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The slr1192 (adhA) gene from Synechocystis sp. strain PCC 6803 encodes a member of the medium-chain
alcohol dehydrogenase/reductase family. The gene product AdhA exhibits NADP-dependent alcohol dehydro-
genase activity, acting on a broad variety of aromatic and aliphatic primary alcohols and aldehydes but not on
secondary alcohols or ketones. It exhibits superior catalytic efficiency for aldehyde reduction compared to that
for alcohol oxidation. The enzyme is a cytosolic protein present in photoautotrophically grown Synechocystis
cells. The expression of AdhA is enhanced upon the exposure of cells to different environmental stresses,
although it is not essential for survival even under such stress conditions. The induction of the expression of
the adhA gene is dependent on the Hik34-Rrel two-component system, as it is severely impaired in mutant
strains lacking either the histidine kinase Hik34 or the response regulator Rrel. In vitro DNA-protein
interaction analysis reveals that the response regulator Rrel binds specifically to the promoter region of the

adhA gene.

Medium-chain dehydrogenases/reductases (MDR) consti-
tute a superfamily of alcohol dehydrogenases that catalyze the
reversible NAD(P)-dependent oxidation of alcohols to alde-
hydes or ketones. It includes a large number of structurally
related proteins, which catalyze several types of enzymatic
activity (23, 41, 44). Screening of complete genome sequences
has revealed that this family is widespread, complex, and of
ancient origin (22, 44). MDR alcohol dehydrogenases are
found in mammals, plants, fungi, and bacteria (52). The alco-
hol dehydrogenases fulfill an astonishing variety of functions in
cell metabolism (21), also being a key enzyme in ethanol gen-
eration by Saccharomyces cerevisiae (6) and bacteria (10). Fur-
thermore, the generation of biofuels by photoautotrophic mi-
croorganisms is of great biotechnological interest (43).
Complementation of a cyanobacterium’s enzyme machinery
with a specific exogenous gene(s) can result in the ability to
generate bioethanol from photosynthetically fixed CO, (11).
Notwithstanding, current knowledge of cyanobacterial alcohol
dehydrogenases is rather limited. In the cyanobacterium Syn-
echocystis sp. strain PCC 6803 (referred here as Synechocystis),
the slr1192 gene encodes a putative MDR alcohol dehydroge-
nase. According to in silico analyses (38, 44), the slr1192 pro-
tein has similarity with two subfamilies of MDRs: the yeast
ADH family (Y-ADH) and the cinnamyl ADH family
(CADH). Y-ADH-related enzymes have catabolic functions
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and are involved mainly in the metabolism of ethanol or short-
chain alcohols for which they exhibit broad substrate specific-
ity. CADH and related enzymes, on the other hand, perform
anabolic functions and participate in biosynthetic pathways in
plants and bacteria (5, 25, 44).

In Synechocystis, the expression of slr1192 is induced by
osmotic (35) or salt (48) stress. In higher plants, alcohol dehy-
drogenase activity appears to be involved in aerobic metabo-
lism under certain stress conditions (26, 56) such as low tem-
perature, water deficit, or ozone exposure, but its function
remains unknown. A temperature decrease seems to induce
the accumulation of alcohol dehydrogenase mRNA in Arabi-
dopsis thaliana (20), corn, and rice (9).

In general, cyanobacteria perceive and respond to environ-
mental changes by means of two-component regulatory sys-
tems, a ubiquitous signal transduction pathway that represents
a prevalent signaling mechanism in bacteria (8, 61). Two-com-
ponent systems consist of a histidine kinase (Hik) and a re-
sponse regulator (Rre) and generally induce or repress the
expression of specific genes in response to environmental stim-
uli. The histidine kinase autophosphorylates a conserved his-
tidine residue in response to the environmental signal and then
transfers the phosphate group to a conserved aspartate residue
of the response regulator, which mediates the transfer of the
signal. In Synechocystis, different Hik-Rre systems have been
identified as being regulators of the response to different en-
vironmental stresses (37). A membrane-bound histidine ki-
nase, Hik33, is involved in the perception of cold, salt, and
osmotic stress (33, 35, 39, 48, 54). A cytosolic histidine kinase,
Hik34, has been shown to be involved in the perception of salt
and hyperosmotic stress (33, 39, 48) as well as heat shock (53).
Specifically, the couples Hik33-Rre31, Hik10-Rrel3, Hik16
Hik41-Rrel7, Hik34-Rrel, and a putative Hik2-Rrel have
been identified as being elements involved in the perception
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TABLE 1. Primers used in this work

Oligonucleotide Sequence (5'—3")

ADHI.
ADH2.

LACTCTATTACATATGATTAAAGCC
.TGACCATTCCACGTCGACAGAAGC
TATTCATCGGATCCGATAACA
GGCAGCGTAGGCTTGGATCCTGG
TTCCGTTGGCTTCCAGGGCAGCG
CCTCTGCCTTGTCTTCATCATCGT
CAAGGATCCGTGGGGTTGAGTTTGCTG
TAATTGCTGCAGACTTGTCATAGTTAT

and transduction of signals promoted by hyperosmotic and salt
stress (39, 48).

In the present work, a biochemical characterization of the
slr1192 protein (designated AdhA here) from Synechocystis has
been performed, revealing that the tetrameric 140-kDa en-
zyme is active toward linear and aromatic primary alcohols and
that it preferentially reduces aldehydes rather than oxidizing
alcohols. In addition, an extensive analysis of the expression of
the adhA gene has verified its induction in response to heat
shock, hyperosmotic stress, salt stress, and the addition of
benzyl alcohol (BA). The Hik34-Rrel two-component system
has been shown to play a relevant role in the regulation of the
expression of the adhA gene under these stress conditions. A
specific interaction of Rrel with the promoter region of the
adhA gene has also been demonstrated. In light of this finding
and additional information presented here, the physiological
role of AdhA in Synechocystis is discussed.

MATERIALS AND METHODS

Strains and culture conditions. Synechocystis sp. strain PCC 6803 cells were
grown photoautotrophically on BG-11c medium (42) at 30°C under conditions of
continuous illumination (50 wE m~2 s~ !) and bubbled with 1% CO, in air.
Heterotrophic growth was performed as described previously (4). The Ahik34
and Arrel mutant strains were kindly provided by Iwane Suzuki (Graduate
School of Life and Environmental Sciences, University of Tsukuba, Japan) (55).
For precultures of the AadhA or Arrel strain, kanamycin was added to a final
concentration of 100 ug ml™', and for precultures of the Ahik34 strain, specti-
nomycin was added to a final concentration of 5 pg ml~'. Experiments were
performed using cultures from the mid-logarithmic phase (optical density at 730
nm of 0.6 to 0.7 and 3 to 5 pg chlorophyll ml~"). For high-light treatment, cell
suspensions were diluted with fresh medium to an optical density at 730 nm of
0.35, and the cultures were placed in a temperature-controlled chamber at 30°C
and exposed to an irradiance of 500 nE m~2 s~ ! Under heat shock conditions,
cultures were incubated in a water bath at 45°C. For salt or hyperosmotic shock,
NaCl or sorbitol, respectively, was added to the cell suspension to a final con-
centration of 0.5 M. BA was added to a final concentration of 30 mM. For
oxidative stress, H,O, was added to a final concentration of 1 mM. Glucose and
3-(3P,4P-dichlorophenyl)-1,1P-dimethylurea were added to final concentrations
of 5 mM and 10 pM, respectively.

Escherichia coli DH5a and E. coli BL21(DE3) cells were grown in LB broth
medium as described previously (46) and supplemented with 100 pg ml~' of
ampicillin or 50 pg ml~! of kanamycin when required. M9 minimal medium (46)
was used for the metal dependence analysis of His-AdhA expression.

Construction of the adh4 disruption mutant. To inactivate the adhA gene, the
entire coding region was amplified by PCR to yield a fragment of 1,011 bp using
primer pairs ADH1 and ADH2. All the primers used in this work are listed in Table
1. The PCR product was cloned into the pGEM-T vector to generate plasmid
pADHI. A DNA fragment containing the npt gene (neomycin phosphotransferase)
under the control of the Synechocystis sp. strain PCC 6803 psbA promoter (13) was
introduced into the HindIII site of the coding region of adhA (712 bp downstream
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of the start codon), generating a construct that was used to transform Synechocystis
sp. strain PCC 6803 (14). Transformants were selected by screening for resistance to
50 ug ml~! of kanamycin in BG-11 medium plates. Segregation of the inactivated
adhA gene was monitored by Southern blotting using standard procedures (46).
Total DNA from cyanobacteria was isolated as previously described (7).

Expression and purification of the AdhA protein. To generate a plasmid for
the expression of recombinant N-terminal His-tagged AdhA, the PCR fragment
obtained using primers ADH1 and ADH2 was digested with Ndel and Sall and
cloned into the same restriction sites of the pET-28a(+) vector (Novagen) to
generate plasmid pETAdhA. The DNA fragments cloned were totally sequenced
to ensure that no modifications in the nucleotide sequence occurred during
cloning. For the expression of the AdhA protein, E. coli BL21(DE3) was trans-
formed with plasmid pETAdhA. For large-scale protein production, the trans-
formant cells were grown at 37°C in LB broth to an optical density at 580 nm of
0.5, 1 mM isopropyl-p-p-thiogalactopyranoside (IPTG) was added, and the cul-
ture was incubated for 2.5 h. Thereafter, cells were harvested by centrifugation,
resuspended in 20 mM Tris-HCI (pH 7.9) supplemented with 50 mM NaCl and
1 mM phenylmethylsulfonyl fluoride, and broken by sonication. The insoluble
debris was pelleted by centrifugation at 18,000 X g for 30 min, and the super-
natant was used immediately for protein purification. AdhA was purified by
anion-exchange chromatography using DEAE-cellulose resin equilibrated with
20 mM Tris-HCI (pH 7.5) and applying a 0 to 0.5 M NaCl gradient. The eluted
fractions containing the protein were loaded onto Ni-nitrilotriacetic acid (NTA)
resin (Novagen) and eluted with 0.4 M imidazole. Protein samples were examined by
12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (46).

Gel filtration. A 200-pl aliquot of native AdhA (30 wM) was applied to a
Superose 6 10/300 GL (GE Healthcare) column connected to a fast-performance
liquid chromatograph (Akta; Amersham Biosciences) at 0.8 ml min~!. The
column was previously equilibrated with 30 mM Tris-HCI (pH 8.0) supplemented
with 0.5 M NaCl. The molecular mass standards used were bovine thyroglobulin
(670,000 Da), bovine y-globulin (158,000 Da), chicken ovalbumin (44,000 Da),
horse myoglobin (17,000 Da), and vitamin B, (1,350 Da).

Expression and purification of the Rrel protein. A DNA fragment covering
from +1 to +846 bp of slr1783 (Cyanobase) was amplified by PCR using primers
RR1 and RR2, digested with BamHI and Pstl, and cloned into the same restric-
tion sites of vector pQE-80L to generate plasmid pQR1, which was used to
produce a recombinant N-terminal His-tagged Rrel protein. The DNA fragment
cloned was totally sequenced to ensure that no modifications in the nucleotide
sequence occurred during cloning. For the expression of the Rrel protein,
IPTG-inducible E. coli strain DH5« transformed with plasmid pQR1 was grown
at 37°C in LB broth to an optical density at 580 nm of 0.5, 1 mM IPTG was then
added, and the culture was incubated for 2.5 h. Thereafter, cells were harvested
by centrifugation, resuspended in 20 mM Tris-HCI (pH 7.9) supplemented with
50 mM NaCl and 1 mM phenylmethylsulfonyl fluoride, and broken by sonication.
The insoluble debris was pelleted by centrifugation at 18,000 X g for 30 min, and
the supernatant was used immediately for protein purification. Rrel was purified
by affinity chromatography using Ni-NTA resin (Novagen).

Alcohol dehydrogenase assay. Enzyme activity was assayed at 25°C by moni-
toring changes in the absorbance of NAD(P)H at 340 nm in a Pharmacia LKB
Ultrospec Plus spectrophotometer with a 1-cm-light-path cuvette. Reactions
were performed using 30 mM Tris-HCI buffer (pH 8.0) containing 0.2 mM
NAD(P)H for the reduction of aldehydes or 0.5 mM NAD(P)™" for the oxidation
of alcohols. The kinetic constants were determined by fitting the initial rates,
calculated in the linear range of protein concentration and reaction time, to the
Michaelis-Menten equation, and the corresponding values are expressed as the
means * standard deviations for three independent determinations.

RNA isolation and Northern blot analysis. Total RNA was isolated from 30-ml
samples of Synechocystis sp. strain PCC 6803 cultures in the mid-exponential
growth phase (3 to 5 pg chlorophyll ml™') as previously described (17). For
Northern blotting, 15 ug of total RNA was loaded per lane in 1% (wt/vol)
agarose denaturing formaldehyde gels and transferred onto nylon membranes
(Hybond N"; Amersham Biosciences). Hybridization was performed at 65°C.
The adhA, sl11106, and sll1107 probes were synthesized by PCR using primer
pairs ADHI/ADH2, S061/S062, and S071/S072, respectively, and 3P labeled
with a random-primer kit (Amersham Biosciences) with [a-*?P]dCTP (3,000 Ci
mmol~'). All filters were stripped and rehybridized with the constitutively ex-
pressed rapB gene from Synechocystis sp. strain PCC 6803 (59).

Preparation of AdhA polyclonal antibodies. A homogeneous sample of the
protein was used for the production of antibodies at the Animal Production and
Experimentation Service of Seville University (Seville, Spain).

Preparation of cytosolic extracts from Synechocystis and Western blot analysis.
Cytosolic protein extracts from Synechocystis were obtained as described previ-
ously (40). Cytosolic proteins (5 wg) from Synechocystis cultures exposed to
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FIG. 1. Purification and metal dependence of AdhA. (A) Coomas-
sie-stained SDS-PAGE gel of different fractions corresponding to steps
of AdhA purification (0.5 pg total protein per lane). M, molecular
mass markers. Lane 1, crude extract from E. coli cells that overexpress
His-tagged AdhA; lane 2, pooled DEAE-cellulose chromatography
fractions containing His-tagged AdhA; lane 3, pooled affinity chroma-
tography (Ni-NTA) fractions containing His-tagged AdhA. (B) West-
ern blotting of soluble extracts of AdhA-overexpressing E. coli cells
grown on M9 medium. —, no metal added; Fe, 5 uM (NH,),Fe(SO,),;
Zn, 5 pM ZnSO,; Co, 5 pM CoCl,.

AdhA

different conditions were separated by SDS-PAGE and transferred onto nitro-
cellulose membranes. Membranes were incubated with diluted anti-AdhA (1:
1,000) overnight at 4°C. Detection was performed using ECL Plus Western
blotting detection reagents (Amersham Biosciences) according to instructions
provided by the manufacturer.

Gel mobility shift assay. A probe was synthesized by PCR using oligonucleo-
tide pair ADP1 and ADP2, both containing a BamHI restriction site. The PCR
product was digested with BamHI, generating a fragment from positions —215 to
+22 with respect to the transcription start point of adhA, which was end labeled
with [a-*?P]dCTP (3,000 Ci mmol ') by using the Klenow fragment of DNA
polymerase. The binding reaction was carried out using a final volume of 30 .l
containing 0.1 ng of labeled DNA (2 pM) and 3 pg of poly(dI-dC) in 50 mM
Tris-HCI (pH 8.0), 100 mM KCI, 15 mM dithiothreitol, 10% glycerol, and
different amounts of protein. Reaction mixtures were incubated for 30 min at
room temperature, and samples were loaded onto a nondenaturing 6% poly-
acrylamide gel. Electrophoresis was carried out at 4°C and 180 V in 22 mM
Tris-borate—-0.5 mM EDTA. The gel was transferred onto a Whatman 3-mm
filter and dried prior to autoradiography. For competition assays, a 222-bp DNA
fragment from pGEM-T digested with Sspl was used as nonspecific compet-
itor DNA.

Primer extension analysis. Oligonucleotides PEX1 and PEX2 were end la-
beled with T4 polynucleotide kinase and [y-**P]JATP (3,000 Ci mmol) and used
for primer extension analysis of the adhA and sll1106 genes, respectively. Primer
extension reactions were carried out as previously described (31). One-half of the
reaction mixture was subjected to electrophoresis on a 6% polyacrylamide se-
quencing gel, and the adhA and sll1106 promoter regions were subjected to a
sequencing reaction using the oligonucleotides described above and plasmid
pEXAdh as a template.

RESULTS

AdhA is a tetrameric medium-chain Zn-containing alcohol
dehydrogenase. In order to gain knowledge on the activity and
properties of the AdhA protein, the adhA gene was cloned,
and a Hiss-tagged version of the protein was expressed in E.
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coli cells. Homogeneous preparations of AdhA were obtained
by DEAE-cellulose ion-exchange chromatography followed by
affinity chromatography on Ni-NTA (Fig. 1A). Purification at-
tempts using extracts of E. coli cells grown on M9 chemically
defined medium revealed that the presence of divalent metals
in the medium was a requisite for the availability of the enzyme
in a soluble form (Fig. 1B). Thus, when metals were absent
from the growth medium, expressed AdhA did not appear in
the soluble fraction but appeared there, however, if the me-
dium was supplemented with zinc, cobalt, or ferrous ions (Fig.
1B). Differences in the specific activities of the enzyme purified
from cultures grown on media with different metal contents
showed that AdhA can use either zinc or cobalt with analogous
effectivenesses (2 = 0.2 or 1.9 = (.12 mU - mg total protein™*,
respectively), while ferrous ion was less efficient (0.3 = 0.05
mU - mg total protein~!). Analysis of the amino acid se-
quences (see Fig. S1 in the supplemental material) revealed
the presence of conserved residues involved in the binding of
both catalytic (Cysss, His;g, Cys 7, Aspsg, and Glu,y) and
structural (Cys;;q, CyS;14, CyS117, and Cys,,s) zinc ions (23,
30, 52).

To establish the quaternary structure of the protein, gel
filtration on a Superose 6 10/300 GL column were performed
using purified preparations of recombinant AdhA, and an ap-
parent molecular mass of 140 kDa was determined. Taking
into account the polypeptide mass (36.7 kDa) of the recombi-
nant protein calculated from migration on SDS-PAGE gels
(Fig. 1A), a tetrameric structure is suggested for the AdhA
active enzyme.

A thorough substrate specificity analysis as well as a kinetic
characterization of AdhA have been performed. As shown in
Table 2, the enzyme was active toward a wide variety of pri-
mary alcohols and their corresponding aldehydes, but neither
ketones nor secondary alcohols were effective substrates. Ali-
phatic compounds were efficiently processed by the enzyme,
with the activity increasing with the length of the chain up to

TABLE 2. Substrate specificity of AdhA from Synechocystis®

Relative activity Relative activity

Reduction® (%) Oxidation® (%)
0.lmM 1mM 1mM 10 mM
Acetaldehyde 1 23 Ethanol 19 91
Propanal 26 87  Propanol 21 84
Butanal 73 120 Butanol 23 70
Pentanal 100 107  Pentanol 31 52
Hexanal 53 100 Hexanol 27 40
Octanal 42 80  Octanol 8 17
Decanal 21 22 Decanol 3 6
Benzaldehyde 30 14 Benzyl alcohol 42 79
Cinnamaldehyde 61 7  Cinnamyl alcohol 100 116
Acetone ND ND  Phenylethanol 15 24
3-Pentanone ND ND  2-Methylbutanol 24 22
d-Glucose ND ND  3-Pentanol ND ND

“The reduction activities were measured using 30 mM Tris-HCI (pH 8.0)
containing 0.1 mM or 1 mM substrate in the presence of 0.2 mM NADPH. The
activity toward 0.1 mM pentanal (67.7 U mg ™' protein) was considered to be
100%.

® The oxidation activities were measured using 30 mM Tris-HCl (pH 8.0)
containing 1 mM or 10 mM substrate in the presence of 0.5 mM NADP™. The
activity toward 1 mM cinnamyl alcohol (26.1 U mg~! protein) was considered to
be 100%.

¢ ND, not detected.
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TABLE 3. Kinetic parameters of AdhA from Synechocystis®

Substrate Mean K, Mgan Keat k‘:‘"/,K’" rati70
(mM) = SD* (min~') = SD  (min~' mM™")

Acetaldehyde 0.510 £0.050 9,458 = 138 18,545
Butanal 0.110 £ 0.008 9,398 = 181 84,664
Pentanal 0.075 £0.002 9,547 = 185 123,295
Cinnamaldehyde 0.017 £0.001 6,475 =131 380,882
Ethanol 18.800 =3.300 1,641 =33 87
Butanol 3.280 = 0.100 1,023 =21 312
Pentanol 1.540 = 0.060 789 = 15 512
Cinnamyl alcohol 0.270 £ 0.010 3,647 =73 13,507
NADPH 0.025 £ 0.007

NADP 0.050 = 0.007

NADH 1.310 = 0.060

NAD 9.700 = 0.800

“ Reactions were performed using 30 mM Tris-HCI (pH 8.0). For the reduc-
tion of aldehydes and oxidation of alcohols, 0.15 mM NAD(P)H and 0.4 mM
NAD(P)* were used, respectively. Kinetic constants for NAD(P)" and
NAD(P)H were determined with 100 mM ethanol and 25 mM acetaldehyde,
respectively.

five carbon atoms and decreasing for longer chains. Aromatic
alcohols and aldehydes were also substrates for the enzyme, as
was the case for the BA/benzaldehyde or cinnamyl alcohol/
cinnamaldehyde. Branched-chain primary alcohols, such as
2-methyl-butanol, were processed less efficiently than the lin-
ear substrate (Table 2). The K,,, and &, values were calculated
for several substrate pairs of alcohols and their corresponding
aldehydes, and they are shown in Table 3. The values of k_,,
were significantly higher for aldehydes than for alcohols. Cin-
namaldehyde and pentanal behaved as the substrates most
efficiently processed by the AdhA protein, with the highest
kea/K,, ratios. The enzyme could use both NADPH and
NADH as electron donors, although NADPH (K, = 0.025
mM) was preferred to NADH (K,,, = 1.3 mM) as the reductant
for aldehydes. Equally, that affinity for NADP* was higher
than that for NAD™ as an alcohol oxidant. Thus, it is likely that
AdhA works to reduce aldehydes to alcohols.

Expression of adhA is induced under various stress condi-
tions. The adhA gene was previously identified by DNA mi-
croarray analysis to be a hyperosmotic-stress- and salt stress-
inducible gene (35, 48). Using Northern blot hybridization

NaCl0.5 M

Time(h) 0 05 1 2 4 8

adhA w

0 051 2 4

sll1106

sli1107

|

Sorbitol 0.5 M
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(Fig. 2), we have confirmed that the level of transcription of
adhA increases in response to either hyperosmotic stress (0.5
M sorbitol) or salt stress (0.5 M NaCl). In order to determine
whether adhA expression is specifically enhanced in response
to the osmotic stress induced by the addition of sorbitol or
NaCl or as a part of a general stress response, Synechocystis
cells were exposed to different stress conditions such as heat
shock, high-light conditions, and oxidative stress, and changes
in levels of adhA transcripts were monitored. The exposure of
cells to a sudden increase in the ambient temperature (45°C)
also resulted in enhanced adhA transcript levels (Fig. 2). How-
ever, neither high-light treatment nor oxidative stress (1 mM
H,0,) had an influence on the transcription of the adhA gene
(data not shown). It was previously reported (19) that many of
the genes that respond to heat shock are also induced when
BA, a membrane-fluidizing agent (18), is added to the culture
medium. As shown in Fig. 2, we have confirmed that BA also
induces adhA gene expression, although the kinetics of adhA
transcript induction were different. Thus, the induction of
adhA expression was transient under conditions of heat shock
exposure, with the maximum transcript level being reached in
less than 1 h and returning to the steady-state level in 2 h (Fig.
2). However, for the response to BA, the maximum transcript
level was reached at 5 h. On the other hand, the maximum level
of adhA transcript was reached in less than 1 h and then
decreased at 2 h under conditions of salt stress. In response to
hyperosmotic shock, the kinetics were very similar to those of
salt stress, but the decrease in the transcript level at 2 h was
followed by another increase to reach the maximum level at
5 h. In both cases, the transcription of the adhA gene remained
induced at least 8 h after treatment and returned to basal levels
after 24 h (data not shown). In addition to the information on
the induction of the expression of adhA, Fig. 2 includes also
data for the expression of the nearby sl11106 and sll1107 genes,
which exhibited a pattern analogous to that of adhA. This
circumstance is considered below.

In order to analyze the relationship between adhA transcript
and AdhA protein levels, Western blot experiments were per-
formed. A basal amount of AdhA was detected in Synechocystis
cells grown under photoautotrophic conditions. As shown in

45°C BA 30 mM

3061 25 5 0 03 061 25 5

FIG. 2. Northern blotting analysis of the stress-inducible expression of the adhA, sl11106, and sll1107 genes. Synechocystis sp. strain PCC 6803
cells at the exponential phase of growth were subjected to various conditions, and total RNA was extracted at different time points. Fifteen
micrograms of total RNA was denatured, separated by electrophoresis in a 1.2% agarose gel, blotted, and hybridized with probes for the adhA,
sl11106, and sll1107 genes. The filters were stripped and hybridized with an rnpB gene probe as a loading control. All probes were synthesized as
described in Materials and Methods. Three independent experiments were performed, and data plotted are the averages = standard errors.
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FIG. 3. Western blotting analysis of the stress-inducible expression of
the AdhA protein. Synechocystis sp. strain PCC 6803 cells at the expo-
nential phase of growth were subjected to various conditions as indicated.
Cells were harvested at the times indicated, and 5 g of total protein from
soluble extracts was separated by 12% SDS-PAGE and subjected to
Western blotting.

Fig. 3, the AdhA protein level increased under conditions of
salt and hyperosmotic stresses in accordance with the observed
induction of transcript levels. The kinetics of AdhA accumu-
lation differed depending on the stress condition imposed (Fig.

ALCOHOL DEHYDROGENASE IN CYANOBACTERIA 4387

3). While under hyperosmotic conditions, an increase in AdhA
levels was readily observed after 2 h of treatment, under salt
stress conditions, the protein started to accumulate after 8 h
(Fig. 3). This difference could be explained by the fact that
protein synthesis was previously reported to be nearly blocked
within 4 h after the onset of salt stress (15). In contrast, the
amount of the AdhA protein remained virtually unaltered un-
der conditions of heat shock and upon the addition of BA.
Induction experiments performed in the presence of chloram-
phenicol confirmed that no degradation of AdhA took place
under any condition tested (data not shown).

The sll1106 and sl11107 genes share the same expression
pattern as adhA. Immediately upstream of the adhA gene in
the opposite DNA strand are two open reading frames, sl11106
and sl11107 (Fig. 4A). One of them, sl11107, was also identified,
together with the adhA gene, as being a salt-inducible gene in
a genome-wide DNA microarray assay (48); both genes were
shown to be under the control of the Hik34-Rrel two-compo-

A s (s — p—-

sli1107 sl11106

500 bp

G AT C

D

CATAAAACTTTACTGAAAATAATTGGTGATTACTAGGCTCCATGGTAGCAGTTGGGTTCAATCTTGAAA
GTATTTTGAAATGACTTTTATTAACCACTAATGATCCGTGGTACCATICGTCAACCCAAGTTAGAACTTT

sl11106

adhA

-10 -35

|'> adhA

AGTTGGGGTAACCGTCAATACAACATTGGCTICCATGGCTGGTCAATCCATTACAATTTGGGTTATTCG
TCAACCCCATTGGCAGTTATGTTGTAACCGAGGTACCGACCAGTTAGGTAATGTTAAACCCAATAAGC

-35

-10

GTGACGCCCCAACCTCCACACCTCCGTTAGATCCCATCTGGATAAAACTAATAAACTCTATTACCCATG
CACTGCGGGGTTGGAGGTGTGGAGGCAATCTAGGGTAGACCTATTTTGATTATTTGAGATAATGGGTAC

FIG. 4. Primer extension analysis of adhA and sll1106 transcripts. (A) Schematic representation of the genomic region corresponding to the adhA, sll1106,
and sll1107 genes. (B) Primer extension analysis of adhA transcripts from Synechocystis cells exposed for 1 h to 30 mM BA (lane 1), heat shock (45°C) (lane 2),
0.5 M NaCl (lane 3), and 0.5 M sorbitol (lane 4) and from nonexposed cells (lane 5). (C) Primer extension analysis of sll1106 transcripts from Synechocystis cells
exposed to heat shock (45°C) (lane 1) and 0.5 M sorbitol (lane 2) and from nonexposed cells (lane 3). (D) Sequence of the adhA-sll1106 intergenic region, with
translation start codons in boldface type. The transcripts start points are marked with arrows. Putative —10 and —35 boxes are indicated with rectangles.
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FIG. 5. Expression of the adhA gene under stress conditions in wild-type (WT), Ahik34, and Arrel strains. (A) Northern blot analysis. Cultures
at the exponential phase of growth were subjected to various stress conditions, and total RNA was extracted at different time points. Fifteen
micrograms of total RNA was denatured, separated by electrophoresis in a 1.2% agarose gel, blotted, and hybridized with adhA. As a loading
control, all the filters were rehybridized with rupB. (B) Kinetics of expression of the adhA transcripts. The values in the graphs indicate the ratio
of adhA transcripts in stressed cells to those in control cells. Three independent experiments were performed, and data plotted are the averages =+
standard errors. @, wild-type strain; B, Ahik34 mutant strain; A, Arre] mutant strain.

nent system. The proximity between sll1106 and adhA and the
coregulation of sll1107 prompted us to test for a possible co-
ordinated regulation of the sll1106, sll1107, and adhA genes. In
order to test this hypothesis, filters used for Northern hybrid-
izations with adhA were rehybridized with probes correspond-
ing to sll1106 and sll1107. The results (Fig. 2) showing the
sl11106 and sll1107 genes to be induced under the same con-
ditions that induced the expression of adhA suggest a possible
coregulation in which the sll1106-adhA intergenic region could
contain the promoter and the regulatory sequences for the
expression of the three genes. However, transcripts of different
sizes (516 nucleotides for sll1106 and 777 nucleotides for
sll1107) were detected by Northern blotting, indicating that
both genes are probably transcribed under the control of in-
dependent promoters. On the other hand, the sll1106 and
adhA genes are separated by a 200-bp region. In order to
establish the location of the adhA and sll1106 promoter(s),
starting points of adhA and sll1106 transcripts were mapped by
primer extension experiments. One single extension product,
which appeared as a double band, was obtained for both genes

when RNA extracted from cells subjected to stress conditions
was used (Fig. 4B and C). The adhA transcription start site was
located 69 bp upstream of the ATG start codon, while the
sl11106 start site was located 31 bp upstream of the correspond-
ing ATG start codon (Fig. 4D). Both sites were separated by a
region of 100 bp, which might contain the promoters for both
genes.

The two-component system Hik34-Rrel regulates the induc-
tion of adhA expression in response to stress conditions. The
adhA gene was previously identified as being a salt-stress-
inducible gene under the control of the Hik34-Rrel two-com-
ponent system (48). In order to clarify if the histidine kinase
Hik34 and the response regulator Rrel regulate the expression
of the adhA gene in response to the other conditions tested
(Fig. 2), the pattern of expression of the adhA gene in wild-type
cells was compared to that of Ahik34 and Arrel mutant strains.
As shown in Fig. 5, the expression levels of the adhA gene in
response to heat shock or BA were similar for both the Ahik34
and Arrel mutants and differed from that of the wild-type
strain. In the case of heat shock, the induction of the expres-
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FIG. 6. Binding of Rrel to the adhA-sll1106 promoter region.
(A) Mobility shift assay of the adhA-sll1106 promoter-operator region
with increasing amounts of Rrel. (B) Competitive assays were per-
formed with Rrel (1.6 pM) in the presence of either a 50-fold (lanes
3 and 5) or a 200-fold (lanes 4 and 6) excess of unlabeled self-com-
petitor fragment (lanes 3 and 4) or unlabeled nonspecific competitor
fragment (lanes 5 and 6).

+

sion of the adhA gene was completely abolished in both mu-
tants. In the case of BA, the effect of either mutation was
noticeable only at 5 h after treatment (Fig. 5). When mutant
cells were exposed to either salt or hyperosmotic shock, the
early induction of the adhA gene (30 min after exposure to
stress) was abolished. In the case of the Arrel mutant, this
situation was maintained with time, although this was not the
case for the Ahik34 mutant.

Rrel binds to the promoter region of the adhA gene. In order
to test if the response regulator Rrel affects the expression of
the adhA gene directly by interactions with its promoter region,
a DNA binding shift assay was performed. A radiolabeled
DNA fragment corresponding to the sll1106-adhA intergenic
region was incubated with increasing amounts of the purified
Rrel protein (see Materials and Methods). A single shifted
band representing a DNA-protein complex was observed upon
the addition of Rrel (Fig. 6A). Sequence-specific binding was
evident from competition assays in the presence of different
concentrations of either specific or nonspecific competitor
DNA. The Rrel-dependent band shift was diminished in the
presence of a 200-fold excess of the same unlabeled fragment
but was unaffected by the presence of an excess of the unre-
lated DNA fragment (Fig. 6B).

DISCUSSION

To the best of our knowledge, this is the first report of the
molecular characterization of an alcohol dehydrogenase in cya-
nobacteria. We show that the protein encoded by the Synecho-
cystis adhA gene is a zinc-dependent homotetrameric enzyme
with NADP-dependent alcohol dehydrogenase activity acting
on a broad variety of substrates. The higher catalytic efficiency
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of Synechocystis AdhA for aldehyde reduction, with pentanal
and cinnamaldehyde as the preferred substrates, points to the
reduction of aromatic and medium-chain aliphatic aldehydes
as a most plausible in vivo activity of the enzyme. Synechocystis
AdhA exhibits a preferential specificity for NADP(H) but is
also able to use NAD(H). This may be explained by the pres-
ence of a threonine at position 226 (see Fig. S1 in the supple-
mental material), which is more similar to the serine residue of
the known NADPH-dependent ADH (52) than to the aspar-
tate or glutamate residue of NADH-dependent ADH (29, 34).
Thus, the Synechocystis AdhA enzyme shares biochemical fea-
tures with both Y-ADH enzymes, which are tetrameric NAD-
dependent enzymes, and CADH enzymes, which are dimeric
and NADP dependent.

A search performed with the AdhA sequence (slr1192 pro-
tein) as a query using a nonredundant protein sequence data-
base of the NBCI revealed more than 60% identity with puta-
tive MDRs from gammaproteobacteria. Among cyanobacteria,
homologous sequences showing about 50 to 60% identity were
found in some strains of Microcystis and Synechococcus. Se-
quence alignment of AdhA with related members of the MDR
family from bacteria, plants, and yeasts yielded different clus-
ters, with bacterial sequences forming a closed group indepen-
dent from CADH and Y-ADH groups (see Fig. S2 in the
supplemental material).

In plants, the function of the CADH family is related to
lignin biosynthesis (5, 25). In bacteria, from which lignin is
absent, CADH-like genes are related to the biosynthesis of
lipids of the cell envelope (16, 62), but it is possible that they
fulfill other specific functions. An alcohol dehydrogenase from
Acinetobacter that shares 46% identity with the adhA gene
from Synechocystis has been proposed to be involved in the
biosynthesis of wax esters as cell reserves when cells are grown
on n-alkanes (57). On the other hand, some Y-ADH-related
enzymes, which show broad substrate specificity, fulfill a func-
tion related to primordial metabolic pathways such as alcohol
fermentative activity (49). A variety of different fermentation
pathways yielding products such as CO,, H,, formate, acetate,
lactate, and ethanol have been reported to exist in cyanobac-
teria (50). A number of cyanobacteria are capable of hetero-
trophic growth under dark conditions at the expense of either
endogenous glycogen or exogenous substrates. In most cases,
heterotrophic growth takes place under aerobic conditions, but
some of the facultative heterotrophic cyanobacteria are able to
survive under dark anoxic conditions via fermentation of the
glucose derived from endogenous substrates such as glycogen
or some osmoprotectant compounds (50). Thus, AdhA might
participate in any of such fermentative pathways in Synecho-
Cystis.

Here we show that a soluble AdhA protein is present in
Synechocystis cells and that its expression is enhanced upon the
exposure of cells to stress conditions. Although the level of the
adhA transcript increases, the AdhA protein level remains
unchanged under conditions of heat shock, making it unlikely
that AdhA plays a role in the response to this condition. On the
other hand, the induction of adhA transcription under condi-
tions of salt stress or hyperosmotic stress is accompanied by an
increase in the amount of AdhA. Both salt and hyperosmotic
stress cause alterations in the physical integrity of the plasma
membrane (24) and affect the activity of photosystem I (PSI)
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and photosystem II in cyanobacteria (1-3, 32), thus altering
ATP production and the NADP/NADPH balance. In Synecho-
cystis, salt stress has been reported to enhance PSI-dependent
cyclic electron flow (58) that generates ATP but not NADPH
(36), thus participating in determining the ATP/NADPH ratio
when photosynthesis operates under changing environmental
conditions (45). The fact that AdhA from Synechocystis oxi-
dizes NADPH much more efficiently than it reduces NADP™*
supports a possible role for this enzyme in oxidizing NADPH
under such conditions and thus contributing to the mainte-
nance of the ATP/NADPH balance, as was also previously
proposed for two members of the CADH family in Saccharo-
myces (27, 28).

We have compared the growth of an AadhA mutant with
that of the wild-type strain under a variety of conditions. No
differences in responses to heat shock, salt, or hyperosmotic
stress have been observed. Both strains exhibit analogous
growth rates when tested in the light under autotrophic, mix-
otrophic (added glucose), or photoheterotrophic [added glu-
cose and 3-(3P,4P-dichlorophenyl)-1,1P-dimethylurea] condi-
tions. Nevertheless, the adhA mutant strain was unable to grow
heterotrophically (added glucose) in darkness, contrary to the
wild-type strain (our unpublished data). These results strongly
suggest an involvement of AdhA in heterotrophic metabolism
in Synechocystis, which calls for further investigation.

The histidine kinase Hik34 is involved in the regulation of
the expression of heat shock genes in Synechocystis (53). Four
two-component systems are involved in the perception and
transduction of salt and hyperosmotic stress signals in Synecho-
cystis, with the Hik34-Rrel system being the one responsible
for controlling the expression of the adhA and sll1107 genes
under conditions of salt stress (39, 48). The results obtained in
the present work concerning the effect of a mutation of either
hik34 or rrel on the expression of the adhA gene show that the
Hik34-Rrel system is involved in the early induction of adhA
expression under conditions of heat shock and hyperosmotic
stress, a fact not yet reported. Although this system is essential
for the response of the adhA gene to heat shock, the enhance-
ment of transcription of adhA in response to salt stress, hyper-
osmotic stress, or the presence of BA is only in part dependent
on the operation of the Hik34-Rrel system. Moreover, the
differences observed between hik34 and rrel mutants with re-
gard to adhA gene transcription in response to hyperosmotic
and salt stress suggest the involvement of an additional factor
in the activation of Rrel.

We have demonstrated that the Rrel protein isolated from
E. coli binds specifically to the promoter region of the adhA
gene in vitro. Although in general, it is accepted that response
regulators exist in two conformations, an inactive state and an
active state, with phosphorylation serving to shift the equilib-
rium toward the active state (60), recent findings (12) support
the contention of an intermediate conformation between inac-
tive and active states (51). This is the case for the CheY
response regulator, which binds to its target in the unphosphor-
ylated form and displays a basal level of kinase-independent
activity in vivo (47). The phosphoacceptor domain of Rrel is a
homolog of that of CheY. The affinity for the specific DNA
sequence in the adhA promoter of unphosphorylated Rrel
would be sufficient for the observed binding. Nevertheless, the
specific sequence for binding remains to be elucidated. The
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upstream divergently transcribed sl11106 gene, which shows the
same expression pattern, could share the regulatory sequences
with the adhA gene, as suggested by the proximity of their
corresponding —35 boxes. Two repeated palindromic GTTG
sequences located between the putative —35 boxes of both the
adhA and sll1106 promoters (Fig. 4D) might be the actual
binding sites for Rrel, allowing the activation of both promot-
ers. In silico analysis predicts that the sll1106 gene encodes a
membrane protein that highly conserved among cyanobacteria.
Unfortunately, the lack of information about its function ham-
pers the establishment of any functional relationship between
the sll1106 and AdhA proteins. On the other hand, the as-
signed function of the sll1107 gene product, a type IV pilus
biogenesis protein, excludes a direct functional relationship
with the AdhA protein.

In conclusion, Synechocystis posses a zinc-dependent alcohol
dehydrogenase (AdhA), which has a preference for NADPH
as a reductant and aromatic and medium-chain aliphatic alde-
hydes as oxidants. The corresponding gene is upregulated in
response to certain stress conditions via the Hik34-Rrel two-
component system. Its specific role in the heterotrophic growth
of Synechocystis remains to be established.
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