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biophysical properties are unknown.

troscopically characterized in different redox conditions.
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(Background: Cyanobacterial uptake hydrogenases perform hydrogen oxidation in nitrogen-fixing cyanobacteria, but their
Results: The small subunit, HupS, from the Nostoc punctiforme uptake hydrogenase was heterologously expressed and spec-

Conclusion: Recombinant HupS incorporates three iron-sulfur clusters with unusual iron coordination.
Significance: We provide the foundation for engineering of cyanobacterial uptake hydrogenases.

J

In nitrogen-fixing cyanobacteria, hydrogen evolution is asso-
ciated with hydrogenases and nitrogenase, making these
enzymes interesting targets for genetic engineering aimed at
increased hydrogen production. Nostoc punctiforme ATCC
29133 is a filamentous cyanobacterium that expresses the
uptake hydrogenase HupSL in heterocysts under nitrogen-fix-
ing conditions. Little is known about the structural and biophys-
ical properties of HupSL. The small subunit, HupS, has been
postulated to contain three iron-sulfur clusters, but the details
regarding their nature have been unclear due to unusual cluster
binding motifs in the amino acid sequence. We now report the
cloning and heterologous expression of Nostoc punctiforme
HupS as a fusion protein, f-HupS. We have characterized the
anaerobically purified protein by UV-visible and EPR spectros-
copies. Our results show that f-HupS contains three iron-sulfur
clusters. UV-visible absorption of f-Hup$ has bands ~340 and
420 nm, typical for iron-sulfur clusters. The EPR spectrum of
the oxidized f-HupS shows a narrow g = 2.023 resonance, char-
acteristic of a low-spin (S = 14) [3Fe-4S] cluster. The reduced
f-HupS presents complex EPR spectra with overlapping reso-
nances centered on g = 1.94, g = 1.91, and g = 1.88, typical of
low-spin (S = 14) [4Fe-4S] clusters. Analysis of the spectroscopic
data allowed us to distinguish between two species attributable
to two distinct [4Fe-4S] clusters, in addition to the [3Fe-4S] clus-
ter. This indicates that f-HupS binds [4Fe-4S] clusters despite
the presence of unusual coordinating amino acids. Further-
more, our expression and purification of what seems to be an
intact HupS protein allows future studies on the significance of
ligand nature on redox properties of the iron-sulfur clusters of
HupS.
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Hydrogen (H,) as a fuel and general energy carrier has
boosted the interest in biological H, production as a renewable
energy source (1, 2). Hydrogenases are metalloenzymes that
occur in a wide variety of microorganisms, which catalyze the
reversible oxidation of H,: H, = 2H™ + 2e”. Engineering
hydrogenases for applications in biotechnological H, produc-
tion, is one strategy for increasing H, output that has attracted
increasing research ventures in later years (2—4).

Most hydrogenases fall into two main classes: the nickel-iron
(NiFe)® hydrogenases, containing a NiFe complex in the cata-
Iytic site, and the Fe, hydrogenases, containing a binuclear iron
complex. A third class contains a mononuclear iron center. To
date, several crystal structures have been determined for differ-
ent prokaryotic NiFe hydrogenases, e.g. from the Desulfovibrio
genus, from Ralstonia eutropha and Allochromatium vinosum,
revealing several shared features (5-11). Common for all NiFe
hydrogenases are two protein subunits, referred to as the large
and small subunit, respectively. The large subunit contains the
active site where H, oxidation or production is catalyzed by an
inorganic NiFe complex.

The small subunit harbors, in most cases, three iron-sulfur
(FeS) clusters: a proximal (closest to the active site on the large
subunit) [4Fe-4S], a medial [3Fe-4S], and a distal [4Fe-4S] com-
plex. The three FeS clusters are aligned so as to form an electron
conduit between the protein surface and the active NiFe site
across a total distance of ~30 A (Fig. 14). Depending on the
nature of the hydrogenase, the electrons can be transported to
or away from the active site. In enzymes where H, is oxidized,
so-called uptake hydrogenases, the electrons are directed via
the FeS clusters to the surface. In so-called bidirectional hydro-
genases, the FeS clusters can drive electron flow from either
toward or away from the active site, depending on the environ-
mental and metabolic conditions of their host. The medial loca-
tion of the [3Fe-4S] cluster in the small subunit is puzzling as
this type of cluster usually presents a higher reduction potential
than [4Fe-4S] clusters. It may thus act as an electron trap in the
electron transfer chain (12, 13).

3The abbreviations used are: NiFe, nickel-iron; FeS, iron-sulfur; f-Hups,
recombinant HupS-NusA fusion protein.
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FIGURE 1. A, schematic representation of the spatial distribution of metal centers in a NiFe hydrogenase. The large subunit contains the NiFe active site where
H, is either formed or oxidized. The small subunit contains typically three FeS clusters: a proximal [4Fe-4S] (p) nearer the active site on the large subunit, a
medial [3Fe-4S] (m), and a distal [4Fe-4S] (d), which participate in electron transfer. B, comparison between FeS cluster binding motifs of HupS from N. punc-
tiforme ATCC 29133 and: Cyanothece sp. ATCC 51142 HupS; Acidithiobacillus (Ac.) ferrooxidans ATCC 23270 HoxK; D. gigas HydA; Allochromatium (Al.) vinosum
DSM 180 HydA. Letters in boldface type indicate amino acids involved in coordination of the FeS clusters, marked as a proximal (p), medial (m), or distal (d) cluster,
respectively. The proximal cluster in N. punctiforme HupS, and in other cyanobacterial-like small subunits, contains an asparagine instead of one of the

cysteines, and the distal cluster presents a glutamine replacing histidine.

Cyanobacteria are phototrophic microorganisms that can
produce H, from solar energy and water. They are therefore
attractive targets for efforts to improve their productivity via
genetic engineering. Most cyanobacteria possess at least one
copy each of the uptake and bidirectional hydrogenases (14). To
this date, all known cyanobacterial hydrogenases are predicted
to be NiFe hydrogenases based on sequence homology (14, 15).
Only one cyanobacterial hydrogenase, the bidirectional hydro-
genase from Synechocystis strain PCC 6803, has so far been
isolated and characterized (16).

Only the uptake hydrogenase, HupSL, is found in the hetero-
cyst-forming, nitrogen-fixing cyanobacterium Nostoc puncti-
forme ATCC 29133 (identical with strain PCC 73102, and
henceforth in this work referred to as N. punctiforme). The
uptake hydrogenase in filamentous strains has been found by
immunogold labeling and immunolocalization in both hetero-
cysts, which provide a microaerobic environment, and vegeta-
tive cells under N,-fixing conditions (17, 18), but was suggested
to be in an inactive form in the vegetative cells (17). Most
uptake hydrogenases investigated so far are rapidly inhibited by
molecular oxygen (13), and a cyanobacterial uptake hydrogen-
ase localized in the vegetative cells would undoubtedly be inac-
tivated by photosynthetic oxygen evolution (14). Recently, it
was demonstrated that the active enzyme is produced solely in
heterocysts under N,-fixing conditions (19). The maturation
system and genomic context of HupSL in N. punctiforme have
been investigated extensively. The hupSL promoter region and
binding sites for the transcriptional regulator NtcA have been
identified (20); the extended /hyp operon region, comprising the
assembly and maturation system of HupSL, has been shown to
be regulated by the transcriptional regulator CalA (19); and
HupW, a protease needed for the cleavage of a C-terminal pep-
tide from the large subunit HupL, has been shown to be tran-
scribed in N,-fixing cultures (20). In a related organism, Nostoc
(Anabaena) sp. PCC 7120, HupW has been shown to specifi-
cally cleave HupL (21).

Because the uptake hydrogenase of N. punctiforme is an
H,-oxidizing enzyme, the electron transfer in the small subunit,
Hups, is expected to be directed away from the active site. Fol-
lowing oxidation of H,, electrons are presumed to first move
from the active site to the proximal cluster, then to the medial
and distal clusters, before they reach the native redox partner
protein. The relative reduction potentials of the three FeS clus-
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ters have been suggested to play an important role in steering
this directionality (9, 22, 23). In contrast with the structurally
more well studied hydrogenases from, e.g. sulfate-reducing bac-
teria, the FeS clusters of cyanobacterial uptake hydrogenases
share unusual FeS cluster binding motifs involving non-cys-
teine residues: an asparagine instead of a cysteine in the proxi-
mal cluster and a glutamine instead of a histidine in the distal
one (Fig. 1B). Most studies on NiFe hydrogenase metallic cen-
ters have been either focused on characterizing the diverse
states of the catalytic NiFe site in the large subunit or on cluster
conversion between [3Fe-4S] and [4Fe-4S]. However, little is
known about how non-cysteinyl coordination of the FeS clus-
ters affects the activity of the enzyme. These differences,
together with the fact that HupSL is the only hydrogenase pres-
ent in N. punctiforme, make this organism an attractive model
system for studies of how modulation of the FeS cluster envi-
ronment affects the rate of hydrogen uptake.

In this work, we report the cloning and heterologous expres-
sion of HupS from N. punctiforme ATCC 29133, presenting
UV-visible absorption and EPR spectroscopy data. HupS was
expressed as a soluble fusion protein, f-HupS, in Escherichia
coli with the purpose of investigating the nature of FeS clusters
in cyanobacterial uptake hydrogenases. To our knowledge, this
constitutes the first report on spectroscopic data from a FeS
cluster-containing subunit from a hydrogenase without the
presence of the nickel-iron-containing large subunit, and there-
fore without overlapping interfering features from the nickel-
iron active site.

EXPERIMENTAL PROCEDURES

Cloning—A 1.3-kb fragment containing hupS and the
upstream region including promoter fragment E (20) was
amplified from N. punctiforme ATCC 29133 genomic DNA
using PCR. After gel purification, the fragment was used in
overlap extension PCR to add the sequence for a (Gly,Ser),Gly
linker and a Strep(II)-tag on the 3’ end of hupS (using primers
5-CGCCTG CAG TTCACCTTT AAA ATC-3" and 5'-GTA
CCT ATT TTT TCT AAA TTG CGG GGA CTC CAG CCA
GAA CCT CCT CCA GAA C-3'). The 1.5-kb fused product,
including an upstream Pstl and a downstream Sacl site, was
further amplified by PCR, gel-purified, and then blunt-end
ligated into pJET1.2 (Fermentas). The ligation product was
transformed into TOP10 cells (Invitrogen), and these were
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plated on LB-agar plates containing 50 ug/ml ampicillin.
Selected positive clones were confirmed by sequencing (Mac-
rogen) and digested with PstI and Sacl (Fermentas) to yield a
1.4-kb fragment that was gel-purified and ligated into pSUN119
(24) using T4 ligase (Fermentas).

The resulting vector, pPSUN119HupSStrepll, was used as
template for PCR using DreamTaq polymerase (Fermentas) to
amplify a fragment containing only the sequences for HupS,
linker, and Strep(II)-tag (but not promoter fragment E), flanked
by a 5’ Sacl restriction site just upstream of the hupS start
codon and a 3" HindlIII site after the stop codon (using primers
5-AAC AGA GCT CCC ATG ACT AAC G-3' and 5'-CTA
GCGAAGCTTTTATTT TTC AAA TTG-3'). After gel puri-
fication, both the resulting 1-kb fragment and pET43.1a(+)
(Novagen) were digested with Sacl and HindIII (FastDigest,
Fermentas), gel-purified, and used for ligation using the Quick
Ligation kit (New England Biolabs). The construct was made so
as to express the polypeptide HupS-linker-Strep(II)-tag fused
to the C terminus of the solubilization protein NusA
(Nus-Tag™) present in the commercial vector; the resulting
fusion protein, f-HupS, contains protease recognition sites for
both thrombin and enterokinase between NusA and HupS. The
ligation product was transformed into DH5« cells, which were
then plated on LB-agar plates containing 50 ug/ml ampicillin.
Colonies were screened for positive clones by colony PCR,
which were then sequenced. A positive clone, pET431HupS,
was subsequently used for protein expression of f-HupS. An
overview of the cloning process is found in Fig. 2. Sequence
alignment was performed using Clustal W (25).

Protein Expression and Purification—All solutions used in
anaerobic work were purged for at least 30 min with N, prior to
use. Protein purification was carried out in a glove box
(MBraun) under an argon atmosphere. All manipulations were
done at 4 °C except where otherwise stated.

50-ml pre-cultures of transformed E. coli BL21(DE3) (Nova-
gen) were grown overnight at 37 °C, 200 rpm shaking, in LB
media containing 50 ng/ml ampicillin, and used to inoculate 9
liters of autoinduction medium ZYP-5052 (24), 1.5 liters per
3-liter Erlenmeyer flask, also supplemented with 50 ug/ml
ampicillin. Cultures were grown aerobically at 37 °C for 2 h and
then at 20 °C for another 18 =22 h. Cells were then collected by
centrifugation at 6000 X g, pellets were resuspended in cold
buffer W (100 mm Tris-HCI, pH 7.5 + 150 mm NaCl), centri-
fuged again at 4500 X g, and frozen at —20 °C.

The day before EPR experiments were performed, cells were
quickly thawed and resuspended in buffer W containing 1 mm
MgCl, and protease inhibitor according to the manufacturer’s
instructions (cOmplete EDTA-free mixture tablets, Roche
Applied Science). The buffer also contained 10 mm glucose, 0.5
units/ml glucose oxidase (Sigma-Aldrich) and 0.5 units/ml cat-
alase (Sigma-Aldrich) to maintain anaerobic conditions (26).
Cells were broken by sonication in a Sonics Vibra-Cell VCX750
at 750 watts for 10 min, using 10-s pulses at 70% amplitude.
DNase I (20 ug/ml; Sigma-Aldrich), RNase A (40 ug/ml; Sigma-
Aldrich), and avidin (0.5 mg/liter culture; ProSpec) were then
added, and the resulting crude extract was centrifuged at
184,000 X g for 2 h. The supernatant (soluble fraction) was
immediately transferred to a vial on ice that was capped and
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kept anaerobic under a constant flow of N, for 30 min. The
soluble fraction was then introduced in the glove box and
applied onto a pre-equilibrated Strep-Tactin column (IBA) (in
buffer W containing 0.5 mg/ml avidin) at room temperature.
After application of the soluble fraction, the column was
washed with five bed volumes of buffer W plus avidin, then two
bed volumes of buffer W alone. The protein was eluted with
three bed volumes of buffer W containing 5 mm desthiobiotin
(IBA). The fraction containing the highest amount of protein
was collected and transferred to EPR tubes (150 ul/tube).
Remaining fractions were stored anaerobically at —80 °C.

SDS-PAGE and Western Blotting—The protein contents of
different purification fractions were analyzed by 10% SDS-
PAGE minigels using Laemmli’s buffer system (27) in either a
SE250 Mighty Small II unit (Hoefer) or a Mini-Protean Tetra
Electrophoresis system (Bio-Rad). Total protein was detected
directly on gels using PageBlue protein staining (Thermo Sci-
entific). For identification of f-HupS in the same fractions,
minigels were blotted onto nitrocellulose membranes using
either a TE22 Mini Tank Transfer Unit (GE Healthcare) or a
Trans-Blot Turbo Transfer System (Bio-Rad). Membranes
were treated with Strep-Tactin-HRP conjugate (IBA) for
chemiluminiscence detection according to the manufacturer’s
instructions. Chemiluminiscence was detected after treatment
with Immun-Star-HRP Chemiluminiscent kit (Bio-Rad) in a
ChemiDoc XRS system (Bio-Rad), using exposure times
between 10 s and 3 min.

Protein Quantification—Protein quantification was per-
formed using the Coomassie (Bradford) protein assay kit
(Thermo Scientific), using bovine serum albumin as a standard
according to the manufacturer’s instructions.

UV-visible Spectrophotometry—Samples were monitored in
anaerobic 1-ml quartz cuvettes on a Varian Cary 50 Bio UV-
visible spectrophotometer. Empty sealed cuvettes were purged
with nitrogen gas for at least 10 min. f-Hup$ (1.9 mg protein/
ml) was then added through a rubber septum, and spectra were
taken immediately.

EPR Spectroscopy—Samples were investigated by continuous
wave X-band EPR either directly as purified or after reduction
or oxidation by addition of either sodium dithionite (Sigma-
Aldrich) or potassium hexacyanoferrate(Ill) (ferricyanide;
Merck), respectively, directly into the EPR tube. EPR tubes were
capped, brought out of the glove box, and immediately frozen in
liquid nitrogen; dithionite-reduced samples were left to incu-
bate on ice up to 30 min before freezing. The protein concen-
tration was 1 mg/ml. Final concentrations of added reagents
varied between equimolar to 20-fold of protein concentration
and were added so as to not change the final sample volume
>5%. Measurements were performed on a Bruker ELEXYS
E500 spectrometer using an ER049X SuperX microwave bridge
in a Bruker SHQO601 cavity equipped with an Oxford Instru-
ments continuous flow cryostat and using an I'TC 503 temper-
ature controller (Oxford Instruments). Measurement temper-
atures ranged from 4.5 to 25 K, using liquid helium as coolant.
The spectrometer was controlled by the Xepr software package
(Bruker). EPR spectral simulations were run on WINEPR Sim-
Fonia (version 1.26, Bruker).
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FIGURE 2. Overview of cloning process of hupS in the pET43.1 plasmid.
N. punctiforme hupS was amplified from N. punctiforme. A Strep(ll)-tag was
subsequently added, and after a cloning step in pSUN119, hupS was cloned
downstream of the Nus-Tag coding region as a fusion construct. The con-
struct is under the control of a T7/ac promoter, and uses a T7 transcription
terminator. The fusion construct, including the Strep(ll)-tag and stop codon,
is 2667 bp long, giving rise to a 888-aa-long polypeptide, f-HupS. Gray arrows
show primer annealing location.

RESULTS

Heterologous Expression of HupS—Previous attempts of
expression of HupS under the T7/ac promoter were not suc-
cessful because the purified protein was insoluble.* We there-
fore made a construct, f-HupS, where HupS was fused to the C
terminus of NusA (Nus-Tag), a protein tag specifically devel-
oped for its ability to solubilize difficult target proteins that are
otherwise prone to aggregate (28). The construct was made by
cloning the N. punctiforme ATCC 29133 hupS open reading
frame into pET43.1a(+) downstream of the vector-encoded
Nus-Tag and including a C-terminal Strep(II) tag to allow puri-
fication via affinity chromatography (Fig. 2). Expression of
f-HupS was confirmed by SDS-PAGE analysis of whole cell
contents, as judged by the appearance of a ~97-kDa polypep-
tide after 20 h of growth (data not shown).

The involvement of the Nus-Tag was quite successful, and
f-HupS was partially soluble (~40-50%, as judged by SDS-
PAGE, data not shown). It could therefore be produced in
amounts allowing spectroscopic analysis. When the protein
was purified anaerobically under an argon atmosphere, typi-
cally 0.6 —1.2 mg of pure, soluble f-HupS were obtained per liter
of culture (Fig. 3A, lanes e and k). The purification of f-HupS
could be achieved to near homogeneity, as judged by 10% SDS-
PAGE (Fig. 34, lanes g and h). The degree of purification is
determined to be ~30-fold, compared with the crude extract.

4D. Camsund and P. Lindblad, personal communication.
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FIGURE 3. Analysis of the purified f-HupS. A, lanes a-e: Western blot of
purification fractions, using chemiluminiscent detection of the Strep(ll)-tag.
Lane a, protein markers (size shown on left side in kDa). Lane b, crude cell
extract, after cell disruption (30 g total protein). Lane ¢, supernatant after
centrifugation (30 ng of total protein). Lane d, aerobically purified f-HupS (3
1g). Lane e, anaerobically purified f-HupS (2 wg). Lanes f-h, SDS-PAGE of
crude extract and anaerobically purified f-HupS. Lane f, protein markers. Lane
g, crude cell extract (30 pg total protein). Lane h, anaerobically purified f-HupS
(5 ng). Asterisk denotes polypeptide corresponding to full-length f-HupS. Ver-
tical lines denote non-contiguous lanes. Aerobically purified f-HupS pre-
sented multiple bands due to protein degradation (lane d), which were
absent from anaerobically purified f-HupS (lanes e and h). B, UV-visible
absorption spectrum of the anaerobically purified f-HupS (1.9 mg protein/
ml). The spectrum was taken in a sealed cuvette, previously purged with
nitrogen gas. The arrows mark absorption bands with maxima at ~340 and
420 nm, which are typically seen in FeS proteins. a.u.: arbitrary units.

Attempts to purify f-HupS aerobically resulted in an unstable
protein that suffered proteolysis, as judged by the presence of
multiple bands in Western blots when using a detection system
for the Strep(Il)-tag (Fig. 34, lane d).

UV-visible Spectrophotometry—NusA lacks any cofactors
that could interfere with visible absorption or EPR spectros-
copy of the FeS clusters in HupS. The f-HupS fusion protein had
alight brown color and was analyzed by UV-visible spectropho-
tometry as anaerobically purified (Fig. 3B). The protein pres-
ents two discernible absorption bands in the 300-500-nm
region with maxima at ~340 and 420 nm, respectively, as well
as a broad shoulder in the 500 — 600-nm region. The shape and
location of these bands are typical of broad ligand-to-metal
charge transfer in iron-sulfur proteins such as ferredoxins (29,
30) and indicated that iron-sulfur clusters had been successfully
incorporated into f-HupS. This is further substantiated by the
420/315 nm absorbance ratio of 0.43, which is comparable with
the corresponding ratio 0.68 found in ferredoxin II from Desul-
fovibrio gigas (29). In contrast, the often used 420/280 nm ratio
is not a useful measure of purity due to the presence of NusA,
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FIGURE 4. X-band EPR spectra of f-HupS. A, top spectrum, f-HupS as purified; bottom spectrum, after oxidation of the sample with ferricyanide. EPR conditions
were as follows: 8 microwatts of applied microwave power; temperature = 7 K. B, top spectrum, f-HupS as purified; second spectrum, after reduction with
dithionite. EPR conditions: 2 milliwatts of applied microwave power; temperature = 7 K. Third and fourth spectrum (Sim 1, Sim 2), simulated spectra of the two
components of the reduced sample spectrum (see main text for details). Bottom spectrum (Sim1+sim2), mathematical addition of sim1 and sim2 simulations,
weighed 50% each. C, dithionite-reduced f-HupS measured at different temperatures, at the same microwave power (2 milliwatts). Top spectrum, 15 K. Bottom
spectrum, 7 K. The arrows point at spectral features belonging to the two spectral components that change differently with temperature. D, variation in EPR
signal amplitudes with different applied microwave power (P) in dithionite-reduced f-HupS, measured at temperature = 15 K. The amplitudes were measured
from the resonances indicated with arrows in C. Gray circles, the g = 1.91 resonance; Black squares, the g = 1.88 resonance. The modulation amplitude in all

measurements was 10 G. Protein concentration was 9 mg/ml.

which has a large contribution at 280 nm and necessarily leads
to a lower 420/280 nm absorbance ratio than in ferredoxins.

EPR Spectroscopy—Fig. 4 shows EPR spectra of anaerobically
purified f-HupS. f-HupS presented no distinguishable EPR fea-
tures at low (8 W) microwave power when taken immediately
after purification under anaerobic conditions (Fig. 44, top).
Upon oxidation with equimolar amounts of ferricyanide, a nar-
row g = 2.023 resonance appeared in the low microwave power
spectrum (Fig. 44, bottom). This resonance was easily saturated
at low microwave power between 4 and 25 K, and the signal
intensity quickly decreased at above 15 K (not shown). We
attribute the signal at g = 2.023 to a [3Fe-4S] " cluster in a low
spin (S = 1/2) state, in analogy to very similar spectra that have
been observed for other [3Fe-4S] proteins such as ferredoxin II
from D. gigas (31) and the oxidized form of Desulfovibrio afri-
canus ferredoxin III (32).

Using higher microwave power (2 milliwatts), some small
features became visible in the anaerobically purified sample: a
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signal around g = 2.02, and smaller signals at g = 2.04 (Fig. 4B,
top). The minor signals with g = 2.04 are attributable to a small
contamination of adventitiously bound manganese(II).

Upon reduction with dithionite, the g = 2.023 resonance dis-
appeared, and instead, a wider and more complex spectrum was
observed (Fig. 4B, second trace). In particular, we observed a
large new resonance centered on g = 1.94, with two additional
signals at g = 1.91 and g = 1.88. By investigation of the temper-
ature variation and microwave power saturation of this spec-
trum, we could distinguish between two separate spectroscopic
species (Fig. 4, C and D). When the temperature was raised
from 7 to 15 K, the g = 1.91 resonance increased in intensity
relative to the base line, whereas the g = 1.88 resonance was
almost unchanged (Fig. 4C). By comparing the g = 1.91 and the
g = 1.88 intensities at different microwave powers at a fixed
temperature (15 K), we could observe that the two resonances
behave differently (Fig. 4D). These different behaviors in tem-
perature and microwave power dependence demonstrate the
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presence of two magnetically distinct species. This is important
since it shows that our preparation of f-HupS contains two dif-
ferent low-potential [4Fe-4S] clusters.

Electron transfer from dithionite to FeS clusters is known to
be sluggish in the absence of redox mediators (27). Therefore,
the sample was reduced by treatment with dithionite for vary-
ing times, from below 1 min up to 30 min. We could observe the
signal of the reduced protein already after a 10-min incubation
(data not shown), and its intensity increased further at the lon-
ger treatment time. Atleast 90% of the sample was reduced after
10 min, and a treatment of less than one minute was insufficient
to reduce all FeS clusters (data not shown). We have therefore
chosen to treat reduced samples with dithionite for 30 min to
ensure that we could obtain the maximum possible intensity
from the observed resonances.

The spectrum from the reduced sample could be simulated
as a superposition of two S = V% species. This was achieved by
mathematical addition of two separate simulations, both for
S = Va species, with a 50% contribution of each simulation to the
final result (Fig. 4B, three last traces). The first simulation
includes g, = 1.905 (40 G width) and g, = 1.946 (25 G width)
components, whereas the second includes g, = 1.877 (30 G
width) and g, = 1.940 (30 G width) components (the g, compo-
nents in the acquired spectra were hidden under manganese
contamination and were therefore broadened to 200 G at g =
2.14). This result indicates that the experimental spectrum
arises from the overlap of two different S = % species. Thus, the
simulations corroborate our conclusion that two distinct [4Fe-
4S] clusters are observed in the reduced sample spectrum.

When we analyzed aerobically purified f-HupS, we observed
a spectral feature at g = 2.023 similar to the one from the [3Fe-
4S] cluster observed in the oxidized anaerobic preparations, as
well as a sharp feature at g = 4.3 typical of unspecifically bound
mononuclear iron (data not shown). In contrast to the anaero-
bically purified protein, no resonances attributable to [4Fe-4S]
clusters were detected in the aerobically purified sample after
reduction by dithionite (data not shown). Part of the observed
[3Fe-4S] signal in this case may therefore arise from [4Fe-4S]
clusters that have undergone oxidation and degradation. This
phenomenon is common in [4Fe-4S]-containing proteins when
they are exposed to dioxygen (e.g. Refs. 33-36). We also
observed proteolysis as evaluated by SDS-PAGE and Western
blotting of those samples, where several bands reacted with the
antibody (Fig. 34, lane d). These results show that HupS is an
oxygen-sensitive protein, at least in the absence of HupL. How-
ever, aerobic conditions during the expression and initial puri-
fication phases were feasible due to the reducing intracellular
environment of E. coli (37). This was reinforced during cell lysis
by the use of a glucose oxidase/catalase system (26) as an extra
precaution against the deleterious effects of dioxygen.

DISCUSSION

Previous studies of NiFe hydrogenases have been mainly
focusing on the structure and reactivity of the catalytic NiFe site
on the large subunit. More recently, some interest has also been
directed to how the FeS clusters in the small subunit modulate
the overall enzyme activity, mainly through mutagenesis stud-
ies targeting cluster-coordinating amino acids (9, 38, 39). How-
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ever, spectroscopic characterization of the FeS clusters in the
holoenzyme is difficult due to interference from the NiFe site,
both due to overlapping signals in EPR spectroscopy, and mag-
netic coupling between the NiFe site and the FeS clusters. In
addition, the enzyme we targeted for our studies, Nostoc punc-
tiforme HupSL, is expressed only in heterocysts, under nitro-
gen-fixing conditions (20, 40). This precludes its purification in
adequate yields for biophysical characterization. We therefore
chose to express the small subunit HupS in E. coli and charac-
terize it separately from the large subunit.

By using the Nus-Tag, we found that heterologous expression
of soluble HupS is possible when using a solubilization fusion
protein. This is different from heterologous expression of the
HupS alone, which rendered a non-soluble product. The fusion
protein, f-HupS, yielded a partially soluble product, but part of
the protein was found in insoluble fractions of the cells. Inter-
estingly, it has been shown that heterologous expression of
HupL from Lyngbya majuscula CCAP 1446/4 in E. coli also
results in an insoluble product (41). Thus, it seems that both the
large (HupL) and the small (HupS) subunit of HupSL are unsta-
ble on their own and difficult to obtain in soluble form when
purified alone. This probably reflects that the contact interface
between small and large subunits of known NiFe hydrogenases
is rather large (12). In part, this was possible to overcome by use
of the Nus-Tag to create the fusion protein f-HupS. The large
extra protein obviously assists in maintaining HupS in a soluble
form, accessible for spectroscopy. This is a useful result, but due
to the still rather poor solubility and stability of the fusion pro-
tein, we chose to not cleave HupS from its solubilization fusion
partner NusA.

The preparation yielded soluble protein with a brown color
reminiscent of other iron-sulfur proteins, notably ferredoxins
and was studied by UV-visible and EPR spectroscopies. Both
confirmed that f-HupS incorporated FeS centers. In addition,
the EPR spectra of anaerobically purified f-Hup$ allowed us to
distinguish two different types of clusters. We assigned the two
species to [3Fe-4S] and [4Fe-4S] clusters, which is in accord-
ance with structurally known hydrogenases.

The EPR signature from a [3Fe-4S]* cluster in f-HupS
appeared upon oxidation with ferricyanide. After incubation
with dithionite, two different EPR signals from two distinct
[4Fe-4S]™ clusters were observed. In hydrogenases with known
structure, the medial [3Fe-4S]™ cluster has been reported to
have a relatively high redox potential and is EPR active in its
oxidized form (9, 42). The distal and proximal clusters on the
other hand, have more negative potentials and would be
observed by EPR only after reduction. Therefore, our results
show that our purified f-HupS containts three FeS centers with
similar properties as the small subunits in intact NiFe
hydrogenases.

No cyanobacterial uptake hydrogenase has so far been spec-
troscopically or structurally characterized. Two characteristic
deviances in the small subunit amino acid sequence distinguish
the cyanobacterial uptake hydrogenases from their more well
studied cousins in e.g. the Desulfovibrio family. The first is the
absence of a cysteine in the proximal cluster motif. The corre-
sponding position of this residue would be number 15 in the
N. punctiforme sequence. This residue is found to be an aspar-
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agine in all the cyanobacterial HupS proteins. The second dif-
ference is a glutamine instead of a histidine at position 100 (Fig.
1B, also cf. Ref. 44) in the distal cluster binding motifin N. punc-
tiforme. From the amino acid sequence, it could be argued that
the lack of conventional ligands for both the proximal and distal
clusters, would lead to a different cluster composition than in
previously known hydrogenases. However, we observe two dis-
tinct [4Fe-4S] cluster EPR signals from the cyanobacterial
HupS, which strongly supports the existence of both a proximal
and a distal cluster despite the unusual ligand configuration.

In the absence of the normal cysteine ligand in position 15,
the proximal cluster could be coordinated by a cysteine residue
located 13 amino acids downstream of the usual motif (Cys-27).
However, we find this unlikely because a comparison with
known crystal structures reveals that this downstream cysteine
will be located in a loop ~20 A away from the proximal cluster
and therefore not in a coordinating distance. Instead, we sug-
gest that Asn-15 is a coordinating residue for the proximal clus-
ter. In addition, we suggest that GIn-100 coordinates the distal
cluster in the absence of a histidine in that position.

The cyanobacterial-like uptake hydrogenase HoxKG from
Acidithiobacillus ferrooxidans, a chemolithotrophic, aerobic
bacterium, has been purified (43) and studied by EPR (44). The
small subunit HoxK and the cyanobacterial HupS share the
amino acid signatures described above in their FeS cluster bind-
ing motifs. From EPR spectroscopy in the Acidithiobacillus
enzyme, the magnetic interaction between the proximal FeS
cluster and the NiFe active site was found to be different from
the “standard” hydrogenases from A. vinosum and D. gigas. It
was suggested that this is due to an unusual ligand sphere in the
A. ferrooxidans HoxKG proximal cluster, although the authors
did not go so far as to suggest coordination by asparagine (44).
Furthermore, the low iron:protein ratio made the existence of
the distal cluster unclear, and the authors suggested that the
distal cluster was lacking due to the absence of adequate protein
ligands. Whether or not A. ferrooxidans HoxKG may lack one
of the clusters, the situation is different in our purified f-HupS
protein which clearly contains three FeS clusters.

In summary, we have for the first time isolated, through het-
erologous expression, the small subunit of a cyanobacterial
uptake hydrogenase. This enzyme is only found in the hetero-
cysts in N. punctiforme, which limits the availability for spec-
troscopic characterization of this enzyme. Furthermore, heter-
ologous expression of HupS provides a foundation for
engineering of the electron transfer chain for introduction in
heterocysts. The protein was found to contain three FeS clus-
ters, in accordance with previously isolated enzymes from other
bacterial species. Although the FeS binding motifs show differ-
ences from earlier studied enzymes, their EPR signatures show
that the protein nevertheless contains two [4Fe-4S] and one
[3Fe-4S] cluster. To clarify the role of the coordinating ligands
of N. punctiforme HupS, we are currently performing mutagen-
esis studies. We also further investigate how different FeS clus-
ter binding motifs affect the redox potentials of the clusters.
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