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The NiFe hydeogenase lrom Azetobacter vingkandil iz o membrane-bound af heteradimer that eun cxidize M, 1o protons und electrons and therahy

previde energy. Genes enceding the @ and 8 subunits, hoxG and AoxX respestively, followed by thirteen contiguous uccessary genss polentially

invelved in H, oxidatian, have been previously sequenced. Mutations in xome of (thess sccossory genss give risg to inaslive engyme contuining un

a subuntil with decrensed elestraphorctic mability. Mass speciral snalysis of (he subunits demanstrated that the @ subuait had & molesular weight

1,663 Da less thaa thal predieted fram AonG. Since the N-terminal sequence of the purificd & subunit matehes the sequence predicted {rom hunG

we suggest this differense is due ta removal of the Crterminus of the a subunit which muy beun iinporiant siep linked 10 metal insertion, localizition,
und formation of netive fiydragenuse,

Azotohucter vinelumtii, Hydrogenase subunit; Mass spectrometry; C-Terminal prosessing: Nickel

I, INTRODUCTION

Azetabacter vinelandii is an aerobic Gram-negative
bacterium able to fix W.. This organism expresses a
NiFe hydrogenase system that can recycle electrons
from H, produced as a byproduct of N, fixation. The
enzyme is membrane bound and can be isolated after
solubilization with detergents [1.2]. The purified hydro-
genase is a heterodimer consisting of & small (8} and
large () subunit with molecular weights of 31 und 67
kDa, respectively, us estimated by SDS-PAGE. Metal
analyses indicate that the active enzyme probably con-
tains | mole Ni and at least seven moles of Fe per mole
of heterodimer [2]. The purified enzyme is inactivated
by Q,. which presumably destroys the iron-sulfur cen-
ters.

The structural genes, hoxK and hoxG enceding the 8
and @ subunits of hydrogenase, as well us thirteen con-
liguous accessory genes involved in Oydependent hy-
drogenase activity, have been cloned and sequenced [3-
6] (Fig. 1). The N-terminal amino acid sequence of the
A subunit [7] matches that predicted for the fioxK gene
product, with a presumed 45 amino acid signal sequence
removed. The predicted molecular weight of the proc-
essed § subunit is 34,232 Da. The N-terminal amino
acid sequence of the a subunit [T matches that predicted
for the loxG gene preduct with the IN-terminal methion-
ine remeoved. The deduced moleculer weight of this sub-
unit is 66,605 Da.

Correspandence adedress: R.L. Robson, Center for Metullocnzyme
Studies, Deparimens of Biochemistry, University of Georgla, Athens,
Georgia 30002.7229, USA, Fax: {1) (706) 542.1738,

Aublishiee by Elsevier Science Publishers B V.

Mulations in some of the accessory genes rasult in
loss of whole-cell, O,-dependent hydrogenase activity
and production of a form of the a subunit with alterad
electrophoretic mability [4]. Two classes of mutations
were described: mutations in floxZ.O and 2 result in
two forms of the @ subunit, one with electrophoretic
mobility equivalent to the wild-type @ subunit, und a
second with a mobility slightly lower than wild-type &
subunit, while mutations in fexM and L result in a
single form with lower than wild-type maobility,

Defining the chemical difference beiween the two
forms of the hydrogenase @ subunit is therefore essential
to establish the functions of the gccessory gene prod-
ucts. Since modificution of the N-terminus of the a
subunit apparently did not expluin the two forms, we
decided to test the hypothesis that the increased mobil-
ity of the wild-type relative to the mutant @ subunit is
due te a C-terminul cleuvage event. Since C-terminal
processing events have been reported for several eukar-
yotic and prokaryotic proteins [8-10] it would not be
surprising if C-terminal processing were responsible for
the observed differences in electrophoretic mobility.
Qur results suggest that these multiple forms of the
NiFe hydrogenase & subunit are due to inhibition of a
C-terminal processing event,

2. MATERIALS AND METHODS

21, Bucterinl serain und grawth conditiuns
Azotabacter vipplnnfii CA culiutes swere grown aerobisally under
Nefixing eonditions in Burks medium {111,

2.2, Purification of the § and @ subunits
Hydrogenuse was purified as previously deseribed {2, Purified hy-
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drogenuse wis separntad into ils component subunils asd awny (Tom
a low reantining contuminuting proteing, under denaturing conditions,
by repeated reverse-phase chronuitagruphy on u Brownlee RP300
{C-8) gunrd column using au gradient elution from G.3% TFA ta
0.085% TFA in KO% ucetonitrile at o Now raie of 0.2 mEmin. For euch
chromatogruphic run, 100-200 pmol of purified hydrogenuse wis di-
luted with 10 equal valume of deionized water and {ouded onto the
calumn. The & and @ subunits cluled at ubaut 45% und 8% nectoni-
{rite. respectively, Fructions were callected wnd atered ut =20°C,

2.3, Derivatization of cysteines
Cysicines were reduced and derivatized with dvinylpyridine us de.
seribed [L3)

2.4, Preparation of § subwiit semples for awess speciral anelysis

The 8 subunit was consentruted 5-10 times using Amican Centrican
3 microconsentrutors centrifuged nt 7,000 x g for 4 h, Coneentraled
(ructions were stared at ~20°C,

2.5, Resolibilization uf the 2 subienil

Samples were dried under vacuum using o Specd-vac gancenirator
and re-solubilization was attempred using o virlety of salvents, includ.
ing $% acetis acid, 0.1 M ammeonium hydroxide, 40-95% ethunol, 50%
methunol, snd combinations of 0,%-5% neetic aeid in 40-60% cLthano!
orin 0% methanol. 20 a4l of each salvent were ndded to dricd samplex
and the ingredienis were mixed vigorously for 1 min using a voriex
mixer. The miature was then transferred 1o o fresh tube and dried.
Luemmli sumple buffer was added ta the anmples. which were heated
dl 100°C for 2 min, and then analyzed by SDS.PAGE [13). Band
intensities were compured by eye.

2.6, Prepoeration of @ subumit xemplex Jor mass speceral emvlysis
Samples for mass spestrat anulysis wese drisd under vieuum using
4 Speed-vac conceptratar any re-solubilized for unabysis in 20 g4l of
0.5% ncetic acid in methanal. About 2 pmol of each subupit were
analyssd by matris-assisted kiser desorplion muss spectromelry, and
about 200 pmol were analysed by eleetraspray mass speetromelry.

2.7. Muss specteal analysis

Matrix assisied luser desorption mass spectrometey wiis pacformed
using a Finnegan Lasermat Masx Spectrometer {14]. Euch sample was
combined with a matrix consisting of 7 mg of sinupinic ucid (Aldrich
Chemical Co)in 1.0 ml of 4% TFA in 70% ucetonstrile in swiler in
# l-lo-10 ratio. § gl was loaded onto o lusermiut turget and deied under
ineandeseent light, The mass spectrometer was single«poins ealibrated
using recombinant human growill harmuone (Genentech Ingd
(M+FH=22,126), Luser power was set ui 78% of full power. Datu from
13 to 15 luser pulses waus averiged.

Eleclraspray muass spectritl anulysis wis performed using a Finne-
gan Mat TSQ 700 Mass Spectrameter at a sample flow rale of | glimin
and a source valtage dilferentinl of =3,700 V [15].

3. RESULTS

Purified hydrogenase was sepurated into the compo-
nent subunits and away from contaminating proteins,
under denaturing conditions, by reverse-phase chroma-
tography. Both subunits eluted as peaks with shoulders,
possibly indicating the presence of impurities, however,
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when analyzed by SDS-PAGE the material in one
shoulder und main peak both gave u major band at the
moleculur weight of the # subunit. Similurly, the mate.
rial in the other shoulder and mauin peak both guve a
mujor band ut the molecular weight of the & subunit.
Fractions for further analysis were pooled to include the
shoulder und main peak for both sumples. Concentra-
tion and re-application of the pooled # subunit fructions
resulted in a single symmetrical peak. Coneentration of
the poaled large subunit fructions resulted in loss of the
sumple. For i final check of the homogensity of these
sumples, cysteines in the purified # and & subunits were
reduced and 4-ethylpyridine derivatives were prepared
[12]. Homogeaneity of the derivatized samples was estub-
lished by reverse-phase chromutography, which yielded
a single symmetrical peak for each sample. Therefore,
the initinl heterogensous ¢lution of both subunits is
probably due to invomplete denaturation under the con-
ditions used for purification., Mass spectral analysis was
performed on non-derivatized samples.

The HPLC solvent used for elution of the subunits
wis compittible with both laser desorption and eleciro-
spray mass specirometry. The 8 subunit frictions were
concentrated and analyzed directly. The & subunit pre-
cipitated from pooled fractions over a day or two
whether the sumples were stored at room emperature
or it =20°C and could not be re-solubilized in aqueous
buffers, Inability 10 re-solubilize the & subunit in aque-
ous bulfers ruled out enzymatic techniques for C-termi-
nal analysis, and led us toward mass spectral analysis,
A varicty of solvents, chosen Lo be compatible with the
planned mass spectral analysis, were tested for their
ubility to re-solubilize the a subunit, The solvents tested
included water, 5% acetic acid, 0.1 M ammonium hy-
droxide. 40-95% ethanol, 50% methanol, and combina-
tions of .5-5% ucatic neid in 40-60% cethanol or in 50%
methunol, 90-100% of the & subunit was re-solubilized
using combinations of 0.5-5% acetic acid in 40-60%
ethanol or in 50% methanol. The subunit wus insoluble
in 0.1 M ammounium hydroxide, slightly seluble in
water, and partially soluble in 40-60% cthanel or in
$0% methanol. Samples for miss spectral analysis were
dried under vacuum using & Speed-vac concentralor
and re-solubilized for mass speetral annlysis using 0.5%
acetic ucid in 509 methanol.

Muss spectral analysis of the individual subunits was
performed using both Muatrix Assisted Luaser Desorp-
tion Time of Flight [14) and Electrospray [15] Mass
Spaetrometry. The laser desarption technigue yielded a
molecular weight of 34.5-34.7 kDa for the £ subunit,
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Fig. 1. Physivul and genetic map of the NiFe hydrogenuss (hey) gene cluster from A saiobacter vinelandii. Genolypic nolalions are depicied by capital
letters. Additional potential genes have been re-numbered (6],
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— 3 Calculated Mass = 64,943 +/- 20 Da
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Fig. 2, Clecirespruy mazs 2pzetrum of the g subunit (HOXG).

close to the pradicted value of 34,232 Da, and 65-66
kDa for the @ subunit, less than the predicted value of
66,605 Da. Electrospruy mass spectrometry yielded n
mass of 64,942 & 20 Da for the @ subunit (Fig. 2). This
value is 1,663 Da lower than the value of 66,605 Da
deduced from the sequence of hoxG. We confirmed that
the @ subunit N-terminus corresponded to that pre-
dicted for the 4oxG gene product. minus the N-terminul
methionine, and thereby coneluded that a peptide of
about fifteen amino acids had been removed from the
C-terminus of the @ subunit (Fig. 3) during maturation
of the enzyme. Interpretable electrospray mass spectra
was not obtained for the 8 subunit.

4, DISCUSSION

Our evidence suggests that a C-terminal processing
event is an essential step in the maturation of the 4
vinelansdii NiFe hydrogenase. The mass determined for
the a subunit, 64,942 % 20 D, indicates that the site of
cleavage is located within a few residues of the Cys-Leu-
Alu-Cys sequence (Fig. 3). which has been previously
defined as the Ni-binding site by analogy to the NiFeSe
hydrogenase from Desulfovibrio baculatus [24]. The
mass spectral data is consistent with cleavage occurring
after the histidine in the sequence, His-Val-Met (Fig. 3).
It is interesting to note that the last two completely
conserved residues in all examples of membrane-bound
or periplasmic NiFe hydrogenases are the His and Val
at this proposed cleavage site. This strict conservation
strongly suggests that these two residues are involved in
C-terminal processing and are essential for production
of active hydrogenase.

It is likely that this processing is required for produc-
tion of other active hydrogenasca. since electrophoreti~
caily retarded forms of :h:f:azv‘ﬁ subunits from NiFe
hydrogenases have been reported in hydrogenase locus
mutants of Bradyriizebium japonicum [25] and Escher-
ichia coli {20,26-28). In B. japonicum, a chromosomal
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Fig. 3. Predicted mass for HOXG a subunit C-terminal cleavage
products und C-terminal homologices. (A) The {inal 22 amino seids
cioded by fiunG ure shown, along with musses (Da) predicted for
various cleavuge praducts, (B) Comparison of Ceterminal sequenses
of membrane-bound or periplasmic NiFe hydrogenuses. The asterisk
denates the Niliganding cysteine residue, Av. Azotubsctor vinelundii
[3): Ae. Azeiobucier chruacoccum |1), Bf, Bradyehizobium juponicus)
(16} R, Rhizakium legininasarum (V7] Re, Rhudubacicr capsuluties
{18): Ry, Rhudueyclus gelatinosus [19): Ee, Escherichiv cofi {20 By,
Desulfuvibrio gigas {21]: Dy, Desulfovibrio vulgaris (22): DS, Desalfuvie
brio fructosovorans [23); Db, Desulfuvibrio buculons [21).

deletion downstream from the NiFe hydrogenase struc-
tural genes resulted in disappearance of wild-type forms
of the & and g subunits and appearance of an elestro-
phoretically retarded form of each subunit. In £. colf
three NiFe hydrogenase systems. designated HYDI.
HYD2, and HYD3 (28], are encoded by the /iy« [20].
b (Menon. N.K. and Przybyla, A.E.. personal com-
munication), and hye [29] operons. respectively. A
fourth operon containing the /1yp genes [26] is required
for the activity of all three enzymes. An E. coli Inva
operon deletion mutant complemented with various
portions of the Ay« operon praduced two membrane-
bound forms of the HYD!1 large (&) subunit [27). Two
membrane-bound forms of the HYD2 large subunit
have ulso been observed in deletion mutants of the Aiyh
operon [27]. Furthermore, an in-frame deletion in /i'cH
results in the production of a larger, unprocessed lorm
of the HYD3 large subunit [29]. In addition. two forms
of the NiFe hydrogenase large subunit from Desulfovi-
brio gigas (personal communication, Dr. A.L. Menon)
and from D. baculaties [30] have been observed when
cloned structural genes encoding these enzymes are ex-
pressed in £, coll.

N-Terminal sequences have been determined for the
large subunit of HYD1 from E, coli [31], and the NiFe
hydrogenases from B. japanicum [16] and D. gigas [32].
The E. coli sequence matches the amino acid sequence
predicted from /iyaB, minus the N-terminal methionine
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[20]. The B. japanicum (see [L8]) und D, gigas [32] N-
terminal sequences match the predicted translution
product sequence from the NiFe hydrogenise lurge sub-
unit genes, Since Neterminal processing is 201 responsi-
bile for the multiple forms observed for the lurge subunit
of these NiFe hydrogenases, we propose that a Cetermi-
nal processing event also occurs during the maturation
of these hydrogenases, and that this is a general event
occurring during processing of membrane-bound NiFe
hydrogenases.

Interestingly. two forms of the molybdenum-contain-
ing DMSO reductase from Rhadobacier sphaeroides f.
sp. deniteificans are present during induction with
DMSO [33] The higher molecular weight form is a
precursor of the active periplasmic form and is found
in cytoplasmic #nd membrane fractions, but net in
periplasmic fractions. In contrast, the active form is
only found in the periplasm. Maturation of DMSO re-
ductuse was inhibited when cells were induced with
DMSO in molybdenum-free medii, Addition of 1 mM
molybdate 1o the cultures grown in molybdenum-free
medium resulted in processing of the precursor to the
muture form. Molybdate is therefore essentiul for proe-
essing and localization of this enzyme. Similarly, uptake
of Ni or assembly and insertion of Ni or iron-sulfur
centers nre likely to be essential for loculization and
processing of the NiFe hydrogenase.

In E. coli, mutations in kv 8 [34]. which is equivalent
to /iypB [26], have been shown 1o be avercome by high
nickel concentrations. In addition. the production of
active HY D is dependent on nickel insertion, which is
apparently required for membrane localization and
processing of the larger forms of both subunits into the
mature forms [27}. Complementation of a /iya operon
deletion mutant with & plasmid containing hyeAd-E re-
sulted in 30% wild-type HYDI1 uctivity. Addition of
high concentrations of nickel to the culture media re.
stared wild-type levels of activity. ie. the faF gene
praduct cun be phenotypically replaced with high con-
centrations of Wi, Furthermore, there is a correlation
between Mi incorporation, membrune localization, elec-
trophoretic mobility, and activity [35]. Since A. vinelan-
dii ioxQ is homologous to fipaf (4] we wauld expect
high concentrations of Ni e phenatypically replace the
hexQ gene preduet, and in fuct preliminary results sup-
port this suppesition (personal communication, Dr.
A.L. Menon).

Farmation 4nd functioning of NiFe hydrogenase in
A. vinelundii is a complex process requiring at least
fifteen different gene produets, These gene praducts are
potentially invoived in metal uptake and insertion, for-
mation of metal centers, and localization and precess-
ing of this cnzyme, as well as the coupling of H, oxida-
tion to O, reduction. One processing event, removal of
the N-terminal 43 amino acid preseguence from the
smnll subunits of NiFe hydrogenases, has been shown
to be dependent on nickel incorporation {24], This pre-
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sequence hus been postulated to be a signal sequence
involved in trunslocution of the NiFe hydrogenuse
necross the plasma membrane. Our results suggest that
removal of the C-terminus is a second processing ¢vent
essential for production of uctive MiFe hydrogenise
that appears to be correlated with Ni insertion. Nickel
incorporation is appurenily a crucial step in localizution
and processing. as well as in astivation, of this NiFe
hydrogenase. The proposed site of C-terminal cleavage
of the @ subunit is within a few residues of the Ni-
liganding cysteine residue (Fig. 3} [24]. The C-terminal
peptide may, therefore. function by holding the C-ter-
minus in u conformation that allows Ni insertion, Re-
mowil of this peptide would then allow assembly of the
Ni site,

Qur luture studies will focus an the correlation be-
tween Niinsertion, processing, and localization, und the
role af hydrogenase tccessory genes in these processes
required for the production of active hydrogenase,
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