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Two electrophoretic forms of the large subunit of the soluble periplasmic [NiFe] hydrogenase from Desulfovibrio gigas have been detected by

Western analysis The faster moving form co-migrates with the large subunit from purified, active enzyme. Amino acid sequence and composition

of the C-terminal tryptic peptide of the large subunit from purified hydrogenase revealed that 1t is 15 amino acids shorter than that predicted by

the nucleotide sequence. Processing of the nascent large subunit occurs by C-terminal cleavage between His™** and Val*¥’, residues which are highly

conserved among [NiFe] hydrogenases. Mutagenesis of the analogous residues, His** and Val®®, in the E coli hydrogenase-1 (HYD]1) large subunit
resulted 1 significant decrease in processing and HYD1 activity.

Hydrogenase large subunit; C-Terminal processing: Mutagenesis

1. INTRODUCTION

Hydrogenases can be classified into two major groups
(i) [Fe] hydrogenases and (ii) [NiFe] hydrogenases.
[NiFe] hydrogenases are widely occurring and have
been reported in anaerobic, facultative anaerobic and
aerobic bacteria [1]. To date, nucleotide sequence infor-
mation of 18 different [NiFe] hydrogenases has been
published [1,2]. One common element, among this di-
verse family of multimeric enzymes is the presence of a
large subunit with conserved N- (RXCXXC) and C-
(DPCXXCXXH) terminal motifs.

Synthesis of active [NiFe] hydrogenase is a complex
process which involves insertion of nickel and iron-
sulfur clusters, post-translational processing of the two
subunits, and membrane translocation.

Processing of the small subunit involves removal of
the signal peptide. This has been inferred from a com-
parison of the N-terminal protein sequence and the nu-
cleotide-derived amino acid sequence from the gene en-
coding the small subunit [3-7]. The nascent and mature
forms of the small subunit have been detected immunol-
ogically in E. coli and Alcaligenes eutrophus [7,8). Addi-
tionally the N-terminal 40-45 amino acids of the small
subunit of the [NiFe] hydrogenase from Desulfovibrio
vulgaris, have been shown to function as a signal pep-
tide [9].

Two electrophoretically different forms of the large
subunit of membrane-bound hydrogenases have also
been reported [7,8,10-12]. A larger form of the protein
(nascent large subunit, NLS) is processed to a faster
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moving form (processed large subunit, PLS) which co-
migrates with the large subunit of active hydrogenase.
The N-terminal amino acid sequence of the purified
large subunit is co-linear with the nucleotide-derived
N-terminal sequence [3,5,10]. Consistent with this, and
based on electrospray mass spectrometry of the large
subunit from the A-otobacter vinelandii [NiFe] hydroge-
nase, it has been suggested that the PLS arises as a result
of C-terminal cleavage of the NLS [13]. Carboxyl end
processing of proteins has been reported for other
prokaryotic and eukaryotic proteins [14,15].

In this paper we present the amino acid sequence of
the C-terminal tryptic peptide of the large subunit iso-
lated from active Desulfovibrio gigas hydrogenase and
mutational analysis of the proposed processing site of
the hvab gene encoding the large subunit of E. coli
HYDI.

2. MATERIALS AND METHODS

Poros QP II anion-exchange resin was purchased from Poros Inc.,
Boston, MA. Sequencing grade trypsin was purchased from Sigma
Chemical Co., St. Louis, MO. Phenomenex SEC3000 was from Phe-
nomenex, Torrance, CA, and RP302 was from Bio-Rad Labs,
Richmond, CA. Anhydrotrypsin agarose was purchased from Takara
Biochemucals Inc., Berkeley. CA.

2.1. Purification of D gigas hydrogenase

D gigas [NiFe] hydrogenase was purified from 120 g of cells using
a protocol which included Poros 11 QP anion exchange chromatogra-
phy. preparative native polyacrylamide gel-electrophoresis, and hy-
droxylapatite chromatography. The resulting hydrogenase was pure
as judged by silver staining of SDS-polyacrylamide gels. The specific
actyvity of the enzyme was 550 umol of hydrogen evolved/mg protein/
min using methyl viologen as electron acceptor. The total yield of
enzyme was 30 mg. Protein was stored at —70°C at a concentration
of 5-6 mg/ml.
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2.2. Sepuration of large and small subunits

Alquots containing 200 ug of purified hydrogenase were adjusted
to 1% SDS and S-mercaptoethanol, heated at 65°C for 10 min and
loaded on a Phenomenex Biosep SEC-3000 molecular sieve HPLC
column. The column was eluted 1socratically with Tris-HCI buffer (pH
6.8, 50 mM, 0.01% SDS) at 0.3 ml/min The large and small subunits
were resolved into two distinct peaks. Fractions from the first peak
containing pure large subunit (as judged by SDS-PAGE) were pooled
and concentrated to 2 mg/ml using a Millipore Ultrafree microconcen-
trator (10,000 NMWL).

2.3. Tryptic digestion of lurge subunit

300 pmol of purified large subunit (20 ug) derivatized with
1odoacetamide was digested with trypsin (enzyme:substrate ratio of
1:20, 12 h at 37°C) according to described protocols [16]. Digests were
routinely monitored for completion by reverse phase chromatography
(Fig. 2a).

2.4 Purification of C-terminal peptide

600 pmol of trypsin-digested large subumt (500 x| total volume, pH
adjusted to 5.0) was loaded onto a | ml anhydrotrypsin agarose col-
umn. Unbound peptides were eluted at 3 mV/h and 4°C with acetate
buffer (50 mM, pH 5.0, containing 20 mM CaCl,) and 0.2 ml fractions
were collected. Each fraction was analyzed by reverse-phase chroma-
tography (Fig. 2b).

2 5. Anuno acid sequencing and analysis

Amino acid sequence and composition analyses were performed at
the University of Georgia Molecular Genetics Facility with an Applied
Biosystem gas-phase sequenator and an Applied Biosystem amino
acid analyzer.

2 6. Sue-directed mutagenesis

Site-directed mutagenesis of the Avab gene at His™ and Val® [17],
was performed using a Promega Altered Site Mutagenesis kit. as per
manufacturers protocol. All mutations were confirmed by sequencing
of a 340 bp Nrul-Nsil fragment encompassing the mutated residues
which was ligated into the corresponding region of the parent Ava
operon cloned nto the single copy plasmid, pLC-682 [18]. The plas-
mids contaming the mutations were transformed into an /4yu deletion
strain, AP1 [7].

2.7. Hydrogenase-specific assays

Activity staining of E. coli HYD1 in native polyacrylamide gels was
done as previously described [7]. Western analysis of SDS-PAGE-
fractionated HYDI large subunit was performed with antibodies spe-
cific to the Bradyriuzobium japomcum [NiFe] hydrogenase large sub-
unit. Large subunit of D gigas hydrogenase was detected using anti-
bodies against D gigus native hydrogenase

3. RESULTS AND DISCUSSION

We have previously observed two forms of the E. coli
HYDI large subunit while analyzing expression of the
hva operon [7]. The smaller form co-migrated with the
large subunit of the purified HYDI. The N-terminal
protein sequence of the large subunit matched the N-
terminal of the /iyab translation product (less the N-
terminal methionine), thus ruling out the possibility that
processing involved an N-terminal cleavage. This pro-
ject was initiated to determine if the maturation of the
HYDI large subunit involved a C-terminal cleavage
event. However, low yields of purified HYDI, as well
as the tendency of the purified large subunit to precipi-
tate during trypsin digestion in the absence of SDS,
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precluded the use of this protein. As the proposed proc-
essing site was well conserved in [NiFe] hydrogenases
[1.13], we decided to use the periplasmic [NiFe] hydro-
genase from D. gigas. This protein was readily purified
at high yields and remained soluble through all proto-
cols employed in this study. Additionally. it has also
been shown that the N-terminus of the large subunit of
D. gigas, as determined by protein sequencing, as well
as predicted by the gene. are co-linear [4]. A Western
blot of D. gigas crude cell extract. purified enzyme and
recombinant large subunit expressed in E.  coli
(pALM35. Table 1) demonstrated that the large subunit
of this enzyme underwent a “processing’ step analogous
to that reported for membrane-bound [NiFe] hydroge-
nases, and that the PLS co-migrated with the large sub-
unit from purified hydrogenase (Fig. 1). The large sub-
unit of the recombinant D. gigas hydrogenase, however,
is not processed in E. coli.

A computer-generated tryptic peptide map of the D.
gigas large subunit, as derived from the DNA sequence
of the gene. predicted that the C-terminal fragment
would not terminate in an Arg or Lys residue. Hence,
this fragment would not bind to anhydrotrypsin aga-
rose, and would be eluted in the void volume. Analysis
of the unbound eluate from the anhydrotrypsin column
showed 4 major peaks (Fig. 2b). Appropriate controls
demonstrated that peaks A and B were chemical constit-
uents of the reaction mixture and peak T was trypsin.
Peak 1 was the only tryptic fragment which did not bind
to anhydrotrypsin and its amino acid sequence is shown
(Fig. 3). The sequence data demonstrated that the car-
boxyl end of the purified large subunit was 15 amino
acids shorter than that deduced from the gene, and that
the C-terminal cleavage occurred after His**. To ensure
that the last amino acid at the cleavage site was accu-
rately identified, amino acid composition of the peptide
was determined. The results of this analysis (Table II)

Table I
List of plasmids used in this study

Plasmid Description Reference
pALM35 9 kb bgllll-BamHI frag- This work
ment from pG4D [4] cloned

into pTZ18R

pLC1682 Single copy plasmid con- [18]
taining Inc FII group of R-
100 origin

pLC47 hya operon nserted into (71
EcoRI-BamHI site of
pLC1682 and transformed
into Aya™ strain API

pHL582 His™ of hyabh mutated to This work
Val. Mutation mserted into
pLC47

pYW583 Val*¥® of Avub mutated to This work

Trp Mutation inserted nto
pLC47
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Fig. 1. Western analysis of D. gigas [NiFe] hydrogenase. Lanes: a, D

gigas crude extract; b, purified enzyme; ¢, standard marker; d, crude

extract of an E. col! strain carrying pALM3S5; ¢, crude extract of E

coli carrying pTZ18R. Samples were fractionated on a 10% denaturing

gel. The western blot was screened with antibodies raised against
purified D. gigas hydrogenase.

confirmed that His>* was the terminal amino acid of the
peptide as there were only two Val residues in the frag-
ment. If cleavage had occurred beyond His**, the pep-
tide would have contained additional valine residues.
Electrospray mass spectrometry of the large subunit
isolated from purified hydrogenase of A. virelandii has
shown that it is 1,633 Da smaller than that predicted by
the hoxG gene [13,19]. Based on this data, and compar-
ative analysis of gene sequence of the large subunit of
various [NiFe] hydrogenases it has been proposed that
the large subunit is cleaved at the conserved His residue

Table II

Amino acid composition of the C-terminal tryptic peptide of D gigas
[N1Fe] hydrogenase

Amino acid Experimental value Expected value
Aspartic acid 1.017 (1) 1.0
Glutamic acid 0.408 (0) 0.0
Serine 1.411 (1) 1.0
Glycine 1.899 (2) 1.0
Histidine 1.755 (2) 2.0
Threonine 0.952 (1) 1.0
Alanine 1.361 (1) 1.0
Proline 1.000 (1) 1.0
Tyrosine 0.824 (1) 1.0
Valine 1.614 (2) 2.0
Isoleucine 0.9 (1) 1.0
Leucine 0.205 (0) 0.0

The figures in parentheses are the experimental values rounded up or
down to the closest complete integer. Cysteine residues were not esti-
mated.
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Fig. 2. Elution profile of a tryptic digest of the large subunit of D. gigas
(a) and the unbound fraction eluted from an anhydrotrypsin agarose
column (b) Samples were eluted from a reverse-phase (RP302) col-
umn with an acetonitrile gradient ((buffer A) 0.1% TFA and (buffer
B) 0.08% TFA and 80% acetonitrile) at 0.7 ml/min. Peaks A and B
were chemical peaks of constituents of the reaction mixture. Peak T
was trypsin. Peak | corresponded to the C-terminal fragment of the
large subunit.

analogous to His**® of D. gigas [4] and His*®? of E. coli
[17].

A comparison of the nucleotide-derived amino acid
sequence of the large subunit of several [NiFe] hydroge-
nases showed that the proposed His/Val cleavage site
formed part of the conserved motif at the C-terminal
end of the large subunit. The His residue is conserved
in all but HYD?3 of E. coli, whereas the Val residue is
conserved to a lesser extent. Since the recombinant D.
gigas hydrogenase was unprocessed and inactive, and
there is no genetic system presently available to assess
the effect of site-directed mutagenesis in D. gigas, we
decided to mutagenize the analogous His* and Val*®*,
at the C-terminal cleavage site of the large subunit of E.
coli HYDI. Both His*®Val and Val**Trp mutations
resulted in significant but not total loss of HYD1 activ-
ity (Fig. 4A). Western analysis of the membrane frac-
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Fig. 3. Comparison of protein-derived and nucleotide-derived amino acid sequences of D. gigas and E. coli [N1Fe] hydrogenases. The top line shows

the amino acid sequence of the carboxyl tryptic peptide of D. gigas [N1Fe] hydrogenase large subunit The nuddle line shows the nucleotide-derived

amino acid sequence of the carboxyl end of the large D gigas subunit. The bottom line shows the nucleotide derived amino acid sequence of the

carboxyl end of the £ colt HYDI large subunit. Underlined residues are conserved in the large subunit of all [NiFe] hydrogenases. Arg™™ 1s the
site of trypsin digestion. a indicates the C-termal processing site between His**’ and Val>*.

tion showed significantly lower levels of PLS than that
found in wild-type cells (Fig. 4B). This indicated that
the recognition of the cleavage site 1s not solely depend-
ent on the His*** or Val**® residues. Interestingly, in the
case of HYD3 in E. coli, which also shows processing
of the large subunit [11], the His and Val residues are
substituted by Arg and Met, even though other residues
of the carboxyl end motif are conserved [20].

The significance of C-terminal processing of the large
subunit in the biosynthesis of [NiFe] hydrogenases
could be manifold. It is generally thought that the proc-
essing event is influenced by the availability of nickel
and its subsequent liganding to the large subunit. Proc-
essing, in E. coli, is affected by mutations in genes re-
quired for nickel uptake and incorporation [21]. as well
as by mutations in putative conserved nickel-liganding
residues of the large subunit. Thus a mutation in the
hvpb gene of E. coli, which is a prerequisite for the
incorporation of nickel into all three E. coli hydroge-
nases [22], resulted in the accumulation of NLS of
HYDI1 [7] and HYD3 [11] in the soluble fraction. Addi-
tion of 400 uM nickel suppressed the mutation and
yielded active, membrane-bound HYDI, reinforcing
the role of this gene product in nickel incorporation.
Recently, in our attempts to identify putative Ni-bind-
ing residues in £. coli HYD! [1] we have observed that
mutagenesis of 5 residues in the large subunit (Arg™,
Cys™, Asp®™, Cys®™ and Cys*’®) which are conserved

a b ¢
2_.!"
1—

A

without exception in all [NiFe¢] hydrogenases, inhibited
nickel liganding to the nascent peptide and led to com-
plete loss of enzymatic activity. The large subunits in all
five mutants were unprocessed and in the soluble frac-
tion of the cell.

These studies suggested that nickel-binding is one of
the requirements for the C-terminal cleavage of NLS.
The carboxy extension on NLS, which contains several
charged residues (see Fig. 3) might facilitate nickel li-
ganding to the active site. and its cleavage may result
in the folding of the protein in a stable, active conforma-
tion. Whether the protein is translocated across the
membrane before the processing event, or after nickel
liganding and processing. is an open question. How-
ever, in the absence of a recognizable signal peptide. a
role for the carboxy end of the protein in the transloca-
tion process cannot be ruled out. In this regard, it has
been shown that at least 10% of the C-terminus of f-
lactamase is required for membrane translocation in E.
coli even though the protein has an amino terminal
signal peptide [23].

The biosynthesis of hydrogenase is not the only ex-
ample of post-translational processing associated with
the incorporation of a metal ion into a metalloenzyme.
Two forms of DMSO reductase, a molybdenum-requir-
ing enzyme, have been identified in Rhodobacter sphaer-
oides f.sp. denitrificans [24]. A larger precursor form
accumulated in cells when the enzyme was induced by
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Fig. 4. (A) Activity staining of E coli membrane extracts, after electrophoresis on a 7% non-denaturing polyacrylarmde gel. Lane a, £ coli strain

TG1:lane b, AP1 transformed with pHL582; lane ¢, AP1 transformed with pVW583. 1 indicates HYD1 specific activity band, and 2 indicates HYD2

activity. (B) Western analysis of membrane extract of (lane a) TG1, (lane by pHL582, (lane ¢) pVWS583. 1 indicates the two forms of the large subunit
of HYD]. and 2 indicates the large subunit of HYD2.
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DMSO in the absence of molybdenum. The molybde-
num-free precursor remained in the cytoplasmic or
membrane fraction and was not translocated to the peri-
plasm. On addition of molybdenum, the precursor form
was processed to a smaller form and transported into
the periplasm. It is not clear, however, whether the con-
version of the precursor form represents a processing
step at the amino or carboxyl end of the protein.

Nickel binding, C-terminal cleavage, membrane
translocation, and localization, may take place within
a very short period of time. Development of an in vitro
processing system may greatly aid in understanding and
determining the sequence of events leading to the bio-
synthesis of active hydrogenase.
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