comprising
105-114 a.a. is formed that covers the entrance and may
restrict the entry of large molecules (Fig. 6b).

In 4CPD, the above-described loops are absent,
which results in increased compact nature and thermosta-
bility [31]. Two of these loops are also absent in GSH-
FDH/ADHgs. The absence of these loops may increase
the thermostability, similar to 4CPD, which is evident
from the optimal temperature (60°C) for the enzyme
activity. The CD spectrum of GSH-FDH/ADHg; also
showed that there was no significant change in the sec-
ondary structure of the protein up to 60°C.

The experimental data obtained in this study demon-
strate that metal ions are necessary for the proper folding
and enzyme activity of GSH-FDH/ADHgs.
Furthermore, it exhibits only alcohol dehydrogenase
activity and no glutathione-dependent formaldehyde
dehydrogenase or aldehyde dismutase activity. These
results indicate that the enzyme is not a glutathione-
dependent formaldehyde dehydrogenase but a bona-fide
metal ion-dependent alcohol dehydrogenase.
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