
Abstract Structural genes encoding an uptake hydroge-
nase of Nostoc sp. strain PCC 73102 were isolated. From
partial libraries of genomic DNA, two clones (pNfo01
and pNfo02) were selected and sequenced, revealing the
complete sequence of both a hupS (960 bases) and a hupL
(1,593 bases) homologue in Nostoc sp. strain PCC 73102.
A comparison between the deduced amino acid sequences
of HupS and HupL of Nostoc sp. strain PCC 73102 and
Anabaena sp. strain PCC 7120 showed that the HupS pro-
teins are 89% identical and the HupL proteins are 91%
identical. However, the noncoding region between the
genes in Nostoc sp. strain PCC 73102 (192 bases) is
longer than that of Anabaena sp. strain PCC 7120 and of
many other microorganisms. Southern hybridizations us-
ing DNA from both N2-fixing and non-N2-fixing cells of
Nostoc sp. strain PCC 73102 and different probes from
within hupL clearly demonstrated that, in contrast to An-
abaena sp. strain PCC 7120, there is no rearrangement
within hupL of Nostoc sp. strain PCC 73102. Indeed, 6
nucleotides out of 16 within the potential recombination
site are different from those of Anabaena sp. strain PCC
7120. Furthermore, we have recently published evidence
demonstrating the absence of the bidirectional/reversible
hydrogenase in Nostoc sp. strain PCC 73102. The present
knowledge, in combination with the unique characteris-
tics, makes Nostoc sp. strain PCC 73102 an interesting
candidate for the study of deletion mutants lacking the up-
take-type enzyme.
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Introduction

In nitrogen-fixing cyanobacteria, H2 production is mainly
catalyzed by a nitrogenase during the reduction of N2 to
NH3 and is quickly metabolized by a unidirectional up-
take hydrogenase. In addition, a bidirectional/reversible
enzyme may also be present and oxidize some of the mol-
ecular hydrogen [for general reviews, see Smith (1990),
Rao and Hall (1996), and Schulz (1996)].

Hydrogenases have been characterized in many mi-
croorganisms representing different taxonomic groups,
and all enzymes studied to date have subunit structures
ranging from one to four polypeptides. Most of the mem-
brane-bound (NiFe) uptake hydrogenases are hetero-
dimeric enzymes with a large subunit (α-subunit) in the
range of 46–72 kDa, and a small subunit (β-subunit) in
the range of 23–38 kDa. The large subunit contains nickel
in the active site, whereas the small subunit plays a major
role in electron transfer to the large subunit. The structural
genes coding for both subunits are part of a transcriptional
unit in which the gene for the smaller one is located up-
stream from the gene coding for the larger one (Przybyla
et al. 1992; Voordouw 1992; Wu and Mandrand 1993; Al-
bracht 1994; Hahn and Kück 1994; Vignais and Toussaint
1994).

At present, only a few sequences/molecular studies
concerning hydrogenases from cyanobacteria are avail-
able, and most of them concern the bidirectional/re-
versible enzyme (hox genes; Schmitz et al. 1995; Appel
and Schulz 1996; Boison et al. 1996; see also the com-
plete genome sequence of Synechocystis sp. strain PCC
6803, http://www.kazusa.or.jp./cyano/cyano.html). For
the filamentous, heterocyst-forming cyanobacterium An-
abaena sp. strain PCC 7120, Carrasco et al. (1995) de-
scribed a developmental genome rearrangement from
within hupL, a gene that exhibits sequence similarity to
genes encoding the large subunit of membrane-bound up-
take hydrogenases. This rearrangement occurs late during
the heterocyst differentiation process and involves the ex-
cision of a 10.5-kb DNA element by site-specific recom-
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bination, indicating that the product HupL is expressed
only in heterocysts in Anabaena sp. strain PCC 7120
(Carrasco et al. 1995).

Previously, we examined Nostoc sp. strain PCC 73102,
a filamentous heterocystous cyanobacterium, for the pres-
ence of hydrogenases by using antisera directed against
several proteins purified from other microorganisms, and
demonstrated that the antigens are present in both the ni-
trogen-fixing heterocysts and the photosynthetic vegeta-
tive cells. Moreover, a common polypeptide with a mol.
mass of approximately 58 kDa was observed (Tamagnini
et al. 1995). The effects of nickel, hydrogen, carbon, and
nitrogen on in vivo hydrogen uptake have also been stud-
ied. This uptake is stimulated by light and is positively
regulated by the substrate H2 (either added directly from
an external source or produced through the action of ni-
trogenase). Furthermore, the in vivo nitrogenase and up-
take hydrogenase activities appear to be co-regulated
when nitrogen-fixing cells are exposed to either combined
nitrogen or organic carbon sources (Oxelfelt et al. 1995).
Recently, using both molecular and physiological tech-
niques, we have found no evidence for either the hox
genes or the corresponding bidirectional/reversible en-
zyme activities in Nostoc sp. strain PCC 73102, making
this strain an interesting candidate for future biotechno-
logical applications (Tamagnini et al. 1997).

The present study was carried out in order to continue
our characterization of H2 metabolism in Nostoc sp. strain
PCC 73102 and to identify and sequence potential struc-
tural genes encoding an uptake hydrogenase – hupSL.
Moreover, we were able to demonstrate that in this strain,
when a photosynthetic vegetative cell differentiates into a
nitrogen-fixing heterocyst, there is no rearrangement oc-
curring within the hupL gene. We believe that it is very
important to examine one particular strain in detail be-
cause only with this knowledge can further molecular ex-
periments, e.g., construction and physiological studies of
specific deletion mutants lacking a functional uptake hy-
drogenase, be performed and correctly evaluated.

Materials and methods

Organisms and growth conditions

Nostoc sp. strain PCC 73102, a free-living, filamentous, hetero-
cystous cyanobacterium originally isolated from coralloid roots of
the cycad Macrozamia sp., was obtained from the Pasteur Culture
Collection (PCC; Paris, France) (Rippka et al. 1979). Nostoc sp.
strain PCC 73102 has been proposed as the type strain of the
species Nostoc punctiforme in the PCC classification. Axenic, N2-
fixing, and non-N2-fixing cultures were grown in BG110 and
BG11 media, respectively (Stanier et al. 1971), in continuous light
(Thorn Polylux 4000 and Osram Warmtone Warm White 400–700
nm; 40 µmol photons m–2 s–1), at 26°C with the use of a magnetic
stirrer to obtain a homogeneous cell suspension (Lindblad 1992).
The plasmid used in the ligation steps in this study was pBluescript
II SK (+) (Stratagene), and the bacterial strain Escherichia coli
XL1-Blue (Stratagene; La Jolla, Calif., USA) was used in the
transformations. The E. coli strain was grown aerobically at 37°C
in liquid Luria Bertani (LB) medium (Sambrook et al. 1989). Solid
LB medium for plates contained 1.5% agar. α-Carboxylenzylpeni-
cillin (carbenicillin; 80 µg/ml; Sigma, St. Louis, Mo., USA) was

used as the antibiotic in both liquid and solid medium. For sub-
cloning of smaller fragments of the two clones pNfo01 and
pNfo02, the Erase-A-Base system (Promega; Madison, Wis.,
USA) was used.

Isolation of DNA and agarose gel electrophoresis

Genomic DNA from cells of Nostoc sp. strain PCC 73102 was ex-
tracted according to the method used in Tamagnini et al. (1997).
Plasmid DNA was obtained using the Wizard Plus Miniprep DNA
Purification System (Promega). Recovery of DNA from 1%
agarose gels was performed as in Tamagnini et al. (1997). Agarose
gel electrophoresis was performed following standard protocols
and using 0.5 × TBE (44.5 mM Tris-borate, 44.5 mM boric acid
and 1 mM EDTA) (Sambrook et al. 1989). The DNA was visual-
ized by using the fluorescent dye ethidium bromide and by direct
examination of the gel in UV light.

Sequence comparisons

Amino acid sequences from several bacteria [Desulfovibrio gigas,
GeneBank accession no. P12944; Desulfovibrio vulgaris, acces-
sion no. P21852; Azotobacter chroococcum, accession no.
P18191; Alcaligenes hydrogenophilus, accession no. P33374;
Bradyrhizobium japonicum, accession no. P12636; Pseudomonas
hydrogenovora, accession no. D1013912; Rhodobacter capsula-
tus, accession no. P15284; Rhodocyclus gelatinosus, accession no.
P17632; Rhizobium leguminosarum, accession no. P18636; Thio-
capsa roseopersicina, accession no. 349577; and the cyanobac-
terium Anabaena sp. strain PCC 7120 (hupS – Carrasco and
Golden, personal communication; hupL – accession no. U08013,
Carrasco et al. 1995)], were aligned (Clustal W 1.6.1), and con-
served regions within the uptake hydrogenases were identified.

PCR and DNA sequencing

PCR was carried out in a thermal cycler Gene Amp PCR System
2400 (Perkin Elmer) with AmpliTaq DNA polymerase (Perkin
Elmer) following the protocol used by Tamagnini et al. (1997).
The PCR products were separated on a 1.5% agarose gel along
with either 123- or 100-bp ladders (Gibco BRL) as length markers.
The primers used were H4A and H6B [see Tamagnini et al.
(1997)] for amplifying the fragment hup2, which was then used for
screening for the clone pNfo01 in the initial partial library. DNA
sequencing reactions were performed in a thermal cycler Gene
Amp PCR System 2400 (Perkin Elmer) using an ABI Prism Dye
Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer)
according to the instructions of the manufacturer. The sequences
of the samples were determined with an automated DNA se-
quencer (ABI Model 373 DNA sequencer); the comparisons of ob-
tained sequences were determined using the National Center for
Biotechnology Information (USA) via the BLAST e-mail server,
and the programs SeqEd 1.0.3 and MacVector 4.1.4. The 3,940-bp
sequence encompassing the hupSL homologue is available from
GenBank under accession no. AF030525.

Southern hybridization

Genomic DNA was isolated as described above and was digested
with the restriction endonucleases (HindIII, EcoRI, XbaI and/or
HindIII and EcoRI). One-half to one microgram of each digested
DNA was separated electrophoretically in a 1% agarose gel. After
denaturation and neutralization steps [see Tamagnini et al. (1997)],
the DNA was transferred to a nylon membrane (Hybond-N; Amer-
sham) by the capillary method described by Sambrook et al.
(1989) and was fixed onto the membrane by exposure to UV light
using a UV Stratalinker 1800 (Stratagene). The DNA-loaded
membranes were treated for 1–2 h at 63°C in prehybridization so-
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lution (Tamagnini et al. 1997). The probes used for Southern hy-
bridizations were prepared either from DNA fragments obtained
by PCR [hup2; see Tamagnini et al. (1997)] or cloned fragments
from the partial genomic library (probes 1, 2, and 3; see Fig. 1A).
The 32P-labeling of the probes, the separation of labeled DNA
from unincorporated 32P-labeled nucleotides, and the hybridization
were performed following the protocol described by Tamagnini et
al. (1997) with the exception that the hybridization and the wash-
ing steps were performed at 63°C. The membranes were air-dried,
mounted for autoradiography, and exposed for up to several hours
at –70°C to an X-ray film (Hyperfilm-MP; Amersham).

Construction of a partial genomic library 
of Nostoc sp. strain PCC 73102 and isolation of a hupSL homologue

Genomic DNA was hydrolyzed by restriction endonucleases (a
combination of HindIII and EcoRI or MunI) and separated on a 1%
agarose gel. A region between approximately 2.3- and 3.3-kb (for
clone pNfo01) and 2.0- and 3.0-kb (for clone pNfo02) was cut out,
and the DNA was extracted from the gel piece according to the
method described above. Extracted DNA fragments were ligated
with linearized plasmid vectors as specified by the manufacturer
(Stratagene). After the ligation, the hybrid DNA was introduced
into supercompetent E. coli cells by transformation. Transformed
E. coli cells were selected on LB plates in the presence of carbeni-
cillin, with 30 µl 5-bromo-4-chloro-3-indolyl-β-D-galactopyra-
noside (20 mg/ml) and 30 µl isopropyl-β-D-thiogalactopyranoside
(0.1 M) distributed on the plates.

Colony hybridization

White colonies were selected and grown overnight on LB plates
with carbenicillin. Replicas were made on Hybond-N+ nylon mem-
branes (Amersham). The membranes were immediately placed
colony-side-up on an SDS (10%)-impregnated 3MM Whatman pa-
per for 3 min. Colonies were lysed by transfering the membranes
to Whatman papers presoaked in denaturating solution (0.5 N
NaOH and 1.5 M NaCl) and incubated for 5 min. The nylon mem-
branes with alkaline-solubilized cells were neutralized by blotting
onto a Whatman filter paper prewetted with neutralizing solution
[1.5 M NaCl and 0.5 M Tris-HCl (pH 7.4)] for 5 min. A Whatman
paper was saturated with 2 × SSC [20 × 3 M NaCl and 0.3 M
C6H5Na3O7 (pH 7.0)], to which the membranes were transferred
and incubated for 5 min before being air-dried and exposed to UV
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Fig. 1 A Physical map of the two clones pNfo01 and pNfo02 of
genomic DNA of Nostoc sp. strain PCC 73102 containing the
complete hupSL homologue. Restriction sites in the cloned hupSL
homologue of Nostoc sp. strain PCC 73102 (↓ ) and the position of
the recombination site in Anabaena sp. strain PCC 7120 ( ) are in-
dicated. Fragments used as probes in Southern hybridizations (ob-
tained by digestion with restriction endonucleases EcoRI, XbaI,
and HindIII) are labeled 1, 2, and 3, respectively. The 3,940-bp se-
quence is available from GenBank under accession no. AF030525.
B Autoradiographs demonstrating the presence of a contiguous
hupL gene in Nostoc sp. strain PCC 73102. Genomic DNA was ex-
tracted from cells grown under both nitrogen-fixing and non-nitro-
gen-fixing conditions and digested with the restriction endonucle-
ases EcoRI and HindIII. Separation of the DNA on an agarose gel
and transfer to a nylon membrane were followed by hybridization
with the 32P-labeled probes 1, 2, and 3 described in A. All probes
recognized a single 2.8-kb DNA fragment



(as above). The hybridization was then performed as mentioned
under Southern hybridization.

Results and discussion

To identify the structural gene encoding the large subunit
of an uptake hydrogenase (hupL) in Nostoc sp. strain PCC
73102, oligonucleotide primers were designed from con-
served sequences within the hupL gene of Anabaena sp.
strain PCC 7120. These primers were used in PCR with
genomic DNA from Anabaena sp. strain PCC 7120 as
template, and the expected PCR product obtained was
subsequently used as a probe in Southern hybridization
experiments. The probe “hup2” hybridized with genomic
DNA from Nostoc sp. strain PCC 73102 digested with
EcoRI, HindIII, or both the restriction endonucleases rec-
ognizing DNA fragments of approximately 3.2 and 2.8 kb
[see Tamagnini et al. (1997)]. A partial genomic library
(to clone the 2.8-kb EcoRI/HindIII fragment of Nostoc sp.
strain PCC 73102) was constructed, and 1,200 white
colonies were screened by hybridization with the hup2
fragment used as probe. Four colonies were identified,
picked, and purified, and their inserts were analyzed by
digestion with the combination of the restriction endonu-
cleases EcoRI/HindIII. They all showed the same pattern
of restriction, and the clone pNfo01 was chosen for fur-
ther studies. Sequencing revealed that this clone con-
tained a DNA sequence similar to that of the hupL struc-
tural gene and part of the hupS structural gene from An-
abaena sp. strain PCC 7120 (Carrasco et al. 1995). The
restriction endonuclease map of clone pNfo01 is shown in
Fig.1A.

An EcoRI/XbaI fragment containing the downstream
region of hupS and the upstream region of hupL was used
to probe DNA sequences in genomic DNA of Nostoc sp.
strain PCC 73102 digested with the restriction endonucle-
ase MunI. A 2.6-kb fragment hybridized with the probe
(data not shown). A second partial genomic library was
constructed to obtain the remaining part of hupS. Frag-
ments from the 2.6-kb region of MunI-restricted genomic
DNA from Nostoc sp. strain PCC 73102 were cloned into
the EcoRI unique site of the vector pBluescript SK (+). A
hybridization screening of 800 white colonies with the
above-mentioned EcoRI/XbaI fragment as probe was per-
formed. Only one positive colony was obtained. This
clone showed the expected restriction pattern, and to-
gether with sequence data from PCR-based automated se-
quencing we could show that the insert contained the re-
maining part of hupS. The clone was given the name
pNfo02 (Fig.1A). Together, the clones pNfo01 and
pNfo02 revealed the complete sequence of a hupSL ho-
mologue with upstream and downstream regions in Nos-
toc sp. strain PCC 73102 (Fig. 1A). The 3,940-bp se-
quence encompassing the hupSL homologue is available
from GenBank under accession no. AF030525. hupS and
hupL in Nostoc sp. strain PCC 73102 have exactly the
same size as in Anabaena sp. strain PCC 7120. However,
one difference is that the noncoding region between the

two genes in Nostoc sp. strain PCC 73102 (192 bases) is
longer than that of Anabaena sp. strain PCC 7120 and of
many other microorganisms.The nucleotide sequences of
hupS and hupL show 84% identity with their respective
sequences in Anabaena sp. strain PCC 7120. The deduced
amino acid sequences of HupS and HupL of Nostoc sp.
strain PCC 73102 and Anabaena sp. strain PCC 7120
show that the HupS proteins are 89% identical (93% sim-
ilar) and the HupL proteins are 91% identical (95% simi-
lar) (Figs. 2 and 3). However, the noncoding regions show
no similarities. The genes encoding the small and the
large subunit (hupSL) in Nostoc sp. strain PCC 73102 en-
code two proteins with calculated mol. masses of 34,917
and 60,157 Da, respectively. Interestingly, by using SDS-
PAGE followed by immunoblotting, we have previously
shown in Nostoc sp. strain PCC 73102 that one polypeptide
with a mol. mass of approximately 58 kDa is immunologi-
cally related to hydrogenases purified from Bradyrhizo-
bium japonicum, Azotobacter vinelandii, Methanosarcina
barkeri, and Thiocapsa roseopersicina. In addition, another
polypeptide (with a mol. mass of approximately 34 kDa)
is immunologically related to a hydrogenase purified from
T. roseopersicina (Tamagnini et al. 1995).

The HupS protein of Nostoc sp. strain PCC 73102 con-
tains 11 Cys residues, 8 of which clearly correspond to the
residues that are proposed to be involved in the formation
of Fe-S clusters. In comparison with the HupS protein
from Desulfovibrio gigas, the second Cys residue in the
first four cluster ligands binding the proximal [4 Fe-4 S]
cluster (Volbeda et al. 1995) is missing in Nostoc sp. strain
PCC 73102. The His at the first position of the second
four-ligand cluster, binding the distal [4 Fe-4 S] cluster, is
not present in Nostoc sp. strain PCC 73102, and the sec-
ond Cys residue in this cluster is differently positioned,
similar to the one observed in hupU of Rhodobacter cap-
sulatus (Elsen et al. 1996), according to our alignment
studies (Fig.2). The three Cys residues that bind the [3 Fe-
4 S] cluster in D. gigas are all present in Nostoc sp. strain
PCC 73102. HupS in Nostoc sp. strain PCC 73102 also
lacks the signal peptide at the N-terminus present in many
other organisms with membrane-bound or periplasmic hy-
drogenases. This signal peptide could, according to its
structural characteristics to form an amphipathic helix,
presumably be involved in translocation of the protein
(Wu and Mandrand 1993). Moreover, the motif located at
the C-terminus of the small subunit of Class I [NiFe] hy-
drogenases (Wu and Mandrand 1993), the unique feature
of membrane-bound hydrogenases for anchoring the pro-
tein to the membrane, was not found in the HupS protein
of Nostoc sp. strain PCC 73102. However, the role of that
motif in membrane anchoring is not clear because some of
the membrane-bound hydrogenases lack it [see Maier and
Triplett (1996)]. The HupL protein of Nostoc sp. strain
PCC 73102 contains the putative Ni-binding site present
in [NiFe] hydrogenase large subunits at the N-terminal
end (R × CG × C). At the C-terminal end, the Ni-binding
site is also present, but the second amino acid (Pro) is ex-
changed for a Ser (Wu and Mandrand 1993; Albracht
1994). The structural hupL gene shows a considerable se-
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quence similarity to the regulatory hupV recently de-
scribed in R. capsulatus (Elsen et al. 1996), in B. japoni-
cum (Black and Maier 1994), and earlier in D. baculatus

(Menon et al. 1987; Voordouw et al. 1989). A feature pre-
sent in HupL – but not in HupV – and also present in 
Nostoc sp. strain PCC 73102 (Fig.3) is the amino acid se-
quence that is removed proteolytically when the protein
undergoes maturation [Menon and Robson 1994; see also
reviews by Friedrich and Schwartz (1993) and Vignais
and Toussaint (1994)]. Some of the above-discussed fea-
tures of the hupSL homologues characterized in the pre-
sent study might make it necessary to take into considera-
tion that the genes could correspond to hupUV, genes en-
coding proteins involved, for example, in sensing H2
(Elsen et al. 1996). Specifically, hupS in Nostoc sp. strain
PCC 73102 shows some characteristics similar to those
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No s t o c 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MTNVL WL QGGACSGNTMSFL NAEEP
An a b a e n a 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MTNVL WL QGGACSGNTMSFL NAEEP
D_ g i g a s 1 . . . . . . . . . . . . . . . . . . . . . . . . . . MKFCTAVAVAMGMGPAFAPKVAEAL TAKKRPSVVYL HNAECTGCSESL L RTVDP
D_ v u l g a r i 1 MKI SI GL GKEGVEERL AERGVSRRDFL KFCTAI AVTMGMGPAFAPEVARAL MGPRRPSVVYL HNAECTGCSESVL RAFEP
A_ c h r o o c o 1 . . . . . . . . . . . . . . . MRRQGI TRRSFL KYCSL TGRPC. L GPTFAPQI AHAMETRPPTPVVWL HGL ECTCCSESFI RSGDP
A_ h y d r o g e 1 . . . . . . . MI ETFYEVMRRQGI SRRSFL KYCSL TATSL GL SPVFVPKI VHAMETKPRTPVL WL HGL ECTCCSESFI RSAHP
B_ j a p o n i c 1 . . . . MGAATETFYSVI RRQGI TRRSFHKFCSL TATSL GL GPL AASRI ANAL ETKPRVPVI WMHGL ECTCCSESFI RSAHP
P_ h y d r o g e 1 . . . . . . . MI ETFYEVMRRQGI SRRSFL KYCSL TAASL GL GPAFVPRI AHAMETKPRTPVL WRHGL ECTCCSESFI RSAHP
R_ c a p s u l a 1 . . . . . MSDI ETFYDVMRRQGI TRRSFMKFCSL TAAAL GL GPSFVPKI AEAMETKPRTPVVWVHGL ECTCCSESFI RSAHP
R_ g e l a t i n 1 . . . . . . . . METFYEVMRRQGI SRRSFL KYCSL TATSL GL APSFVPQI AHAMETKPRTPVL WL HGL ECTCCSESFI RSAHP
R_ l e g u mi n 1 . . . . . MATAETFYDVI RRQGI TRRSFTKFCSL TAASL GFGPGAATAMAEAL ETKERVPVI WMHGL ECTCCSESFI RSAHP
T_ r o s e o p e 1 . . . . . MPTTETYYEVMRRQGI TRRSFL KFCSL TATAL GL SPTFAGKI AHAMETKPRI PVVWL HGL ECTCCSESFI RSAHP

No s t o c 2 6 TVCDL I ADFGI NI L WHPSL GL EL GNDL QI L L RNCI SGTI PL DI L VFEGSVVNAPNG. TGEWNRFADRAMKDWL ADL AKVA
An a b a e n a 2 6 TVCDL I ADFGI KVL WHPSL GL EL GDNL QTL L WDCI L GKI PL DI L VFEGTVVNAPNG. TGEWNRFADRPMKDWL TDL AQAA
D_ g i g a s 5 5 YVDEL I L DV. I SMDYHETL MAGAGHAVEEAL HEAI KG. . . DFVCVI EG. . . GI PMGDGGYWGKVGRRNMYDI CAEVAPKA
D_ v u l g a r i 8 1 YI DTL I L DT. L SL DYHETI MAAAGDAAEAAL EQAVNSPH. GFI AVVEG. . . GI PTAANGI YGKVANHTML DI CSRI L PKA
A_ c h r o o c o 6 5 L VKDVVL SM. I SL DYDDTL MPPR. . . HQGTVEETMRKYKGEYI L AVEG. . . NPPL NEDGMFCI VGGKPFL DQL KHAAKDA
A_ h y d r o g e 7 4 L AKDVVL SM. I SL DYDDTL MAAAGHQAEAI L GEVMTKYKGNYI L AVEG. . . NPPL NQDGMSCI I GGKPFI DQL RHVAKDA
B_ j a p o n i c 7 7 L VKDAVL SM. I SL DYDDTI MAAAGHQAEAI L EETRAKHKGQYI L AVEG. . . NPPL NEGGMFCI DGGKPFVEKL KMMAEDA
P_ h y d r o g e 7 4 L AKDVVL SM. I SL DYDDTL I GVGRAQAEAI L DRVMTKYKGNYI L AVEG. . . NPPL NQDGMSCI I RGRPFVEQL KRVSADA
R_ c a p s u l a 7 6 L AKDVVL SM. I SL DYDDTL MAAAGHAAEAAFEETI AKYKGNYI L AVEG. . . NPPL NEDGMFCI TGGKPFVEKL RHAAEGA
R_ g e l a t i n 7 3 L AKDAVL SM. I SL DYDDTL MAAAGHQAEAI L . . . . . . . . . . YI L AVEG. . . NPPL NEDGMFCI QR. QAL PREAQAVAADC
R_ l e g u mi n 7 6 L VKDVVL SM. I SL DYDDTI MAAAGHQAESI L AETKEKYKGKYI L AVEG. . . NPPL NEGGMFCI DGGKPFVEKL KWMAEDA
T_ r o s e o p e 7 6 L VSDVI L SM. I SL DYTI L I MAAAGHQAEAI L EEVRHKHAGNYI L AVEG. . . NPPL NQDGMSCI I GGRPFL EQL L EMADSC

No s t o c 1 0 5 KFI VAVGDCATWGGI PAMSPNPSESEGL QFL KRQEGGFL GKDFVSQAGL PVI NI PGCPAHPDWI TQI L VAI ATGRI ADI A
An a b a e n a 1 0 5 SFVVAVGDCATWGGI PAMEPNPSESQGL QFL KRKGGGFL GQDFRTKSGL PVI NI PGCPAHPDWI TQI L VAI ATGRI GDI A
D_ g i g a s 1 2 8 KAVI AI GTCATYGGVQAAKPNPTGTVGVNEAL GKL G. . . . . . . . . . . . VKAI NI AGCPPNPMNFVGTVVHL L T. . KGMPE
D_ v u l g a r i 1 5 6 QAVI AYGTCATFGGVQAAKPNPTGAKGVNDAL KHL G. . . . . . . . . . . . VKAI NI AGCPPNPYNL VGTI VYYL KN. KAAPE
A_ c h r o o c o 1 3 8 KAVI AWGSCASWGCVQAAKPNPTQAVPI HKVI TDK. . . . . . . . . . . . . . PMI KVPGCPPI AEVMTGVI TYML TF. GKL PE
A_ h y d r o g e 1 5 0 KAI I SWGSCASWGCVQAAKANPTQATPI HKVI TDK. . . . . . . . . . . . . . PI I KVPGCPPI AEVMTGVI TYML TF. DRFPE
B_ j a p o n i c 1 5 3 MAI I AWGACASWGCVQAAKPNPTQATPI DKVI TNK. . . . . . . . . . . . . . PI I KVPGCPPI AEVMTGVVTFI TTF. GKL PE
P_ h y d r o g e 1 5 0 KAI I SWGSCASWGCVQAAKPNPTQATPVHKVI TDK. . . . . . . . . . . . . . PI I KVPGCPPI AEVMTGVI TYML TF. DRI PE
R_ c a p s u l a 1 5 2 KAI I SWGACASYGCVQAAAPNPTQATPVHKVI TDK. . . . . . . . . . . . . . PI I KVPGCPPI AEVMTGVI TYML TF. DRMPE
R_ g e l a t i n 1 3 8 KAVI AWGSCASWGCVQAAKPNPTQATPI HKVI TDK. . . . . . . . . . . . . . PI I KVPGCPPI AEVMTGVI TYML TF. DRI PE
R_ l e g u mi n 1 5 2 MAI I AWGASASWGCVQAAKPNPTQATPI DKVI L DK. . . . . . . . . . . . . . PI I KVPGCPPI AEVMTGVVTFI TTF. GKL PE
T_ r o s e o p e 1 5 2 KAVI SWGSCASWGCVQAARPNPTRATPVHEVI RDK. . . . . . . . . . . . . . PVI KVPGCPPI AEVMTGVL TYI L TF. DRL PE

No s t o c 1 8 5 FDEL NRPQTFFNTYTQTGCTRNVHFAYKASTAEFG. . . QRKGCL FYDL GCRGPMTHSSCNRI L WN. RVSSKTRAGMPCL G
An a b a e n a 1 8 5 L DEL NRPQTFFNTFTQTGCTRNVHFAYKATTAEFG. . . QRKGCL FYDL GCRGPMTHSSCNRI L WN. RVSSKTRAGMPCL G
D_ g i g a s 1 9 4 L DKQGRPVMFFGETVHDNCPRL KHFEAGEFATSFGSPEAKKGYCL YEL GCKGPDTYNNCPKQL FN. QVNWPVQAGHPCI A
D_ v u l g a r i 2 2 3 L DSL NRPTMFFGQTVHEQCPRL PHFDAGEFAPSFESEEARKGWCL YEL GCKGPVTMNNCPKI KFN. QTNWPVDAGHPCI G
A_ c h r o o c o 2 0 3 L DRQGRPKMFYGQRI HDKSYRRPHFDAGQFVEHWDDEGARKGYCL YKVGCKGPTSYNACSTVRWNEGTSFPI QAGHGCI G
A_ h y d r o g e 2 1 5 L DRQGRPKMFYSQRI HDKCYRRPHFDAGQFVESWDDESARKGYCL YKVGCKGPTTYNACSTTRWNGGTSFPI QSGHGCI G
B_ j a p o n i c 2 1 8 L DRQGRPKMFYSQRI HDKCYRRPHFDAGQFVEEWDDEAARKGYCL YKMGCKGPTTYNACSTVRWNGGVSFPI QSGHGCI G
P_ h y d r o g e 2 1 5 L DRQGRPKMFYSQRI HDKCYRRPHFDAGQFVESWDDESARKGYCL YKVGCKGPTTYNACSTTRWNDGTSFPI QSGHGCI G
R_ c a p s u l a 2 1 7 L DRQGRPAMFYSQRI HDKCYRRPHFDAGQFVEHWDDENARKGYCL YKMGCKGPTTYNACSTVPL ERRRHFPI QSGHGCI G
R_ g e l a t i n 2 0 3 L DRQGRPKMFYSQRI HDKCYRRPHFDAGQFVESFDDENARKGFCL YKVGCKGPTTYNACSTVMWNEGTSFPI KAGHGAR.
R_ l e g u mi n 2 1 7 L DRQGPPKMFYAQPI HDKCYRRPHFDAGQFVEEWDDEGARKGYCL YKMGCKGPTTYNACSTVRWNGGVSFPI QSGHGCI G
T_ r o s e o p e 2 1 7 L DRQGRPL MFYGQRI HDKCYRRPHFDAGQFVESWDDEGARRGYCL YKVGCKGPTTYNACSTI RWNGGVSFPI QSGHGCI G

No s t o c 2 6 1 CTEPEFP. . . . . FFDL KPGT. . . . VFKTQTVMGVPKEL PPGVNKKDYAL L TMVAKDAAPPWAEEDFFTVB.
An a b a e n a 2 6 1 CTEPEFP. . . . . FFDL KPGT. . . . VFKTQTI MGVPKEL PPGVSNKNYAVL TMVAKDTAPKWAEEDFFTVB.
D_ g i g a s 2 7 3 CSEPNFWDL YSPFYSA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
D_ v u l g a r i 3 0 2 CSEPDFWDAMTPFYQN. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A_ c h r o o c o 2 8 3 CSEDGFWDKGS. FYERL TTI PQFGI EKNADQI GPRGRRGSGAAI AAHAAVTAI KRL QNKGDQA. . . . . . . .
A_ h y d r o g e 2 9 5 CSEDGFWDKGS. FYSRL TNI HQFGI EANADSVGVTAVGVVGAATAAHAAVSAI KRARH. KDAAQDTAATQK
B_ j a p o n i c 2 9 8 CSEDGFWDKGS. FYDRL TNI KQFGI EKNADQI GMVAAGAVGAAVAAHAAVTAVKRL ATKREDADHNS. . . .
P_ h y d r o g e 2 9 5 CSEDGFWDKGS. FYDRL TNI NQFGI EANWTRSAGPQPVWSASS. AAHAAASVI KRMSTRKDERTPDPRVDH
R_ c a p s u l a 2 9 7 CSEDGFWDQGS. FYDRL TTI KQFGI EATADQI GWTATGL VGAAVAAHAAVSVL KRAQKKNEEA. . . . . . . .
R_ g e l a t i n 2 8 2 RSEDGFWDKGS. FYDRL TNI HQFGI EASADKVGGTAAGVVGAA. I AHAAASVI KRL SHDPDAAARAESRS.
R_ l e g u mi n 2 9 7 CSEDGFWDNGS. FYDRL TNI HQFGI EANADKVGMTAAGVVGGAI AAHAAVTAVKRL TTKREKADA. . . . . .
T_ r o s e o p e 2 9 7 CSEDGFWDKGS. FYQHVTDTHAFGI EANADRTGI AVATRRGAAHRAHAAVSVVKRVQQKKEEDQS. . . . . .

Fig. 2 Alignment of the deduced HupS sequence of Nostoc sp.
strain PCC 73102 with the corresponding sequences of the
cyanobacterium Anabaena sp. strain PCC 7120 and the bacteria
Desulfovibrio gigas, Desulfovibrio vulgaris, Azotobacter chroococ-
cum, Alcaligenes hydrogenophilus, Bradyrhizobium japonicum,
Pseudomonas hydrogenovora, Rhodobacter capsulatus, Rhodocy-
clus gelatinosus, Rhizobium leguminosarum, and Thiocapsa
roseopersicina. Amino acid identities in the alignments are indi-
cated by black boxes with white letters. Similar amino acids are
indicated by grey boxes
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No s t o c 1 . . . . . . . . . . . . . . . . . . . . MTI QSL DI SPVGRVEGDL DVRVDI E. HGRVVNAWTHAEL FRGFEVI L RGKDPQAGL I VTPRI CGI CGGSHL TSASWAL DT
An a b a e n a 1 . . . . . . . . . . . . . . . . . . . . MTI KTL DI SPVGRVEGDL DVRVEI E. DGRVVNAWTHAEL FRGFEI I L RGKDPQAGL I VTPRI CGI CGASHL TSASWAL DT
D_ g i g a s 1 . . . . . . . . . . . . . . . . . MSEMQGNKI VVDPI TRI EGHL RI EVEVE. GGKI KNAWSMSTL FRGL EMI L KGRDPRDAQHFTQRACGVCTYVHAL ASVRAVDN
D_ v u l g a r i 1 MSGCRAQNAPGGI PVTPKSSYSG. PI VVDPVTRI EGHL RI EVEVE. NGKVKNAYSSSTL FRGL EI I L KGRDPRDAQHFTQRTCGVCTYTHAL ASTRCVDN
A_ c r o c c o c 1 . . . . . . . . . MSSL PNASQL DKSGRRI VVDPVTRI EGHMRCEVNVDANNI I TNAVSTGTMWRGL EVI L KGRDPRDAWAFVERI CGVCTGTTRWTSVRAVED
A_ h y d r o g e 1 . . . . . . . . MATYETQGFKL NDSGRRI I VDPVTRI EGHMRCEVNL DANNVI RNAVSTGTMWRGL EVI L KRADPADAWAFVERI CRVCTGCHAL ASVRAVED
B_ j a p o n i c 1 . . . . . . . . MGI QTPNGFNL DNSGKRI VVDPVTRI EGHMRVEVNVDADNVI RNAVSTGTMWRGI EVI L KNRDPRDAWAFTERI CGVCTGTHAL TSVRAVEN
P_ h y d r o g e 1 . . . . . . . . MPAYSTQGFNL DDSGRRI VVDPVTRI EGHMRCEVNL DSNNVI RNAVSTGTMWRGL EVI L KGRDPRDAWAFVGRI CGVCTGCHAL ASVRAVED
R_ c a p s u l a 1 . . . . . . . . MTTQTPNGFTL DNAGKRI VVDPVTRI EGHMRCEVNVNDQGI I TNAVSTGTMWRGL EVI L KGRDPRDAWAFTERI CGVCTGTHAL TSVRAVES
R_ g e l a t i n 1 . . . . . . . . MGAI ETQGFKL DDSGRRI VVDPVTRI EGHMRCEVNVDANNVI RNAVSTGTMWRGL EVI L KGRDPRDAWAFVERI CGVCTGCHAL TSVRAVED
R_ l e g u mi n 1 . . . . . . . . MTI QTPNGFTL DNSGKRI VVDPVTRI EGHMRVEVNVDENNI I RNAVSTGTMWRGI EVI L KNRDPRDAWAFTERI CGVCTGTHAL TSVRAVEN
T_ r o s e o p e 1 . . . . . . . . MSVTTANGFEL DTAGRRL VVDPVTRI EGHL RCEVNL DENNVI RNAVSTGTMWRGL EVI L RGRDPRDAWAFTERI CGVCTGTHAL TSVRAVED

No s t o c 8 0 AWETEVPRNAI L ARNL GQI VETI QSI PRYFYGL FAI DL TN. . KKYRN. . . . SRHYEEAVR. . . . . RFAAFTGKSYEL GI TI SAKPVEI YAL L GGQW. . PH
An a b a e n a 8 0 AWNTTVPRNAI L ARNL GQI VETI QSI PRYFYGL FAI DL TN. . KKYRS. . . . SRFYDEAVR. . . . . RFSAYTGKSYEL GVTI SSKPVEI YAL FGGQW. . PH
D_ g i g a s 8 3 CVGVKI PENATL MRNL TMGAQYMHDHL VHFYHL HAL DWVNVANAL NADPAKAARL ANDL S. . . PRKTTTESL KAVQAKVKAL VESGQL GI FTNAYFL GGH
D_ v u l g a r i 9 9 AVGVHI PKNATYI RNL VL GAQYL HDHI VHFYHL HAL DFVDVTAAL KADPAKAAKVASSI S. . . PRKTTAADL KAVQDKL KTFVETGQL GPFTNAYFL GGH
A_ c r o c c o c 9 2 AL GI QI PYNAHL I RNL MDKQL QVQDHI VPFYHL L RL DWVNPVNAL KADPKATSAL PAAL A. AHAKSSPGYF. RHVQTRL KKFVESGATACSPNGYW. . DN
A_ h y d r o g e 9 3 AL GI KI PKNAHL I REMMAKTL QVHDHVVHFYHL HAL DWVDVVSAL NADPKRTSAL QQTVSPAHPL SSPGYF. RDVQI RL KKFVESGQL GPFMNGYW. . GN
B_ j a p o n i c 9 3 AL GI TI PENANSI RNL MQL AL QVHDHVVHFYHL HAL DWVDVVSAL SADPRATSTL AQSI S. NWPL SSPGYF. KDL QTRL KKFVESGQL GPFKNGYW. . GS
P_ h y d r o g e 9 3 AL GI SVPKNAYL I RSI MAKTL QVHDHAVHFYHL HAL DWVDVL AAL NADPKRTSEL HQL VSPEHPL SSPGYF. RDI QNRL KRFVESGQL GPFSNAYW. . GS
R_ c a p s u l a 9 3 AL GI TI PDNANSI RNMMQL NL QI HDHI VHFYHL HAL DWVNPVNAL RADPKATSEL QQMVSPSHPL SSPGYF. RDVQNRL KKFVESGQL GL FKNGYW. . DN
R_ g e l a t i n 9 3 AL GI RI PKNAHL I REMMAKTL QVHDHAVHFYHL HAL DWVDVVSAL KADPKKTSEL QHL VSPSHPL SSPGYFPRRGRTGL KKFVESGQL GPFMNGYW. . GS
R_ l e g u mi n 9 3 AL GI TI PDNANSI RNL MQL AL QVHDHVVHFYHL HAL DWVDVVSAL SADPKATSAL AQSI S. DWPL SSPGYF. KDI QTRL KKFVESGQL GPFKNGYW. . GN
T_ r o s e o p e 9 3 AL GI PI PENANSI RNI MHVTL QAHDHL VHFYHL HAL DWVDVVSAL GADPKATSAL AQSI S. DWPKSSPGYF. RDVQNRL KRFVESGQL GPFMNGYW. . GS

No s t o c 1 6 7 SSYMVPGGVMCAPT. . . . . L TDI TRAWA. I L EYFRTNWL EPVW. . . . . L GCSL ERY. . . . . . . . . EQI QTYDDFRDWL DEDRNHRDSDL GFYWRMGL DI G
An a b a e n a 1 6 7 SSYMVPGGVMCAPT. . . . . L TDI TRAWA. I L EYFRTNWL EPVW. . . . . L GCSL ERY. . . . . . . . . EEI QTYDDFMDWL EADI KHRESDL GFYWRMGL DI G
D_ g i g a s 1 8 0 PAYVL PAEVDL I ATAHYL EAL RVQVKAARAMAI FGAKNPHTQFTVVGGCTNYDS. . . . . . . . . . . L RPERI AEFRKL YKEVREFI EQVYI TDL L AVAGFY
D_ v u l g a r i 1 9 6 PAYYL DPETNL I ATAHYL EAL RL QVKAARAMAVFGAKNPHTQFTVVGGVTCYDA. . . . . . . . . . . L TPQRI AEFEAL WKETKAFVDEVYI PDL L VVAAAY
A_ c r o c c o c 1 8 8 PAYQAPARPDL MAVAHYL EAL DVQKDI VEI HTI FGGKNPHPNY. MVGGVACAI N. L DDVGAAGGRSTCTSL NFVL ERI HEAREFTRNVYL PDVL AVAGI Y
A_ h y d r o g e 1 9 0 PAYKL PPEANL MAVTHYL EAL DL QKEWVKI HTI FGGKNPHPNY. L VGGMPCVDSNL DGSGAAGAPL NMERL NFVRARI EEAI EFVKNVYL PDVL AI GTI Y
B_ j a p o n i c 1 8 9 KAYKL PPEANL MAVAHYL EAL DFQKEI VKI HTI FGGKNPHPNW. L VGGVPCPI N. VDGTGAVGA. I NMERL NL I SSI I DRL I EFNEMVYL PDVAAI GSFY
P_ h y d r o g e 1 9 0 KAYVL PREANL MVVTHYL EAL DL QKEWVKI HTI FGGKNPHPNY. L VGGVPCAI N. L DGDL L AGAPI NMERL NFVKARI DEI I EFNKNVYVPDVL AI GTL Y
R_ c a p s u l a 1 9 0 PAYKL PPEADL MATTHYL EAL DL QKEVVKVHTI FGGKNPHPNW. L VGGVPCPI N. VDGVGAVGA. I NMERL NL VSSI I DRCTEFTRNVYL PDL KAI GGFY
R_ g e l a t i n 1 9 1 KAYVL PPEANL MAVTHYL EAL DL QKEWVKVHAI FGGKNPHPNY. L VGGVPCAI N. L DGNGAAGR. I NMERL NFVKARI DEMI EFNKNVYL PDVL AI GTI Y
R_ l e g u mi n 1 8 9 ASYKL PPEANL MAVAHYL EAL DFQKEI VKI HTI FGGKNPHPNW. L VGGVPCPI N. VDGTGAVGA. I NMERL NMVTSI I DQL I EFNDKVYVPDI MAI GSFY
T_ r o s e o p e 1 8 9 PAYKL PPEANL MAVTHYL EAL DFQKEI VKI HTVYGGKNPHPNW. L VGGMPCAI N. VDGTGAVGA. I NMERL NL VSSI I DQTI AFI DKVYI PDL I AI ASFY

No s t o c 2 4 7 L D. . . RYGAGVG. . KYVTWGYL THEDKYQKPTI EGRNAAMI MKSGVYDSFADTHVL MDQSFTRENTTHSWYDEGTED. . I HPSDRTTKPTA. . . . . . . . .
An a b a e n a 2 4 7 L D. . . RYGAGVG. . KYVSWGYL PHEDKYQKPTI EGRNAAMI MKSGVYDSFENTHTL MDHTFARENTTHAWYDEGNAD. . VHPFDRTTKPTH. . . . . . . . .
D_ g i g a s 2 6 9 KN. . WAGI GKTS. . NFL TCGEFP. TDEYDL N. . SRYTPQGVI WGNDL SKVDDFN. . . . PDL I EEHVKYSWYEGADAH. . . HPYKGVTKPKW. . . . . . . . .
D_ v u l g a r i 2 8 5 KD. . WTQYGGTD. . NFI TFGEFP. KDEYDL N. . SRFFKPGVVFKRDFKNI KPFD. . . . KMQI EEHVRHSWYEGAEAR. . . HPWKGQTQPKY. . . . . . . . .
A_ c r o c c o c 2 8 6 KD. . WL YGGGL PGHNL L SYGTFT. KVPGDKS. . SDL L PAGAI VGGNWDEVL PVDV. RVPEEI QEFVSHSWYRYADETKGL HPWDGVTEPKFEL GPNTKGT
A_ h y d r o g e 2 8 9 KDAGWL YGGGL SAL NVMDYGTYP. RVNYDPT. . TDQL PGGAI L NGNWDEI FPVDP. RDPEQVQEFVAHSWYKYADETKGL HPWDGVTEPNFVL GPKAVGT
B_ j a p o n i c 2 8 6 KD. . WL YGGGL SGQSVL AYGDVP. EHANDYSAKSL KL PRGAI I NGNL SEVFPVDH. ANPDEI QEFVVHSWYKYPDETKGL HPWDGVTEPNYVL GPNAKGT
P_ h y d r o g e 2 8 8 KQAGWL YGGGL SATNVMDYGDYA. KVAGDKR. . TDQL PDGAI L NGNWDEVL PVDP. RDPEQVQEFVAHSWYQYADESRGL HPWDGVTEPNYVL GAHTQGT
R_ c a p s u l a 2 8 7 KE. . WL YGGGL SGQSVL SYGDI P. ENPNDFSAGQL HL PRGAI I NGNL NEVHDVDT. TDPEQVQEFVDHSWYDYGEPGMGL HPWDGRTEPKFEL GPNL KGT
R_ g e l a t i n 2 8 8 KQAGWL HGGGL SAL NVADYGTYD. KVAYDHA. . THQL PGGVI L DGNWDEI HAI DP. RDPEQVQEFVAHSWYQYADESKGL HPWDGVTEPKFEL GARTKGT
R_ l e g u mi n 2 8 6 KD. . WL YGGGL SGKNVL AYGDVP. EHANDYSEASL KL PRGAI I NGNL AEVFPVDH. ADPEQI QEFVTHSWYKYPDESKGL HPWDGI TEPHYEL GPNAKGT
T_ r o s e o p e 2 8 6 KD. . WTYGGGL SSQAVMSYGDI P. DHANDMSSKNL L L PRGAI I NGNL NEI HEI DL . RNPEEI QEFVDHSWFSYKDETRGL HPWDGVTEPNFVL GPNAVGS

No s t o c 3 3 1 . I NTKDFDN. . AYSWSSAVL HKDFGRL ETGPL ARQL VAGGQHGESWQ. . . . . . . . . HYDGFI L DAFQKMG. . . . . . . . . . . . GASI H. . . . . L RQL ARVH
An a b a e n a 3 3 1 . KNTKDFKN. . AYSWSTAVL HQDFGRL EVGPL ARQL VAGGQHGESWQ. . . . . . . . . HYDGFI L DAFQKMG. . . . . . . . . . . . GASI H. . . . . L RQL ARVH
D_ g i g a s 3 4 6 . TEFHGED. . . RYSWMKAPRYKGE. AFEVGPL ASVL VAYAKKHEPTV. . . . . . . . KAVDL VL KTL G. VGP. . . . . . . . . . . . EAL FS. . . TL GRTAARGI
D_ v u l g a r i 3 6 2 . TDL HGDD. . . RYSWMKAPRYMGE. PMETGPL AQVL I AYSQGHPKVK. . . . . . . . AVTDAVL AKL G. VGP. . . . . . . . . . . . EAL FS. . . TL GRTAARGI
A_ c r o c c o c 3 8 0 RTNI KEL DEAHKYSWI KARAWRGH. AMEVGPL ARYI I AYRSGREYVK. . . . . . . . EQVDRSL AAFNQSTGL NL AS. . . . . . SSSAL S. . . TL GRTSARAL
A_ h y d r o g e 3 8 5 PTDI KQL DEDAKYSWI KVAAL AGH. AMEVGPL VAL HPRI RARAEDPKSYRAHYL REQVENSARAI NTGI PQAL GL KQTDYTVKQL L P. . TTI GRTL ARAL
B_ j a p o n i c 3 8 2 KTAI EQL DEGGKYSWI KAPRWKGH. AMEVGPL ARWVVGYAQNKSEFK. . . . . . . . DPVDKFL RDL N. . L P. . . . . . . . . . . TSAL FS. . . TL GRTAARAL
P_ h y d r o g e 3 8 4 RTQI ERI DESEKYSWI KSPRWRGH. AMEVGPL SRYI L SYAHAMAGNQ. . YCL RPKEQL EYSVEMI NSAL PKAL AL PTHRSWI SKTL VGRPPSGRTPGTVH
R_ c a p s u l a 3 8 3 RTNI ENI DEGAKYSWI KAPRWRGN. AMEVGPL AATSSVTRKGHEDI K. . . . . . . . NQVEGL L RDMN. . L P. . . . . . . . . . . VSAL FS. . . TL GRTAARAL
R_ g e l a t i n 3 8 4 RTAI EHI DESAKYSWI KSPRWRGH. AVEVGPL SRYI L GYAHAL KGNK. . YCQRVKEQVDFAAEAI NHAI PKAL GL PETQYTL KQL L P. . TTI GRTL ARCL
R_ l e g u mi n 3 8 2 KTNI EQL DEGAKYSWI KAPRWRGN. AMEVGPL ARWVI GYAQNKAEFK. . . . . . . . DPVDKVL KDL G. . L P. . . . . . . . . . . VTAL FS. . . TL GRTAARAL
T_ r o s e o p e 3 8 2 RTRI EAL DEQAKYSWI KAPRWRGH. AMEVGPL ARYVI GYAKGI PEFK. . . . . . . . EPVDKVL TDL G. . QP. . . . . . . . . . . L EAI FS. . . TL GRTAARGL

No s t o c 4 0 2 . EI VRL Y. RQAERCL REFVL ND. . . . . . . . . . . PWYI KPKEKDGRGWGATEASRGSL CHWI DI EGGKI KNYQVI AATTWNI AL RDGEGI RGPI EEAL I GT
An a b a e n a 4 0 2 . EI VKL Y. RQAERCL REFVL ND. . . . . . . . . . . PWYI KPKEKDGRGWGATEASRGSL CHWI DI EGGKI KNYQVI AATTWNVGPRDSEGVRGPI EEAL I GT
D_ g i g a s 4 1 7 . QCL TAA. QEVEVWL DKL EANVKAGK. . DDL YTDWQ. . . YPTESQGVGFVNAPRGML SHWI VQRGGKI ENFQHVVPSTWNL GPRCAERKL SAVEQAL I GT
D_ v u l g a r i 4 3 3 . ETAVI A. EYVGVML QEYKDNI AKGD. . NVI CAPWE. . . MPKQAEGVGFVNAPRGGL SHWI RI EDGKI GNFQL VVPSTWTL GPRCDKNNVSPVEASL I GT
A_ c r o c c o c 4 6 2 . ECEL AV. DSML DDWQAL VGNI KAGDRATANVEKWGPEHWPKEAKGVGI NEAPRGRSAHWI RL KDGKI ENYQAI VPTTWNGTPRDHL GNI GAYEAAL L NT
A_ h y d r o g e 4 8 2 . EAQYCG. NMML DDWHEMMANI KAGDL TTANVDKWEPSAWPKEAKGVGHVAAPRGACGHWI RI KDGKI ENYQCVVPTTWNGSPRDSKGQI GAFEASL MNT
B_ j a p o n i c 4 5 7 . ESVWAG. RQMRYFQDKL VANI KAGDSSTANVDKWKPESWPKEAKGVGFTEAPRGAL AHWI KI KDTKI DNYQCVVPTTWNGSPRDPKGNI GAFEASL MNT
P_ h y d r o g e 4 8 1 SEGQVRRRNDGRRL TNDL I DNPCGGDL ATANVDKWDPSTCPNEAKGVGVVTTPRDAL GL WI HI KDDRI ENYQCVMPTTWNDSPRDPI GQI GAFEASL L NT
R_ c a p s u l a 4 5 8 . EAEYCC. RL QKHFFDKL VTNI KNGDSSTANVEKWDPSTWPKEAKGVGMTEAPRGAL GHWVKI KDGRI ENYQCVVPTTWNGSPRDSKGNI GAFEASL L NT
R_ g e l a t i n 4 7 9 . EGQYCG. EMML ADYHEL VANI RAGDTATANVEKWDPATWPKEAKGVGTVAAPRGML GHWI RI KDGKI ENYQCVVPTTWNGSPRDAKGQI GAFEASL L GT
R_ l e g u mi n 4 5 7 . ESQWAG. YQMRYFQNKL I ANI KAGDSNTAFVDKWKPETWPKEVKGVGFTEAPRGRL AHWI RI KDGKI DNYQCVVPTTWNGSPRDPTGNI GAFEASL MDT
T_ r o s e o p e 4 5 7 . EASWAA. HKMRYFQDKL VANI RAGDTATANVDNWDPKTWPKEARGVGTTEAPRGAL GHWI VI KDGKI DNYQAVVPTTWNGSPRDPAGNI GAFEASL L NT

No s t o c 4 8 9 PI YDSSDPVEVGHVARSFDSCL VCTVHAHDAKTGEEL ARFRTA
An a b a e n a 4 8 9 PI EDSRDPVEVGHVARSFDSCL VCTVHAHDAKTGEEL ARFRTA
D_ g i g a s 5 1 0 PI ADPKRPVEI L RTVHSYDPCI ACGVHVI DPE. SNQVHKFRI L
D_ v u l g a r i 5 2 6 PVADAKRPVEI L RTVHSFDPCI ACGVHVI DGH. TNEVHKFRI L
A_ c r o c c o c 5 6 0 RMERPDEPVEI L RTL HSFDPCL ACSTHVMSPD. GQEL TRVKVR
A_ h y d r o g e 5 8 0 PMAKPEEPVEI L RTVHSFDPL PGCPPTCTADA. RARCGQVR. .
B_ j a p o n i c 5 5 5 PMVNPEQPL EI L RTI HSFDPCL ACSTHVMSPD. GQEL AKVKVR
P_ h y d r o g e 5 8 1 PMVNPEQPVEI L RTL HSFDPCL ACSTHVMSED. GHDL ATI KVR
R_ c a p s u l a 5 5 6 KMERPEEPVEI L RTL HSFDPCL ACSTHVMSAE. GAPL TTVKVR
R_ g e l a t i n 5 7 7 PMVNPEQPVEI L RTL HSFDPCL ACSTHVMSED. GREL TTVKVR
R_ l e g u mi n 5 5 5 PMSNPTQPL EI L RTI HSFDPCL ACSTHVMSPD. GQEMARVQVR
T_ r o s e o p e 5 5 5 PL AKADEPL EI L RTL HSFDPCL ACATHI MGPD. GEEL TRI KVR

Fig.3 Alignment of the deduced HupL sequence of Nostoc sp.
strain PCC 73102 with the corresponding sequences of the cyano-
bacterium Anabaena sp. strain PCC 7120 and the bacteria Desulfo-
vibrio gigas, Desulfovibrio vulgaris, Azotobacter chroococcum, Al-
caligenes hydrogenophilus, Bradyrhizobium japonicum, Pseudo-

monas hydrogenovora, Rhodobacter capsulatus, Rhodocyclus ge-
latinosus, Rhizobium leguminosarum, and Thiocapsa roseopersi-
cina. Amino acid identities in the alignments are indicated by black
boxes with white letters. Similar amino acids are indicated by grey
boxes



found in hupU. It would then be expected to find another
gene, hupT, directly upstream of the presumptive hupU;
the product of hupT, together with hupU and hupV, par-
ticipates in sensing H2 [Elsen et al. 1996; see also Maier
and Triplett (1996)]. However, the sequence of approxi-
metaly 500 bp upstream of the hupS homologue in Nostoc
sp. strain PCC 73102 did not contain any identifiable
ORF or part of an ORF similar to any gene. Furthermore,
sequence comparisions using available databases showed
a higher degree of sequence similarity between the pre-
sented Nostoc sp. strain PCC 73102 sequences and genes
encoding structural proteins (hupSL) than did genes en-
coding regulatory/sensing proteins (hupUV).

A third ORF, hupC, has been identified and is located
just downstream of the hupSL genes in a variety of bacte-
ria capable of H2 uptake (Hidalgo et al. 1992; Van Soom
et al. 1993; Vignais and Toussaint 1994). It has been pro-
posed that HupC could play a role in the cytochrome-me-
diated electron transport to the terminal acceptor oxygen
(Cauvin et al. 1991; Vignais and Toussaint 1994). In the
sequence just downstream of hupL in Nostoc sp. strain
PCC 73102, we could find no evidence of an ORF similar
to hupC (Fig. 1A).

Genomic DNA of nitrogen-fixing and non-nitrogen-
fixing cells of Nostoc sp. strain PCC 73102 was digested
with the combination of the restriction endonucleases
EcoRI and HindIII. High-stringency Southern hybridiza-
tions using three different probes covering or flanking the
potential recombination site in Nostoc sp. strain PCC
73102 revealed the presence of a contiguous hupL gene –
encoding the large subunit of an uptake hydrogenase – in
nitrogen-fixing and non-nitrogen-fixing cells of Nostoc
sp. strain PCC 73102 (Fig. 1B). This together with se-
quence data shows that Nostoc sp. strain PCC 73102 does
not exhibit the same type of rearrangement within the
structural hupL gene as has previously been shown in An-
abaena sp. strain PCC 7120 (Carrasco et al. 1995). A po-
tential rearrangement site was found in Nostoc sp. strain
PCC 73102, but the sequence differs in 6 positions out of
16 on the nucleotide level (i.e., only 62.5% identical) in
comparison with Anabaena sp. strain PCC 7120 (Fig. 4).
Interestingly, in our earlier immunological experiments,
antigens with the same molecular masses were recognized
when nitrogen-fixing or non-nitrogen-fixing cells and an-
tisera directed against hydrogenases purified from T.
roseopersicina or M. barkeri were used (Tamagnini et al.
1995).

In conclusion, we identified and sequenced structural
genes (hupSL) encoding an uptake hydrogenase homo-
logue in Nostoc sp. strain PCC 73102. They show a high
degree of similarity to corresponding sequences in An-
abaena sp. strain PCC 7120. A longer, noncoding region
between the genes and the absence of a rearrangement
within hupL, which occurs when a photosynthetic vegeta-
tive cell differentiates into a nitrogen-fixing heterocyst,
are specific characteristics of the Nostoc sp. strain PCC
73102 hupSL homologue. Furthermore, we have recently
published evidence demonstrating the absence of both the
hox genes and the corresponding activities of the bidirec-

tional/reversible enzyme in the same organism (Tam-
agnini et al. 1997). The particular characteristics of Nos-
toc sp. strain PCC 73102 make this strain an interesting
candidate for the study of deletion mutants lacking the up-
take-type enzyme. At present, efforts are being made to
create such mutants in our laboratory.
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