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Analysis of the genome of Synechocystis sp. strain PCC 6803 reveals three open reading frames (slir0851,
slr1743, and sll1484) that may code for type 2 NAD(P)H dehydrogenases (NDH-2). The sequence similarity
between the translated open reading frames and NDH-2s from other organisms is low, generally not exceeding
30% identity. However, NAD(P)H and flavin adenine dinucleotide binding motifs are conserved in all three
putative NDH-2s in Synechocystis sp. strain PCC 6803. The three open reading frames were cloned, and deletion
constructs were made for each. An expression construct containing one of the three open reading frames,
slr1743, was able to functionally complement an Escherichia coli mutant lacking both NDH-1s and NDH-2s.
Therefore, sir0851, sir1743, and sll1484 have been designated ndbA, ndbB, and ndbC, respectively. Strains that
lacked one or more of the ndb genes were created in wild-type and photosystem (PS) I-less backgrounds.
Deletion of ndb genes led to small changes in photoautotrophic growth rates and respiratory activities. Electron
transfer rates into the plastoquinone pool in thylakoids in darkness were consistent with the presence of a
small amount of NDH-2 activity in thylakoids. No difference was observed between wild-type and the Ndb-less
strains in the banding patterns seen on native gels when stained for either NADH or NADPH dehydrogenase
activity, indicating that the Ndb proteins do not accumulate to high levels. A striking phenotype of the PS I-less
background strains lacking one or more of the NDH-2s is that they were able to grow at high light intensities
that were lethal to the control strain but they retained normal PS II activity. We suggest that the Ndb proteins
in Synechocystis sp. strain PCC 6803 are redox sensors and that they play a regulatory role responding to the

redox state of the plastoquinone pool.

Cyanobacteria are photosynthetic prokaryotes that contain
complete respiratory electron transport chains on both the
thylakoid and cytoplasmic membranes. In addition, the thyla-
koid membrane is utilized for photosynthetic electron trans-
port, involving some of the same redox-active electron trans-
port intermediates (quinone pool, cytochrome bqf complex,
and soluble electron carriers) that are used for respiratory
electron transfer (see reference 24 for a review). The photo-
synthetic electron transport chain has been extensively studied.
However, comparatively little is known about respiration in
cyanobacteria and knowledge about the pyridine nucleotide
dehydrogenases has been expanded only recently (24). Mem-
brane-bound bacterial pyridine nucleotide dehydrogenases can
be divided into two classes that are commonly called type 1 and
type 2 NAD(P)H dehydrogenases (NDH-1 and NDH-2, re-
spectively) (for extensive reviews, see references 34 to 36).
NDH-1 is a multisubunit complex that has a minimal form of
14 subunits in Escherichia coli (31, 32) and that contains four to
six iron-sulfur clusters, translocates protons across the mem-
brane, has flavin mononucleotide as the prosthetic group, and
is inhibited by rotenone (even though this inhibition is not
always complete). The NDH-2 complex consists of a single
subunit, does not contain iron-sulfur clusters, does not appear
to translocate protons across the membrane even though the
complex is membrane associated, has flavin adenine dinucle-
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otide (FAD) as the prosthetic group, and may be inhibited by
flavone but not by rotenone.

In Synechocystis sp. strain PCC 6803 NDH-1 has been shown
to be present in both the thylakoid and cytoplasmic mem-
branes (3, 7). Genes for 11 ndh genes are present in the
genome of Synechocystis sp. strain PCC 6803 (12). In compar-
ison with proteins in E. coli and Paracoccus denitrificans, pro-
teins similar to subunits involved in pyridine dinucleotide bind-
ing (nuoE, nuoF, and nuoG in E. coli; nqoB, nqoA, and nqoC
in P. denitrificans) are missing in Synechocystis sp. strain PCC
6803. Other proteins may have taken over this function in the
cyanobacterial system. Inactivation of single-copy genes encod-
ing subunits of NDH-1 in Synechocystis sp. strain PCC 6803 has
shown that NDH-1 plays a role in both photosynthesis and
respiration. These strains are unable to concentrate inorganic
carbon and require an environment enriched in CO, to grow
(2% [vol/vol] CO, in air). Respiratory studies of strains lacking
ndhB or ndhlL (AndhB or AndhL strains) have shown that
oxygen consumption rates were severely impaired (reference
19 and references therein). By monitoring oxidation and re-
duction kinetics of P700, the primary electron donor in pho-
tosystem I (PS I), in the wild-type strain and AndhB or AndhK
strains, it has been shown that thylakoid-bound NDH-1 medi-
ates the cyclic electron transport around PS I that is dependent
on both NADPH and ferredoxin (17). Recently, a functional
NDH-1 complex has been isolated from Synechocystis sp. strain
PCC 6803 (16).

The issue regarding the presence, identity, and role of
NDH-2s in cyanobacteria has received very little attention. A
soluble flavin-containing NAD(P)H dehydrogenase consisting
of a noncovalently bound octamer consisting of identical sub-
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units of approximately 5 kDa each was purified from Micro-
cystis aeruginosa (30). Neither the size, oligomerization, nor
solubility of this complex is reminiscent of traditional NDH-2.
Alpes et al. (1) purified and characterized an NADH-oxidizing
enzyme that utilized quinone as the electron acceptor and that
was tightly bound to the thylakoid membrane of Anabaena
variabilis. The purified enzyme consisted of a subunit of 17 kDa
together with a substoichiometric subunit of 52 kDa. It was
also insensitive to rotenone and contained FAD, both of which
are characteristics of NDH-2s. A study involving Anabaena sp.
strain PCC 7120 indicated that this organism also contained an
NDH-2 on the thylakoid membrane (11). Activity staining of
solubilized membrane complexes from Synechocystis sp. strain
PCC 6803 on native gels has shown the presence of an NADH-
specific enzyme that has been tentatively assigned as an
NDH-2 (15).

Analysis of the genome sequence of Synechocystis sp. strain
PCC 6803 (12) revealed the presence of three putative open
reading frames for NDH-2s: slir0851, slr1743, and sll1484. As
will be presented in Results, these three open reading frames
code for polypeptides with low but significant similarity to
known NDH-2s. In this study these three putative NDH-2
genes and their products were investigated through the use of
functional complementation and deletion mutagenesis.

MATERIALS AND METHODS

Synechocystis sp. strain PCC 6803 was cultivated in air at 30°C in modified
BG-11 medium buffered with 10 mM TES [N-tris(hydroxymethyl)methyl-2-ami-
nocthanesulfonic acid[-NaOH (pH 8.0) (23). The BG-11 modification consisted
of partial replacement of NaNO; with an equal concentration of NH,NO; (the
final concentration of ammonia was 4.5 mM). For photomixotrophic growth, the
medium was supplemented with 5 mM glucose. For growth on plates, 1.5%
(wt/vol) agar and 0.3% (wt/vol) sodium thiosulfate were added, and BG-11 was
supplemented with antibiotics appropriate for the particular strain (15 pg of
zeocin ml ™%, 25 ug of erythromycin ml~*, 25 ug of spectinomycin ml~! and/or 35
ng of chloramphenicol ml™"). Strains in the wild-type background were grown
under normal illumination (50 microeinsteins m~% s~ 1), while those in the PS
I-less background were grown at low light intensity (5 microeinsteins m~2 s~ ).
Growth was monitored by measuring optical density of the cells at 730 nm with
a Shimadzu UV-160 spectrophotometer.

sIr0851 was amplified by PCR with the primers 5'ndbA (AAACCATCTTgga
tCCAAGGCAACCCC, nucleotides 1,336,921 to 1,336,947; numbering is accord-
ing to the CyanoBase sequence [4a]; nucleotides in lowercase letters represent
changes made to the genome sequence to facilitate cloning) and 3’ ndbA (CC
TGACGCCAAGCTTCTACCCTCC, nucleotides 1,339,022 to 1,339,045) and
cloned in pUC19 by using restriction sites in the primers. A 915-bp Scal-Hincll
fragment from the ndbA coding region (nucleotides 1,337,507 to 1,338,423) was
deleted and replaced by an erythromycin resistance cassette from pRL425 (9)
(Fig. 1A). Wild-type Synechocystis sp. strain PCC 6803 and a strain in which part
of the psaAB operon coding for the PS I reaction center had been deleted (26)
were transformed with this construct, and transformants were selected for on
plates containing erythromycin. Transformants were subcultured at increasing
concentrations of erythromycin to allow segregation of wild-type and mutant
genome copies to occur and thus to allow us to obtain homozygous strains
(designated AndbA strains). Segregation was confirmed by PCR (Fig. 1D).

By similar methods, PCR fragments containing sir/743 and sll1484 (nucleo-
tides 1,330,445 to 1,332,434 and 3,389,921 to 3,391,972, respectively) were cloned
into pUC19, and regions of the genes from nucleotides 1,331,048 to 1,331,946
and 3,390,675 to 3,391,392 were replaced by spectinomycin (22) and zeocin (6)
resistance cassettes, respectively (Fig. 1B and C). Wild-type and PS I-less strains
of Synechocystis sp. strain PCC 6803 were transformed with these constructs, as
were strains that had previously been transformed with either one or both of the
other ndb deletion constructs, to give the appropriate double and triple mutants.
Strains in which ndbB had been deleted were designated AndbB strains, while
those in which ndbC had been deleted were designated AndbC strains. Segrega-
tion was confirmed by PCR (Fig. 1E to G).

DNA from Synechocystis sp. strain PCC 6803 was prepared essentially as
described in reference 33. RNA was isolated according to the method described
in reference 18. The RNA was separated by electrophoresis on formaldehyde
gels containing 1.2% agarose and transferred to GeneScreen Plus according to
the manufacturer’s instructions. Probes for Northern blots were prepared by hot
PCR with [*?P]dATP by using the cloned genes as the template. For Northern
blot analysis the same membrane was probed with all four probes used. Between
two hybridizations the membrane was stripped of radioactivity by incubation in
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a solution of boiling 1% sodium dodecyl sulfate and was then verified to be
nonradioactive before hybridization with another probe.

The plasmid containing the zeocin resistance cassette (pZeol) was constructed
by cloning an MscI-EcoRI fragment from pSP109 (27) into the Smal and EcoRI
sites of pUCI19. This resulted in insertion of the ble gene, conferring zeocin
resistance (6), in frame with lacZ.

Oxygen consumption measurements were carried out in a manner similar to
that described previously for oxygen uptake (29), with the cells being dark
adapted for approximately 10 min prior to being assayed. Chlorophyll a concen-
trations were determined according to the method described in reference 21.

Fluorescence measurements were performed with a Walz fluorometer (model
PAM101), with the intensity of the modulated measuring light minimized and
with both gain and damping at their maximum settings. Cells from PS I-less
cultures in mid-exponential growth phase (optical density at 730 nm, ~0.6) were
harvested and resuspended in 10 mM HEPES-NaOH (pH 7.4) to a final chlo-
rophyll concentration of 2 pg ml~!. Cells were dark adapted for 1 min prior to
the measurement of F,. Fluorescence intensity was measured for 10 s, after
which the measuring light (<0.01 microeinsteins m~2 s~ ') was turned off. The
cells were dark adapted for 30 s, 5 mM KCN was added, the fluorescence level
was measured immediately, and fluorescence was subsequently measured for 1 s
at intervals of approximately 30 s until 6 min had elapsed. At this time the cells
were illuminated for 3 s with strong actinic light (150 microeinsteins m~2 s~ ') to
determine the maximum fluorescence yield (F,,,,). This light intensity was suf-
ficient to obtain F,,, in the PS I-less strain (data not shown). After we turned off
the strong actinic light, the decay of the fluorescence yield was monitored.

Membranes from Synechocystis sp. strain PCC 6803 were prepared according
to the method of reference 37. Protein complexes were solubilized and run on
native slab gels according to the method of reference 14. After electrophoresis
the native gels were incubated in 100 mM MOPS-NaOH (pH 7.0) for 30 min.
The incubation buffer was changed, and nitroblue tetrazolium was added to a
final concentration of 0.5 pg ml~'. NADH or NADPH was then added to a final
concentration of 0.5 mM, and staining was allowed to proceed until blue bands
(formazan resulting from enzymatic reduction of the tetrazolium salt) appeared.

RESULTS

Search for NDH-2 open reading frames in the Synechocystis
sp. strain PCC 6803 genome. When searching the genome
sequence of Synechocystis sp. strain PCC 6803 for sequences
similar to those of known NDH-2s, we identified three open
reading frames (sir0851, slr1743, and sll1484). The polypep-
tides predicted to be encoded by these open reading frames
have modest sequence identity with known NDH-2s from
other organisms and with each other (Table 1). However,
known NDH-2s from different organisms have low percentages
of overall sequence identity to each other (Table 1), and the
three predicted Synechocystis proteins show no significant sim-
ilarity to any other protein in the database. Moreover, all three
Synechocystis proteins have characteristic FAD and NADH
binding motifs (Fig. 2). The proteins are hydrophilic, and only
the product of sll1484 contains a hydrophobic stretch that
might be long enough to span a membrane. As a first step to
test if the Synechocystis open reading frames encode functional
NDH-2s, attempts were made to functionally complement a
strain of E. coli that lacks both NDH-1 and NDH-2.

Functional complementation of E. coli. Expression con-
structs for two of the putative NDH-2s (slr0851 and silr1743)
were created by amplifying the open reading frames by PCR
and cloning them into pUCI120 by using Ncol such that the
open reading frames were in frame with that of lacZ and the
protein produced under the lacZ promoter was identical to
that predicted to be produced by the Synechocystis sp. strain
PCC 6803 open reading frames. The resulting plasmids were
used to transform E. coli MCW232, which lacks both NDH-1
and NDH-2 and which is unable to grow on minimal media
with mannitol as the sole carbon source (4). As a control the
MCW?232 strain was also transformed with pUC120. Ampicil-
lin-resistant transformants were selected on Luria-Bertani me-
dium, and plasmid miniprep experiments were performed to
verify that the strains contained the correct plasmid. These E.
coli transformants were grown to mid-exponential phase on
Luria-Bertani medium and then plated on minimal medium
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FIG. 1. Construction of the ndb deletion plasmids and PCR analysis of segregation of the AndbA, AndbB, and AndbC strains. (A to C) Schematic representations
of the ndbA (A), ndbB (B), and ndbC (C) clones and deletion constructs. Arrows indicate the direction of transcription of the genes. EmR, erythromycin resistance
cassette; SmR, spectinomycin resistance cassette; Zeo®, zeocin resistance cassette. The scales for panels A, B, and C are identical. (D to G) PCR analysis of segregation

of the AndbA (D), AndbB (E), and AndbC (F and G) mutations to homozygosity.
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TABLE 1. Percentages of amino acid sequence identity of the
putative NDH-2s from Synechocystis sp. strain PCC 6803 to known
NDH-2 proteins from other organisms®

Identity (%) to:

Species

B.s. E. c S. c. SIr0851 Slr1743
S111484 18 27 24 27 33
Sir1743 17 30 27 32
S1r0851 16 29 28
S. ¢ 16 27
E. c 15

“ Sequence identities were determined with the FASTA program from the
Genetics Computer Group package (5) at default settings. Abbreviations: B. s.,
Bacillus sp. strain YN-1; E. c., E. coli; S. c., Saccharomyces cerevisiae. S111484,
SIr0851, and SIr1743 are the three putative NDH-2s from Synechocystis sp. strain
PCC 6803.

that contained mannitol as the sole carbon source. The strain
that contained the slrl743 expression construct was able to
grow on this medium, whereas with the other expression con-
struct no convincing restoration of growth was observed (data
not shown). However, the lack of heterologous functional
complementation does not necessarily imply that SIr0851 is not
an NDH-2; it may not properly associate or function in the E.
coli system, which has a different quinone composition. As
SIr1743 has clear NDH-2 activity and as SIr0851 and Sl11484
are rather similar to Slr1743 but not to other proteins in the
database, we designate the corresponding open reading frames
ndbA (slr0851), ndbB (slr1743), and ndbC (sll1484). The “b” in
the ndb designation signifies type 2.

Testing the deletion strains for homozygosity. With the
primers used to amplify ndbA and ndbB for cloning, PCR was
performed to verify that the strains created were homozygous
for the ndbA and ndbB loci (Fig. 1D and E). As the size of the
inserted zeocin cassette was similar to that of the region of
ndbC that was deleted, two PCRs were performed to test
segregation for this locus. Both utilized the 5’ primer that was
used to clone ndbC. However, in one reaction the 3’ primer
was internal to the region of ndbC that was deleted (Fig. 1F).
After this reaction, a PCR product was present in the wild-type
sample but not in the AndbC strains, indicating that they were
indeed homozygous for the deletion. To confirm that the DNA
used was PCR competent, we performed a second PCR in
which the 3’ primer hybridized to the zeocin cassette (Fig. 1G).

FAD binding motif

0 o GXGXX G o o

S1r0851 11 HVVIVGGGFA GLYTAKNLRR
S1r1743 7 RICILGGGFG GLYTALRLGQ
8111484 47 TTVIIGGGFV GLFTALHLRH
E.coli 6 KIVIVGGGAG GLEMATQLGH
B.sp. ¥YN-1 210 DVLVVGGGPA GASSAIYAAR
S.cerevisiae 55 NVTMTGSGWG AISFLKHIDT
NADH binding motif
o o GXGXX G o o

B.sp. YN-1 349 DVAVIGGGNS GVEAAIDLAG
S.cerevisiae 230 SIVVVGGGPT GVEAAGETQD
Slr0s51 164 TFVIVGAGPT GVELAGAIAE
5111484 201 TVAIVGAGPA GVEMAATLAD
S1lrl743 160 RIAIVGGGYS GVELAAKLGD
E.coli 172 NIAIVGGGAT GVELSAELHN
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As expected, no PCR product was seen in the wild type but one
was present in all of the AndbC strains.

Analysis of the Ndb-less strains. Total RNA was isolated
from the Andb strains in both the wild-type and PS I-less
backgrounds. Northern blot analysis was performed with
probes to ndbA, ndbB, and ndbC. No transcripts for any of the
three genes could be detected in any of the strains (data not
shown), suggestive of a very low transcript abundance under all
of the conditions tested. These conditions were photoautotro-
phic and photomixotrophic growth for strains containing PS I
and photoheterotrophic growth at low light intensity for strains
in the PS I-less background. All cultures were harvested during
the exponential growth phase. Note that photomixotrophic
growth refers to growth when glucose is present and whole-
chain photosynthetic electron transport is active but that pho-
toheterotrophic growth refers to conditions under which no
whole-chain photosynthetic electron transfer can occur due to
the presence of an inhibitor or the lack of one of the photo-
systems.

As shown in Table 2, the doubling times of the Andb strains
in the wild-type background were somewhat longer than that of
the wild type when they were grown under photoautotrophic
conditions, but there was no significant difference when they
were grown photomixotrophically. In the PS I-less background
at a light intensity of 5 microeinsteins m % s~ the growth rates
of the Andb strains had the tendency to be a little higher than
that of the parental strain (Table 2). Interestingly, these strains
were able to survive and grow remarkably well at higher light
intensities (50 microeinsteins m~ 2 s~ ') that were lethal to the
PS I-less strain. At higher light intensity, the plastoquinone
(PQ) pool and cytochrome bf complex are overreduced in the
PS I-less strain, which is thought to lead to cell death (see
references 26 and 29). To further illustrate the light tolerance
of Ndb-less strains in a PS I-less background, in Fig. 3 vigorous
growth of the PS I-less strains that lack one or more of the
putative ndb genes is indicated at a light intensity of 30 mi-
croeinsteins m~2 s~ !, at which intensity the parental strain
dies.

This increased light tolerance was not due to an impairment
of PS II, as PS II activity was normal in all PS I-less, Ndb-less
strains (data not shown). Table 3 shows the respiratory rates of
Ndb-less strains and their parent strains. The increased respi-
ratory rates in the PS I-less strains reflect the decreased
amount of chlorophyll per cell; on a per cell basis the respira-

o O - -
...... SPVD ITLID ...//... IFVLGDLA 316
LSWEGHTPPE IVLVD ...//... IFALGDGA 296
HQHAG. .P.. IVLVE ...//... VFAAGDCV 357
.KLGRKKKAK ITLVD ...//... TYATGDCA 318
KGIRT..... GIVAD ...//... VFAAGDCT 482
KKYNVS.... IISPR ...//... IFAIGDNA 386
IVNHVTVLEF MPELKADE
YV.HQDTRKF TPAL.AEE
IAHS....SL KDNFHRID
LLPSWY.VPM GGNIN..D
...RL...GE RGRIRIIE
AVKQLHSYGY KGLTN. .E

FIG. 2. Alignment of the FAD and NADH binding motifs from the putative NDH-2s from Synechocystis sp. strain PCC 6803 with the motifs from known NDH-2s.
The consensus motif for FAD and NADH binding (see references 2 and 25 for reviews of NADH and FAD binding motifs, respectively) is indicated above the
alignment. Alignments were made with the PileUp program from the Genetics Computer Group package (5). O, conserved hydrophobic residue; —, conserved

negatively charged residue; B. sp. YN-1, Bacillus sp. strain YN-1.
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TABLE 2. Doubling times of Synechocystis sp. strain PCC 6803 mutants lacking one or more of the NDH-2s

Doubling time (h)*

Genotype of strain Wild type PS Iless
PA PM PH at 5 njizcr(zﬁinsteins PH at 50 rjlzicrf)?insteins
m s m s
Parent 10.6 £ 2.7 8.6 £ 2.6 219+ 1.0 0
AndbA 13.3 = 3.6 109 = 0.5 184 =22 275 1.0
AndbB 133+ 1.6 9.6 =19 19.3 = 0.3 33.0 = 3.1
AndbC 145*+15 94 +0.2 20.8 £ 0.2 195+ 15
AndbA AndbB 149 = 3.0 9.0 = 0.7 185+ 1.0 28.2 +3.5
AndbA AndbC 158 =32 9.1 £0.7 184 = 1.0 21.0 £ 1.4
AndbB AndbC 129 = 1.0 11.0 = 0.9 20.2 £0.9 234+ 1.5
AndbA AndbB AndbC 16.8 = 2.0 99 +1.2 19.0 = 0.7 26.5 £ 2.6

“ Values given are averages * standard deviations from at least three determinations. Abbreviations for conditions: PA, photoautotrophic (with light but without
glucose); PM, photomixotrophic (with light and glucose in the presence of linear photosynthetic electron transport); PH, photoheterotrophic (with light and glucose

in the absence of linear photosynthetic electron transport).

tory activities of wild-type and PS I-less control strains were
similar. The respiratory rates in the Ndb-less strains were gen-
erally somewhat higher than in the parent strain. However, the
slight increase in the respiratory rates of strains of the PS I-less
background is insufficient to be able to account for the approx-
imately 10-fold increase in light tolerance.

Monitoring PQ pool reduction with chlorophyll fluores-
cence. The results presented thus far do not provide evidence
that NDH-2s contribute to respiratory electron flow. To test
this further we wished to monitor the rate of electron flow into
the PQ pool from sources other than PS II. A method of
determining this electron flow is to monitor the reduction of
the primary electron-accepting PQ in PS II (Q,) in darkness in
the presence of KCN, which blocks electron flow out of the PQ
pool. When the PQ pool is sufficiently reduced, Q4 will be-
come reduced as well, which can be monitored by the chloro-
phyll fluorescence yield. Q4 is a quencher whereas Q4 is not.
A typical fluorescence yield trace is shown in Fig. 4. A PS I-less
strain was used for these studies because the variable fluores-
cence yield is much higher in such strains and because excita-
tion of PS I by the measuring beam cannot oxidize the PQ
pool. F, was measured for 10 s prior to the addition of KCN,
and no rise in variable fluorescence was seen, indicating that
the measuring beam by itself did not lead to a significant
accumulation of Q, . Upon addition of KCN, we detected an
immediate (within several seconds) rise in variable fluores-

ApsaAB

ApsaAB AndbC

ApsaAB AndbA ApsaAB AndbB

FIG. 3. Growth of the ApsaAB Andb strains at a light intensity of 30 microeinsteins m~2 s~ '. Cells were grown on plates at a light intensity of 5 microeinsteins m™~

ApsaAB AndbA AndbB

ApsaAB AndbA AndbC

cence, reflecting reduction of the quinone pool and a partial
reduction in Q4 due to inhibition of oxidases. This rise was
independent of the concentration of KCN in the range of 1 to
5 mM and was not affected by the presence of an equal con-
centration of bicarbonate (data not shown). This rise in vari-
able fluorescence upon the addition of KCN is therefore not
due to phenomena such as the binding of cyanide to the non-
heme iron of PS II (13), as the binding of cyanide to the
nonheme iron of PS II is reversed by the addition of bicarbon-
ate and requires concentrations of CN™~ that are at least an
order of magnitude higher than those used in this study. In-
stead, we interpret the rise in variable fluorescence to be due
to inhibition of the oxidase by KCN. After the initial nearly
immediate Q, reduction upon KCN addition, a slower in-
crease in fluorescence yield was observed, with an initial non-
linear phase that possibly reflects additional Q, reduction.
This initial phase was followed by a linear, very slow increase
in fluorescence yield. This slow increase continued for at least
15 min (data not shown) and may reflect further changes in the
Q, redox state. For this reason, this slow, linear increase is not
considered further in this study. Illumination with strong ac-
tinic light showed that electron donation to the PQ pool in
darkness, in the presence of KCN, did not reduce all Q, (Fig.
4). After the actinic light was turned off, the level of fluores-
cence decreased slowly, indicating the presence of a pathway
for electrons out of the PQ pool (presumably oxidation by

ApsaAB AndbA AndbB AndbC

ApsaAB AndbB AndbC

2

s~ ! and then streaked on fresh plates, which did not contain antibiotics, and incubated at a light intensity of 30 microeinsteins m~2 s~ for 12 days. The ApsaAB control

strain died at this intensity.
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TABLE 3. Respiratory rates of Synechocystis sp. strain PCC 6803
mutants lacking one or more NDH-2s

Oxygen uptake

Genotype of strain (pmol of O, mg of chl™* h™")*

Wild type PS I-less
Parent 50+11 386 £ 49
AndbA 69 £ 15 470 = 66
AndbB 77x3 542 £ 74
AndbC 84 £ 14 377 = 69
AndbA AndbB 81 =17 545 £ 110
AndbA AndbC 89 £ 10 524 =78
AndbB AndbC 93 =20 512 £ 142
AndbA AndbB AndbC 88 £ 17 509 = 136

“ Values given are averages * standard deviations from at least three deter-
minations. Oxygen consumption of whole cells was measured in 10 mM HEPES-
NaOH (pH 7.0). Strains in the wild-type background were grown photomix-
otrophically at 50 microeinsteins m~? s~!, while those in the PS I-less
background were grown photoheterotrophically at 5 microeinsteins m~2s~!. chl,
chlorophyll.

oxygen), perhaps coupled to a reoxidation of Q. by compo-
nents on the donor side of PS II. The changes seen in fluores-
cence yield cannot be attributed to state transitions, as dark-
adapted PS I-less cells are predominantly in state 1 (26).
Therefore, upon illumination no state transition can occur.
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The amplitudes of the immediate increases in fluorescence
yields and the amplitudes and half-times (¢,,,) of the nonin-
stantaneous and nonlinear increases in variable fluorescence
after the addition of KCN were similar in strains that lacked
one or more of the ndb genes as compared to the control
strain, even though they were found to vary significantly from
culture to culture (Table 4). Therefore, the net flow of elec-
trons into the PQ pool is essentially independent of the pres-
ence of NDH-2s. The level of the F,_ ,, varied from culture to
culture; however, the F, . of any of the Ndb-less strains was
not significantly different from that of the parental strain (Ta-
ble 4). In the Andb strains with multiple ndb genes deleted, the
t,,, of the decay of chlorophyll fluorescence after the actinic
light was turned off was somewhat faster than in the control
strain, which suggests a small role for the NDH-2s in electron
transfer into the PQ pool, but this effect seems to be too small
to be physiologically relevant (Table 4).

Native gel electrophoresis. Membrane proteins were solubi-
lized from total membranes of strains that lacked one or all
three of the putative NDH-2s, separated on nondenaturing
gels, and stained for NADH and NADPH activities. Each
sample contained approximately the same amount of solubi-
lized protein, as was determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (data not shown). No dif-
ferences in NADPH- and NADH-oxidizing activities were seen
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FIG. 4. Monitoring of variable fluorescence in darkness in the PS I-less strain and the PS I-less-, NdbA-less-, and NdbB-less strain. Cells were harvested in
mid-exponential growth phase and concentrated to a chlorophyll concentration of 2 pg ml~! in 10 mM HEPES-NaOH (pH 7.4). KCN was added to a final
concentration of 5 mM where indicated. The time points at which high-intensity actinic light (150 microeinsteins m~2s~') was turned on and off have been indicated
as well. The inset is an enlargement of the trace when F,,, and the subsequent decay of chlorophyll fluorescence were monitored during and after actinic illumination.
The traces have been normalized to F,.. The traces have been offset in the x direction in the main graph but not in the inset. a.u., arbitrary units.
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TABLE 4. Characteristics of variable fluorescence (Q, reduction and Q,~ reoxidation) of PS I-less strains measured in darkness in the
presence of KCN“

Genotype of strain A (KCN) (AU) A (increase) (AU) t,), (increase) (s) Foax (AU) ty), (decay) (s)
Parent 0.39 £ 0.17 0.29 = 0.12 353+7.0 42+1.0 25+05
AndbA 0.44 = 0.23 0.36 = 0.20 443 + 173 43*+1.0 23+03
AndbB 0.38 £ 0.16 0.39 = 0.17 448 = 183 39+0.7 1.8 =04
AndbC 0.30 = 0.16 0.27 = 0.06 33.7+49 40=*1.1 21*+03
AndbA AndbB 0.29 £ 0.23 0.40 = 0.28 41.4 = 26.0 3.6*1.0 1402
AndbA AndbC 0.28 = 0.13 0.28 = 0.23 39.8 = 24.6 3.7+12 1.8 +04
AndbB AndbC 0.20 £ 0.10 0.27 = 0.12 41.6 = 179 3.6 1.1 1.7+04
AndbA AndbB AndbC 0.31 = 0.17 0.42 = 0.37 42.0 = 26.3 3.7+12 1.7x03

“ Values given are averages =+ standard deviations from at least four determinations. Chlorophyll fluorescence of whole cells was measured in 10 mM HEPES-NaOH
(pH 7.4) in the presence of 5 mM KCN. The amplitude of the immediate increase upon addition of KCN [A (KCN)], the amplitude and kinetics (¢,,,) of the subsequent

noninstantaneous and nonlinear increase in variable fluorescence [A (increase) and ¢, (increase), respectively], the F,

upon illumination with actinic light, and the

max

t,, of decay after actinic illumination [¢,, (decay)] are indicated. See Fig. 4 for an example of the experimental data from which these values were determined. AU,

arbitrary units.

between the control strains and strains that lacked one or more
of the NDH-2s (Fig. 5). We presume that the upper NADPH-
specific band (Fig. 5A) represents NDH-1, as an NADPH-
specific band of similar size has been identified as NDH-1 by
other workers (16); slight NADH-oxidizing activity is found at
this position (Fig. 5B). This activity is more intense in strains
that lack PS I. A smaller complex that oxidizes NADPH and
NADH is also seen (Fig. 5). This complex has been identified
as the product of drgA, and the purified protein has similar
activity with both NADH and NADPH (15). In our system this
band appears as a doublet upon NADPH staining, and we
interpret the doublet to represent both DrgA and ferredoxin
NADP* oxidoreductase. Below this is an NADPH-specific
band of unknown origin. A faint NADH-specific oxidizing ac-
tivity is also present in all strains (Fig. 5B); therefore, this
activity cannot be due to NDH-2 activity as was proposed by
Matsuo et al. (15).

To address the possibility that in the cyanobacterial system
NDH-2s are easily extracted from the membranes upon thyla-
koid preparation, the soluble (cytoplasmic, lumenal, and
periplasmic) fraction obtained upon thylakoid preparation was
also subjected to native gel electrophoresis. The results are
shown in Fig. 6. The high-activity band that stains with both
NADPH and NADH is probably DrgA, as it migrates to a
position similar to that of the band presumed to be DrgA in the
membrane samples (Fig. 5). The activity of this band upon
NADPH staining is significantly higher than that upon NADH
staining; we interpret this to be the result of comigration of
ferredoxin NADP™" oxidoreductase with DrgA. The identities
of the other bands are unknown. However, the upper NADPH-
specific band that is present only in the PS I-less strains (Fig.
6A) may be the peripheral arm of NDH-1, which was removed
from the membranes during sample preparation. The absence
of this band from the strains in the wild-type background may
simply be the result of insufficient amounts of the complex to
stain, as in the membrane fractions the band presumed to be
NDH-1 had higher activity in the strains which lack PS I (Fig.
5). We could distinguish no band in this gel that disappeared in
the mutant lacking NDH-2s. For this reason, NDH-2s do not
seem to accumulate in cyanobacteria in sufficient amounts to
be visible after an activity staining. However, NDH-2s are
expressed in Synechocystis sp. strain PCC 6803, as their dele-
tion leads to a clear phenotype in the PS I-less strain. More-
over, the lowest NADH-specific band is present in somewhat
reduced amounts in strains that lack the NDH-2s compared to
the amount in the parental strain, indicating that the NDH-2s
may be involved in the regulation of this protein.

DISCUSSION

The ndb genes encode functional NDH-2s. Structural analy-
sis of the three putative NDH-2s revealed that they all contain
NADH- and FAD-binding motifs (Fig. 2). Both motifs consist
of a B sheet-a helix-B sheet structure which contains (i) a
glycine-rich phosphate binding consensus sequence (GXGX
XG); (ii) a conserved negatively charged residue (D or E) at
the end of the second B sheet; and (iii) six positions typically
occupied by small hydrophobic residues, four of which are
marked in the NADH binding motif in Fig. 2 and the other two
of which are generally positioned 2 and 4 residues before the
conserved Asp or Glu. All six residues are marked in the FAD
binding motif in Fig. 2 (see references 2 and 25 for reviews of
NAD(P)H and FAD binding motifs, respectively). In NADPH
binding proteins the third G in the GXGXXG motif associated
with NADPH binding is generally replaced by S, A or P, and
the negative charge at the end of the second B sheet is missing
(2). As these features are absent in the NDH-2s, it is likely that
all three NDH-2s in Synechocystis sp. strain PCC 6803 bind
NADH and not NADPH.

All three NDH-2s contain the conserved nucleotide binding
domain for FAD and also a second motif downstream from
this that is characteristic of FAD binding motifs (Fig. 2). This
motif contains a conserved aspartate that forms a hydrogen
bond with the ribitol moiety of FAD (8). Thus, all three
NDH-2s have the potential to bind both NADH and FAD,
consistent with the expectation for functional NDH-2s.

No ndb homologs have been detected in chloroplast ge-
nomes. However, this does not necessarily imply that the cor-
responding proteins are missing in plant chloroplasts. As many
genes coding for hydrophilic chloroplast proteins have been
transferred to the nucleus, it is possible that chloroplast
NDH-2 genes, if they exist, are in the nucleus.

The ability of ndbB to functionally complement a strain of E.
coli that lacks NDHs shows that it encodes a functional
NDH-2. This ability to complement also shows that NdhB is
able to utilize other quinones besides PQ as the electron ac-
ceptor because E. coli does not contain PQ. Even though
NdbA did not functionally complement MCW232, this does
not imply that it does not encode a functional NDH-2. Instead,
the protein may not have been functional in E. coli because of
improper folding or because of an inability to utilize ubiqui-
none or menaquinone as a substrate.

As deletion of any one of the three NDH-2s resulted in
greatly increased light tolerance of the PS I-less strain (Table
2 and Fig. 3), and as ndbB encodes a functional NDH-2, we
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FIG. 5. Native gels of membrane protein complexes from Synechocystis sp. strain PCC 6803. Protein complexes extracted from membranes of the wild-type strain,
the PS I-less strain (ApsaAB) and Andb mutants in these backgrounds were separated on a native gel and stained for NADPH (A)- and NADH (B)-oxidizing activities.
Activity assignments have been indicated. Note that the two gels were run independently of each other; therefore, the relative positions of the activity bands cannot

be compared directly between the two gels.

presume that ndbA and ndbC also encode functional NDH-2s
in Synechocystis sp. strain PCC 6803. This presumption is sup-
ported by the fact that they contain the structural motifs nec-
essary to bind NADH and FAD. Moreover, in database
searches with NdbA and NdbC as search sequences, known
NDH-2s from other organisms come up with the highest level
of identity.

The physiological role of NDH-2 in Synechocystis sp. strain
PCC 6803. The physiological role of the NDH-2s in Synecho-
cystis sp. strain PCC 6803 does not appear to be a simple
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FIG. 6. Native gels of soluble protein complexes from Synechocystis sp. strain
PCC 6803. Protein complexes from the soluble fraction of the wild-type strain,
the PS I-less strain (ApsaAB), and the NDH-2-less mutants (AndbA AndbB
AndbC) in these backgrounds were separated on a native gel and stained for
NADPH (A)- and NADH (B)-oxidizing activities.

NADH

metabolic one to oxidize NADH. The increased light tolerance
of the PS I-less strains that lack one or more of the ndb genes
is not due to an impairment of PS II activity, as oxygen evo-
lution rates and the kinetics of fluorescence induction in the
presence of 3-(3,4-dichlorophenyl)-1,1-dimethyl urea are sim-
ilar in the PS I-less strain and the strains lacking the NDH-2s
(data not shown) and cannot be explained by the slight in-
crease in respiratory rates (Table 3). It is unlikely that the high
light tolerance is an artifact, as the single deletions represent
three separate transformation events at different times. If the
high light tolerance of the PS I-less and NDH-2-less strains
were an artifact, it should also have been seen in the parental
strain, which was maintained under the same conditions (Table
2 and Fig. 3).

The increase in respiratory rates is less than a doubling, and
this is clearly not sufficient to explain the ability to tolerate a
10-fold increase in light intensity (Table 2) and thereby a
10-fold-higher flow of electrons into the PQ pool via the PS II
pathway. One might argue that a small increase in respiratory
rates does not necessarily equate to a similarly small increase
in respiratory electron flow in thylakoids, as both cytoplasmic
and thylakoid membranes participate in respiration. However,
as thylakoids contribute very significantly to overall respiratory
activity in cyanobacteria (20), and as respiratory electron flow
into the thylakoid PQ pool in darkness is not significantly
altered in strains lacking ndb genes (Fig. 4 and Table 4), a
possible NDH-2 function in respiration cannot explain the
drastic change in light tolerance in PS I-less strains upon de-
letion of ndb genes. Moreover, the ability of Andb strains to
grow at air levels of CO, indicates that, unlike NDH-1 (19), the
NDH-2s do not play an essential role in the CO,-concentrating
mechanism that these organisms possess.

Even though NDH-2s do not appear to donate electrons to
the PQ pool at a metabolically relevant rate, our data are
suggestive of the presence of NDH-2s in the thylakoid mem-
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brane. The Andb strains in the PS I-less background with mul-
tiple deletions had half-lives for the decay of chlorophyll fluo-
rescence in the presence of KCN after illumination with strong
actinic light that were somewhat faster than that of the parent
strain (Table 4). This suggests a decreased rate of respiratory
electron donation to the PQ pool in the absence of the NDH-
2s, and therefore the three NDH-2s are expected to be present
in thylakoids. As AndbA and AndbC single-deletion strains did
not show this phenotype, individually, NDH-2s may be dis-
pensable for a maximum rate of electron donation to the PQ
pool; however, in the absence of two or three NDH-2s, reduc-
tion of the PQ pool in darkness is slowed down.

Activity staining of native gels for NADH and NADPH
activities showed no changes in the banding patterns between
strains that lacked one or more of the ndb genes and the
control strain in either the wild-type or the PS I-less back-
ground (Fig. 5 and 6). The similarity in activity staining be-
tween wild-type and the Andb strains on native gels confirms
that the NDH-2s are minor components in cyanobacterial
membranes and that they cannot be detected by activity mea-
surements. These results, combined with the minor effects on
electron flow into the PQ pool and the slight effect on respi-
ration but the large change in light tolerance of the PS I-less
strains, suggest that the NDH-2s do not have a significant
catalytic role in respiration. Instead, we suggest that they play
a regulatory role and that the most significant change seen in
cell physiology in the absence of one or more of the NDH-2s
(i.e., increased light tolerance of the PS I-less strains) may be
due to an altered regulation of gene expression when the PQ
pool is highly reduced.

One attractive possibility is that the NDH-2s serve as redox
sensors of the membrane (PQ pool) and soluble fraction
(NADH). It is known that the redox state of the membrane can
modulate kinase activity (see references 10 and 28 for reviews),
even though the details of signaling are unknown. In this sce-
nario, in the absence of one or more of the NDH-2 sensors,
regulatory processes may be altered, resulting in the increased
light tolerance of the PS I-less strains that lack one or more of
the NDH-2s.
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