
Vol. 172, No. 4

Cloning and Sequencing of a Putative Escherichia coli [NiFe]
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DNA encompassing the structural genes of an Escherichia coli [NiFe] hydrogenase has been cloned and
sequenced. The genes were identified as those encoding the large and small subunits of hydrogenase isozyme 1
based on NH2-terminal sequences of purified subunits (kindly provided by K. Francis and K. T. Shanmugam).
The structural genes formed part of a putative operon that contained four additional open reading frames. We
have designated the operon hya and the six open reading frames hyaA through F. hyaA and hyaB encode the
small and large structural subunits, respectively. The nucleotide-derived amino acid sequence of hyaC has a

calculated molecular mass of 27.6 kilodaltons, contains 20% aromatic residues, and has four potential
membrane-spanning regions. Open reading frames hyaD through F could encode polypeptides of 21.5, 14.9,
and 31.5 kilodaltons, respectively. These putative peptides have no homology to other reported protein
sequences, and their functions are unknown.

The anaerobic hydrogen metabolism of Escherichia coli
and other enterobacteria is intricately regulated with regard
to both hydrogen production during fermentation and hydro-
gen oxidation during anaerobic respiration (13, 14). This
complex regulatory system responds to specific substrates as
well as to global regulatory signals and results in the biosyn-
thesis of discrete hydrogenases specific to a given metabolic
pathway. Three E. coli hydrogenases have been described
which are synthesized in response to different physiological
conditions. Hydrogenases 1 and 2 have been biochemically
characterized and are immunologically distinct membrane-
bound nickel-containing proteins (2, 3, 31). The existence of
hydrogenase 3 was originally inferred from the fact that
hydrogenases 1 and 2 immunoprecipitated from cell lysates
did not account for total hydrogenase activity (30). Hydrog-
enase 3 activity is very labile and has been only partially
characterized (34). Hydrogenases 1 and 3 are induced to
higher levels by growth on glucose and formate. Hydroge-
nase 3 has also been shown to have a role in the formate
hydrogenlyase pathway and accounts for about 60 to 70% of
the total hydrogenase activity in the cell. The physiological
role of hydrogenase 1 has not been defined. Hydrogenase 2
has been implicated as a respiratory uptake hydrogenase
coupled to fumarate reduction and is induced to a higher
level by growth in the presence of glycerol and fumarate
(30).
The presence of three different enzymes catalyzing the

same reactions makes the biochemical, physiological, and
genetic analyses of their metabolic roles technically difficult.
Toward understanding the physiological roles of the different
hydrogenases, a large number of E. coli mutants defective in
hydrogenase activities have been analyzed. Most of these
mutants lack all three hydrogenase activities; based on

genetic analysis, the mutations appear to be exclusively at
loci affecting regulation and do not encompass the hydroge-
nase structural genes. These genetic loci have been desig-
nated as hydA through F (8, 16, 18, 20, 27-29, 35, 42, 43).
The hydC locus appears to be involved in nickel uptake
and/or processessing (32, 42, 43), but the function of the
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other loci remains to be elucidated. One E. coli hyd mutant
was unusual in that it lacked hydrogenase 3 activity but
contained normal levels of hydrogenases 1 and 2 (35). It is
not clear whether this locus, which maps at 59 min, contains
the structural genes encoding hydrogenase 3.

In this paper we report the nucleotide sequence of a

putative operon that encodes the structural genes of the two
subunits of hydrogenase 1 and contains four additional open
reading frames. We have designated the operon hya and the
open reading frames hyaA through F.

MATERIALS AND METHODS

Genomic library construction. The genomic library used in
these studies consisted of size fractionated 15- to 20-kilobase
(kb) Sau3A genomic partial digests ligated into the BamHI
site of the lambda vector, EMBL4. Twenty genomic equiv-
alents transfected into E. coli LE392 were screened for the
structural genes encoding [NiFe] hydrogenase.

Probes. Hydrogenases from several bacteria contain
stretches of amino acids that are highly conserved in both
the large and small subunits. An M13 clone containing one of
these regions from the large subunit of the [NiFe] hydroge-
nase of Desulfovibrio vulgaris (approximately amino acids
50 through 150; see Fig. 7) was used as a probe (probe 1) to
screen the E. coli genomic library. The clone was labeled by
a sequencing reaction in the presence of [a-32P]dATP (26).
The labeled insert was purified from M13 by EcoRI-HindIII
digestion followed by fractionation in a 1% low-melting-
point agarose gel. A second probe (probe 2), consisting of a

400-base-pair PstI fragment from the carboxy-terminal end
of the small subunit, was labeled by the primer extension
method with [a-32P]dATP (22). This probe was used to
confirm the positives isolated with probe 1.
Primary library screens. About 5,000 plaques grown over-

night on three petri plates were blotted for 2 min to nitrocel-
lulose filters. The filters were processed as previously de-
scribed (22) and baked for 2 h at 80°C. All heterologous
hybridizations were done in 37% formamide at 42°C for 16 h,
followed by washing three times for 20 min each at 60°C in
2x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate). The filters were exposed for 16 h at -70°C to Kodak
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X-Omat film. Positive plaques identified in the primary
screen were plaque purified at least twice before use in
further experiments.
Genomic Southern hybridizations. Genomic Southerns

were done with EcoRI-SalI and EcoRV digests of E. coli
DNA. The blots were hybridized to probe 1 in 37% formam-
ide at 42°C for 16 h. The filters were washed in 2 x SSC at
60°C and exposed to Kodak X-Omat film for 24 h.

Subclone construction and sequencing. An EcoRI digest of
the positive lambda clone yielded a 7.5-kb fragment, which
was deduced (by restriction mapping and hybridizations to
the two different probes) to contain the genes encoding the
hydrogenase structural subunits. This restriction fragment
was subcloned into the plasmid pTZ19R. Clones containing
the insert in both orientations with respect to the lacZ
promoter were isolated and used to generate deletion librar-
ies by the DNase 1 random nicking method (11). The
deletion clones were sized on 1% agarose gels, and 50 clones
in both directions representative of the entire 7.5-kb insert
were isolated. Single-stranded templates were generated
from the pTZ19R clones (25). Isolated colonies of E. coli
NM522, freshly transformed with the deletion clones were
picked after 12 h and grown for 3 h in 3 ml of 2 x TY liquid
broth (16 g of tryptone, 10 g of yeast extract, and 5 g of NaCl
per liter, pH 7.25). They were then infected with the helper
phage M13K07, and growth was continued for 2 h. Samples
of 100 ,ul were transferred to 5 ml of 2x TY containing 50 p.g
of kanamycin per ml and grown overnight with vigorous
shaking. Single-stranded templates were isolated and puri-
fied as described for M13 templates in the cloning and
sequencing handbook of Amersham Corp. (Arlington
Heights, Ill.).

Sequencing was done by the dideoxy-chain termination
method (26). T7 DNA polymerase (Sequenase; U.S. Bio-
chemical Corp., Cleveland, Ohio) was used for the reac-
tions, and DNA fragments were fractionated in 6% wedge
gels (0.25 to 0.75 mm thick). Compressions were resolved in
duplicate reactions by using dITP in place of dGTP.
Sequence analyses and comparisons were done with

Beckman Microgenie, Staden (33), PC/Gene, and IntelliGe-
netics programs.

Materials. All restriction and DNA-modifying enzymes
were purchased from American Allied Biochemicals, Boehr-
inger Mannheim Biochemicals, and New England BioLabs,
Inc., and were used per manufacturer specifications. Se-
quencing reagents were purchased from U.S. Biochemical
Corp. Radioactive isotopes were purchased from Amer-
sham.

FIG. 2. Southern blot of E. coli genomic DNA hybridized to
probe 1 for 16 h at 42°C in 37% formamide. Digests (lanes): a, PstI;
b, EcoRI-SalI; c, EcoRV. Standard markers used were from
HindIII-digested lambda DNA.

structural genes encoding the two subunits of the membrane-
bound [NiFe] hydrogenase from D. vulgaris is shown in Fig.
1. The regions of the D. vulgaris genes used as probes to
screen an E. coli genomic library and probe E. coli genomic
digests have been indicated. The region of the large subunit
gene comprising probe 1 is conserved in both [NiFe] and
[NiFeSe] hydrogenases.

E. coli DNA digested with EcoRV (Fig. 2, lane c) or with
a combination of EcoRI and Sall (Fig. 2, lane b) showed two
regions of homology to probe 1. This indicated that either
there were restriction sites for both enzymes in the same
region of the E. coli hydrogenase large subunit gene or that
the two signals represented two different hydrogenase genes.
The following results suggest the presence of two sets of
hydrogenase genes.

Eighteen putative hydrogenase clones were isolated with
probe 1, and four were further characterized. Three of these
clones were identical, and the data for one of these clones,
EC1, are presented. Probe 1 hybridized to a 1-kb EcoRI-SalI
fragment (Fig. 3, lane a) and a 5.8-kb EcoRV fragment (data
not shown) of EC1. These bands corresponded to the 1- and
5.8-kb signals obtained on genomic digests with the same
enzymes in 37% formamide (Fig. 2, lanes b and c). Probe 2
hybridized to a 540-base-pair EcoRI-SalI fragment (Fig. 3,
lane b) and a 5.8-kb EcoRV fragment (data not shown) of
EC1. This indicated that the EcoRV fragment contained

RESULTS AND DISCUSSION
Isolation and identification of hydrogenase clones. A restric-

tion map of a 4.8-kb Clal-Smal fragment containing the
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FIG. 1. Restriction map of a 4.8-kb ClaI-SmaI restriction frag-
ment from D. vulgaris containing the genes encoding the large and
small subunits of a membrane-bound [NiFe] hydrogenase. Probe 1
represents an M13 clone containing the marked region, and probe 2
represents a PstI fragment from the small subunit. Restriction sites:
C, ClaI; E, EcoRI; P, PstI; S, SalI; Sm, SmaI.

FIG. 3. Southern blot of a positive lambda EMBL4 clone, EC1,
restricted with EcoRI-SalI and hybridized to probe 1 (lane a) and
probe 2 (lane b) for 16 h at 42°C in 42% formamide. Standard
markers used were from HindlIl-digested lambda DNA.
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FIG. 4. Restriction map of a 7.5-kb EcoRI fragment isolated
from EC1 containing the hya operon. The EcoRI site at the 5' end of
the operon is derived from the lambda vector. Restriction sites: B,
BamHI; Bg, Bgll; H, HpaI; R, EcoRI; V, EcoRV; S, Sall; X, XmnI.
ORFs are labeled A through F, and their prospective sizes in
kilobase pairs are indicated below.

genes encoding both the large and small subunits of a [NiFe]
hydrogenase, and that there were internal EcoRI and/or Sall
sites within the operon. These results also implied that the
7-kb EcoRI-SalI and 1.8-kb EcoRV signals obtained with
probe 1 on genomic digests (Fig. 2, lanes b and c) repre-

sented a second set of hydrogenase genes.

It has been reported that all three hydrogenases in E. coli
are immunologically distinct (2). Similarly, the antibodies to
the Desulfovibrio [NiFe] and [NiFeSe] hydrogenases do not
cross-react (10). However, the nucleotide probes we used
for screening represented conserved domains found in all
[NiFe] hydrogenases sequenced to date, including the
[NiFeSe] hydrogenase of Desulfovibrio baculatus. Hence, it
is to be expected that our screening procedure would iden-
tify more than one set of hydrogenase genes.

Sequence analysis of the hya operon. A 6.0-kb EcoRI-BglII
region of the 7.5-kb EcoRI fragment isolated from EC1 was

found to contain the entire hya operon (Fig. 4). Six putative
open reading frames (ORFs) were identified which could
encode polypeptides of 40.6, 66.2, 27.6, 21.5, 14.9, and 31.5
kilodaltons, respectively. The polypeptides coded by ORFs
1 and 2 showed homology to the amino acid sequences of the
small and large subunits of [NiFe] hydrogenases from other
organisms (Fig. 5).
The gene coding for the small subunit (hyaA) was located

upstream of the large subunit gene. A consensus ribosome-
binding site occurs 8 bp upstream from the start of the small
subunit. Possible -10 and -35 promoter regions as identi-
fied by a Staden analysis program have been indicated (Fig.
5). The putative promoters do not share a strong homology
to the consensus E. coli -10 and -35 promoter elements
(25). In the 150 nucleotides of sequence 5' to the small
subunit gene, neither a consensus anaerobox (6) indicative of
fnr-mediated regulation nor a formate box (5) characteristic
of formate-inducible systems was identified. Both have been
implicated in the regulation of hydrogenase 1 (5, 6, 30).
Further sequence analysis of this region and transcript
mapping are required to characterize the promoter and
regulatory elements. The stop codon of the small subunit
gene was found to overlap with the initiator methionine
codon of the large subunit gene. A putative ribosome-
binding site was identified 9 base pairs upstream from the
start of the large subunit, within the coding region of the
small subunit.

Protein sequencing of the amino-terminal end of the small
subunit of E. coli hydrogenase 1 revealed that the first 15
residues are identical to the nucleotide-derived amino acid
sequence of the small subunit gene (hyaA) starting from
residue 45 (K. Francis and K. T. Shanmugam, personal
communication). This indicates that hyaA is the small sub-
unit gene and codes for a putative 45-amino-acid signal
peptide. The first 10 residues of the large subunit (Francis
and Shanmugam, personal communication) are colinear with
the start of the nucleotide-derived sequence of hyaB; thus

the large subunit is not synthesized with a signal peptide.
The molecular weights of the two subunits of hydrogenase 1
as determined by electrophoresis are also in good agreement
with the data obtained from the nucleotide derived se-
quences of hyaA and B (31).
Comparison of [NiFe] hydrogenases. The small subunits of

hydrogenases from various organisms, including periplasmic
[NiFeSe] and [NiFe] hydrogenases from the anaerobic sul-
fate reducers D. baculatus (23) and Desulfovibrio gigas
(21, 39) as well as membrane-bound [NiFe] hydrogenases
from the facultative anaerobe E. coli, the nitrogen fixer
Bradyrhizobiumjaponicum (32), and the phototroph Rhodo-
bacter capsulatus (19) are compared in Fig. 6. These hydro-
genases show different degrees of homology and fall into two
groups when classified by overall sequence homology. There
is 60 to 70% homology between the nucleotide-derived
amino acid sequences of the small and large subunits of the
[NiFe] hydrogenases from B.japonicum, R. capsulatuis, and
E. coli. The enzymes from these systems, however, share
only a 30 to 35% overall homology with the D. gigas [NiFe]
and D. baculatus [NiFeSe] hydrogenases. A third group of
nickel-containing hydrogenases represented by the [NiFe]
hydrogenase of Methanobacterium thermoautotrophicum
(24) has less than 20% homology with the other two groups
of hydrogenases. Nevertheless, there are interesting con-
served domains and features shared by all nickel-containing
hydrogenases sequenced to date.

Except for the small subunit of the [NiFe] hydrogenase
from M. thermoautotrophicum, the small subunits of the
hydrogenases are characterized by unusually long signal
peptides (40 to 45 residues in [NiFe] hydrogenases and about
35 residues in [NiFeSe] hydrogenases that do not conform to
the consensus structure of procaryotic signal peptides (37).
These putative signal peptides, which share limited homol-
ogies (Fig. 6), appear to resemble some mitochondrial and
chloroplast transit peptides and have the structural charac-
teristics necessary to form amphipathic helices.
The gene for the small subunit of the [NiFe] hydrogenase

1 of E. coli encodes about 50 more amino acids than do the
[NiFe] hydrogenases of sulfate-reducing bacteria. This car-
boxy-terminal extension contains a central stretch of 20
hydrophobic amino acids followed by a shorter stretch of 10
to 12 charged residues. A homologous extension is found in
the derived amino acid sequence of the [NiFe] hydrogenases
from B. japonicum (32), R. capsulatus (19), and A. chroo-
coccum (36; C. M. Ford, K. H. Tibelius, M. G. Yates, D. J.
Arp, and L. G. Seefeldt, 7th Int. Congr. N2 Fixation, p. 275,
1988). The carboxy terminus of the small subunit of the M.
thermoautotrophicum [NiFe] hydrogenase, a cytoplasmic
enzyme (41), lacks the extension (24). Hence it is possible
that this stretch of amino acid residues plays a role in the
membrane attachment of the protein. However, this motif is
not found in the membrane-bound [NiFe] and [NiFeSe]
hydrogenases of D. vulgaris, suggesting that the mode of
membrane attachment may be different in these anaerobic
bacteria.
The genes for the large subunits of the [NiFe] hydrogena-

ses encode a variable number of cysteinyl residues, but only
four of these are conserved in all nickel-containing hydroge-
nases; they are present as Cys-X-X-Cys motifs at the amino
and carboxyl ends of the protein (Fig. 7, regions 2 and 4).
One of these conserved cysteines at the carboxyl end is
substituted by a TGA codon (Fig. 7, region 4) in the
[NiFeSe] hydrogenase from D. baculatus (39) and a mem-
brane-bound [NiFeSe] hydrogenase from D. vulgaris (E. S.
Choi, unpublished results). The TGA codon has been shown
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TTTTGTGCUMGTTTCACTACGCTTTATTAACLiTACTTTCTGGCGACGTGCGCCAGTGCAGUGGATGAGCTTTCGTTTTCIGCATCTCACGTGkkGCQTGGTTTGCCTTGCTACIG 120

______ HYA A

GGACGTCGCTTGCCGACCITMGCGCCCGGTGTCCTGCCGG%GTCGCAAGGAGUGAGAGCGTGCTTGAiTITAlCGAGGAICATTTTACCAGGCCATGCGGCGTCAGGGCGTTACCCG 240
I N I I FT F Y Q A A R R Q G V T R 18

GCGCIGCTTTCTCkkATATTGTAGTCTGGCTGCCACGTCGCTGGGATTiGGCGCGGGAATGGCICC - GTTGCCTGGGCGCTGGAGIACAACCGCGCITTCCGGTGGTATGGATCCA 360
R S F L K Y C S L A A T S L G L G A G N A P K I A V A L I I K P R I P V V I I H 58

t

CGGTCTGGIITGCICCTGCTGTACCGIATCTTTTATCCGCTCC6CTCACCCICTGGCGAAGGACGTCATCCTTTCCCTGATTTCCCTCGATTACGACGATICTT!GATGGCTGCCGCCGG 480
G L I C T C C T I S F I R S A H P L A K D V I L S L I S L D Y D D T L N A A A G 98

AACCCIGGCGG,UGuGT6ACT"MUTCAKAC6CGCATACAATGGCAkATATATCCTCGCAGTA6u6GGTAATCCGCCGCTGGGC6AGCA6GGGAT6TTCTGTATCAGCAGCGGTCG 600
T Q A I B V F I D I I T Q Y I G K Y I L A V I G I P P L G E Q G I F C I S S G R 138

ACCGTTTATT6AG6-CTCLAAC6T6CC6CCCG6CCCCAGCGCGATTATCGCCTGG66aCCTGCGCGTCCTGGGGCTGCGT6CkGGCCGCGCGACCCIITCCGICGCAGGCIUCGCC 720
P F I I K L K R A A A G A S A I I A U G T C A S I G C V Q A A R P I P T Q A T P 178

TATCGkC GTCITCICCGCAC-CCCIITCIUGTACoCTGGCTGCCC6CCGATCCCGGAT6TSTIGCGC6CITCITTCTTiCATGGTGlC ITCGACClCCIQTGTCGI 840
I 0 K V I T 0 K P I I K V P G C P P I P D V A S A I I T Y I V T F D I L P D V 0 218

CAGUTGGGCCG?CCGCTGUTGTTCTA26TCUGCGUTCCACG61AiUTGCTATCGCCGCGCCCICTTCGACGCCGUUGA GTTCG2CCAGGGABG66AT QCTGMCCGC6C 960
R N G R P L I F V G Q R I H 0 K C Y R I A I F 0 1 G I F V Q S 1 D 0 0 1 1 K I G 258

TTlCT6CCT6TAC2UTGGGCTGCAU^61;CCTICCICCTITMCGCCT6TTCCTCCICICG CTGG6U261CGll-.[C-L-L-,tv,'CCM TCC 6CTC%MLCUTCCii i K 1080
Y C L V K I G C K G P T T Y I A C S S T R I I 0 G V S F P I Q S G I G C L G C 1 298

G6UsTGGTTTCT6661?CGCG6 CGTTCTICA6CCGCGT66TC6ATITTCCGC - TGGkCTCNTCCCICCC6ACC6TCCTCGGTTAIC6CC CAGCGGC 1200
B I G F 1 D I G S F Y S R V V D I P Q I G T I S T A D T V G L T A L G V V A A A 338

I a
TGTKGT6TGCICGCAGTeGCCIGCGCCG"GICCAGCa6ACMTIATCCICUCCTICGA6UCCGUACiTCA6CCGGCUTGA6GAT CA6CATUGClCTCIGTACGUA 1320

V G V H A V A S A V 0 Q I K R H I Q Q P T E T I H Q P G I E D K Q A U 372
A S T Q YV 6

ACTCkGGGlTACICClTCIATUT6CCGACGCC CC G^CCC6sTTsCZCGCTCGU6GCCICA%CATCGTACG?GATiTTUC16UCIGIATGTGUTCICCUTGCC 1440
T Q G Y T I I I A G I R L V V D P I T R I I G I A R C I V I I I D Q I V I T I A 46

GTCTCCTGCGGCICCITTTCx2CGGG6CG6aATCsCCTs6CAGGCl;C6CCC6C6C6AT6CGCGG6C6TTC6T%AUC6TUs6GGCGTC6STICTGGCGTkClCGCCCTGGCT 1560
V S C G T I F R G L I I I L Q G I D P 1 D A I A F V I R I C G V C T G V H A L A 86

TCG6TTmACGC6CLTCGIAUTGCTITMIAC6C CGUtiU>NC6CCCUtlUC6TCCGCACI %CT IAC6UCUsGTGCCACGITCITCTGGTGCACTTCTITCBGCTT 1680
S V Y A I I D A I G I K V P D I A I I I R 1 I I L A T L V C H D H L V H F Y Q L 126

GCCGGGITGGA- CCCCG C66 UU CCTCC6UCALCT C-6TTCTCCTCTTGGCC6G CATCT CCCCGGCTTTTCTTCGACGTA 1800
A G I 0 1 I D V L 0 1 L I A D P I K T S I L A Q S L S S I P K S S P G V F F D V 166

CAUUCCGCCTGUm - CCGCCG6GCGTTTCCUCTGECCCGCCCG6CGCT62ICCT6GCTCClC2CTT 1920
Q I K L I K F V B G G Q L G I F I I G T V G I P Q T I L P P I A I L I G F A H V 206

CTCGU6GMCTCG2TTTCCIGCGTGIUTCC1CAT66TCUCCC TCCCGC6TCCICTAUCMGGCGaGGlT%CCTTGCGCCUTCiUCATTGICG6AGC 2040
L I A L 0 F Q I I I V K I H A V P G G I I P H P I V I V G G I P C A I I I 0 I S 246

GGCGCSGTCGMCIGTC6666Cz6T CGCCTCUCCTSMIGTCUTTIMCCOCGC^CGC 6=^xTTCITTIACUCGTGITGITCCCCGICGCCTTIGCCITCUAGMIG!TC 2160
G A V G A V I I I R L I L V Q S I I V R T A 0 F I I I V I I P 0 A L A I G Q F 1 286

FIG. 5. Nucleotide and derived amino acid sequences of the hya operon. Possible promoter sites (-10 and -35) as identified by a
computer search have been overlined. The asterisk indicates first residue of the mature small subunit of hydrogenase 1 (HyaA) as identified
by amino-terminal sequencing; the dotted line signifies an inverted repeat that could function as a transcription terminator. The six
polypeptides derived from ORFs 1 through 6 are designated HYA A through F, respectively.

to encode the incorporation of selenocysteine into proteins, nase of D. baculatus indicate that selenium acts as a ligand
as in the case of E. coli formate dehydrogenase and mouse to nickel (9, 12). This result might imply that analogous
glutathione peroxidase (7, 44). Extended X-ray absorption cysteinyl residues in [NiFe] hydrogenases (Fig. 7, region 4)
fine structure (EXAFS) and electron paramagnetic reso- serve as ligands to nickel.
nance data obtained with 77Se-enriched [NiFeSe] hydroge- EXAFS data on the [NiFeSe] hydrogenase from D. bac-
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AUCCGTGGAGCGkUTCG6CACT;GTC!TT -T NTGCGTTCTCAGCTlCGCGCITTCCCGGITITTGCCAICUCTTTGGCGAGUMGTCoTGCTGATGCCGGCGGCGCGGTG 2280
K P 3 S E I G T G L S D K C V L S Y G A F P D I A I D F G E I S L L I P G G A V 326

ITTABCGGCGCTTCAICAUTGTGCTGC62GTGxTTTGGTTGATCCGCAGCAGGTGCAGQGATTGTCGC CCICGCCTGGTATCGATATCCCAICGAtCAGGTCGGGCGTCATCCGTTC 2400
I I G D F I I V L P V D L V D P Q Q V Q I F V D I A I Y I Y P I D Q V G R B P F 366

QATGGCATCACCACCCGTGGTICACCCCCGGCGITGTCA AGGCAGCGA2ACCUACA2TCAGCAGC%U2AIT CAGGIACGCTAC2CG2GGA2sMGCGCCACGCTGGCGCGGTAUC 2520
D G I T D P V Y I P G D V K G S D T 1 I Q Q L I I Q E R Y S V I I A P R I R G 1 406

GCGATGGIAGTG=CGCTGGCGCG6ACGTTIATCGMATCACAAAGGCGITGATGCGACCGTToGTCGGTCGATCGCITGTGTCGUGCG2TCCTGCCGCTMCGGTITCCIG 2640
A A I V G P L A I T L I A Y H K G D A A 2 V I S V D R N N S A L I L P L S G I Q 446

TCUCGTtlGGCCGUItTT2GCCGCGCGClCGUAGCGCAGTGGGCCGCAGGTAAGTTGCAGTlmCTTCGAiCUCIAGCTUTGICCUACCTGAAliCGGCAITCtCGCCICTGCTTCC 2760
S T L G R I L C I A I I A Q V A A G K L Q I F F D K L N T I L I I G I L A T A S 486

ACCCCUTGGGLACCGMCCTGGCUGICAQ6T6 CCGTGGTGTCAGTTTTICCGU6=C6TTAGGGCGUTAGGCCICTMCGCCITTC6CGINGAaQTMTCTCTIC 2880
T 1 K I I P A T 1 P T 1 C R G V G F T E A P R G A L G I V A A I R D G K I D L Y 526

U3GTGCG 6TGCCGACCICCTGG6ACGCCT GCCCGCGCUTCCCAAIGGGCIUTTGGCGCTAITC OGGT% G CACCUUTCaCU TCCCCQGMCCGCTGGAUTC 3000
Q C V V P T T 1 I A S P I D P K G Q I G A Y E A A L I I T K I A I P E Q P L I I 566

Ilk C
CTGCGTICTCTGCICIGC?TTG6CCCGTGCCTCGCCTGTTCUCCleCGTGCGGCACGIC6TlGC61GCTGUCTCCGT6CAGGTGCGTTUA6C6U6UCUlGC 3120
L I T L H S F D P C L A C S T H V L G D D G S E L I S V Q V I U I Q 597

C1G6UGCGICI&CGTTG?CIGCCCUC6T T6TC16CCsCTTIGCGCCIGCGC6TCTGGCAC?GGTMCGG?GT6TITGCTGG1NCGG? lTTG?CICCGG lffCT"ITCGGCMGCCG 3240
Q K S D I V V S H I V F E I P V R I I I I L T V L C I A V L N V T G I F I G I P 42

CTICCTTCCGTC1CGCGCG6C6ICG TACTUlUCGCTAClTC166TTUTTCGCTTCs6CGCGG^GG TMTICCGTGG TC%NCG61r1Ct66GCTTmT 3360
L P S V S G E I T L F I I G I I I L I H F S A G I V F T V V L L I I I V I A F 82

GTT66CUTCG1TACTCCCG ^CGI G mlTTICG?GCCGGTlTGGCGT6CTS6 IGGG66C6Tt?G6"N ITs TCC6CT G?TCTGTTTCMCUNCGTCCGlGTGCCGA 3480
V G I I 1 S I I L F I V P V I I K S 1 1 Q G V I Y I I R V Y L F L A K I P S A U 122

ATAGGCCUuMTCCClTCGC CCIGGClGCGA?GTTC6IT"CCTUTlmCComGiTClT?IUTClTCT6CTA CGCTGIUGCGAICICIGCCkGTACGC 6CGCCG 3600
I G H I P I A Q A A I F G I F L I S V F I I I T G F A L Y S E K S Q I A I F A P 162

TTCCGTTNw6T6GTGGMTTTUTCTlCTGGICG6G6GGMCCliClC16 ICtG6CTGGCTCvG6C%GGGIT6AG6CT GGC6GACGT6MITCGGTCAT6v1 ICAT6GCG 3720
F R I V V E F F 1 I T G G I S I D I I S I I I L G I I L I G A F V I G I V I I 1 202

hAI D
CTGCGTGLICITCD TICICACSDDT'CVCI5 TCICVTICC lG I CSCHTKF CUGKIUCIKIG IGAGCIU C2CGCGT 3840
L R I D I I S D D t V I S T I V I G I R S I I P G I I S I I E R S U 235

I s I Q I v v 8

TCITMGC?G66CIUCC C CU66UGGCTs TGCCCUTACCGGG?G ACM CC6AGTAT6CTG6AGCCCGIG?TTG%GIUTTGTC6NXC6 TACTCAG6 3960
V I G L G I L L I A D I G F G V I V A I I L I A H Y I I P I T V I I V D G G T Q 48

GICtGUACT%CTGGGGT6%TCGAU6CGCClGCCI T6%ITTUTTCTCUTGCCATMCUICCGG%TGGIICCTGGUCGCTGCGUCTAT6CCT6CGUGIAC6Cl CC GGCTTITC 4080
G L I L L G I V E S A S I L L I L U 1 I D I G L I P G t L I T' A G I I I P A 1 88

TCI6CGCGUAGAAAA?GkGcc?GUuT6Co CAQCI6TTTCT =GTNGGCGCNGC66CTI6CCGCGG 6ClTC?GCCIGCICITATTGCCC?CGTCGT;TCTGCU CCC6CAAT6CTCG 4200
L S A K K I S L I Q I S F S I V L A L A D I I G H L P A H I A L V G L Q P A I L 128

ulatus and studies on the incorporation of33S into the [NiFe]
hydrogenase of Wolinella succinogenes indicate that there
are two sulfur ligands to nickel, which raises the possibility
of the involvement of the second of the paired cysteinyl
residues (Fig. 7, region 4) in nickel liganding (1, 42). EXAFS
data have also indicated that, in addition to the sulfur
ligands, there are three or four ligands involving either
nitrogen or oxygen at the nickel-binding site of the [NiFe]
hydrogenase of D. gigas and the [NiFeSe] hydrogenase of D.
baculatus (9). The presence of these additional ligands
suggests that there might be other highly conserved domains
involved in the formation of nickel ligands. Two additional

conserved domains which could be the source of oxygen
and/or nitrogen ligands have been identified in the large
subunit of the [NiFe] and [NiFeSe] hydrogenases (Fig. 7,
regions 1 and 3).

Additional ORFs in the hya operon. The gene encoding the
large subunit is immediately followed by a ribosome-binding
site and an ATG initiator codon, indicating the presence of a
third ORF in the putative operon. This arrangement is
repeated for three additional ORFs. A codon usage analysis
supports the presence of four potential ORFs in the hya
operon in addition to the genes encoding the two structural
subunits. Similarly, the presence of additional ORFs in the
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ACUACTCGGCGGTAGCCTU 6CGUCAICGGQGCS TGCCCGCTGCGGUACAGGCGZGCGCTGGCGaGCTTGCTGCG$6GGGGn6TGTGCCGCUkCCGGCSUTG6TCGCGCT 4 3 2 0
D D Y G G S L S I L A R I Q L P A A E Q A A L A Q L A A V G I V P Q P A N I S R 168

HYA B
GTCTCliTTITGkCTT?MC^TCCT CGCTTGCGCCAGACGTANCACGGAGICCGGA GCIGGG6eGA6Cu ACGACkGCCATT!GIGCG?TGTSGCkACG 4440

C L I Y D C L S I I I Y I G V R L R Q Y R I T Q I E Q G U 196
I S I D T P F D A L V Q R 13

AkT6CTGGCGCGCG6CTGGACGCCA6TCAGTGIUTCCCGTCTTGACGIC?GG6CTTCGCkAGCGCCkAICGGCGTGG6NT!ATCA6GCAG?GkCCCG -CGCACGCCAGA6GTCA6CGA 4560
I L A I G I T P V S I S R L D D I L T Q A P D G V V L L S S D P K R T P 1 V S D 53

TAITCCGGTIAT6^eGG6CGUTTCT6GCGCATMCCCGACTITACITGGCAGGTGGCGATTGCTGACCTT6AGCIGIGCGAAGCCATC66CQTCGCTTTGGCGTCTTTCGC?TTCC 4680

I P V I I G B L L R I F P D Y T V Q V A I A D L I Q S E A I G D R F G V F R P P 93
BYIA F

TGCCICT?T6GT T TCCGGCGGUCTTCGCGGCGTGC%TGTATG?T?CACCCGTGGGCGGkACTGA?UlCC?GA6CGCGGGCaT6?CG6iCCGCIGCIGGAGCGTGCCTCATG 4800
A T L V F T G G I Y R G V L I G I H P V A E L I I L I R G L V E P Q Q I R A S U 132

1 1

IGCGUACiTTti iCCITMCTGCGGCCIGG6ACGCIACCGUCGITGACIGTTTCIGCUXGMTCCIC?GCC6ATCICCTGTCIG66SUTGITGLACC6Aw^NTGGCGGCCCTGGAG 4920
S I T F F I L L G P G T Q P 1 D D S F S I I P L P I T C Q V I D I P S I A A L E 41

CUfSTGTCTCICIGCCCGCIGGTUTTGCGCTGT--UCGIGTTICAACITCUACTUGCGAICGCCUCCGCC ?T=G CG^G6?GCTGGCIGTCGITCT6TTMITCTCUACGCCQC 5040
Q C A H S P Q V I A L L I I L Q H Q L S I R Q P P L G I V L A V D L L I L I A D 81

GlTCGTCIC - UTCIATICGCTTCTCGUUGGGUGGGGAGTGTC^6 GC6CkTTCIGCAG6CTGIC6ClG%IUGTG- 6T6-TU GGCGITCTTCT=illlCGGG%CGC 5160
D I H F I I T L L G I G I V S V I I Q Q A D D S I S I I Q I A I F C G L I I V 1 121

AGAC6TCCGGC6CC&GTTGCTGG6166CAU- CGQGGCTGCTCGCGCCGC?GGCAG6N=IGCGGCIACGCMUTCTCTTGCCG ICA61TThACTGTTCC GCCGCCCATT 5280

R R R G I I L L I D I L I A G C A P L A L I Q A A T Q I L L P T D S L L P P P I 161

GU?GGCCTGUTMTGGCCTlCC6ITTCCCU6^6eACt6GCACi%"fACGTACCCCQCGCGCk6CCGCACAGCltTTMTCs1CGCMTTACCCI CA6CQG6CTGUTCGGCTT 5400
D G L I I G L P L A H I L L A H V R I P D A Q P H S I I L T Q L P I S I A D R L 201

T?TCTCTClC666"%%GGCCGTUTCGIUTk?CIGITlCCITT6 - U6^s GCTATI?CkICGCCICGGGG6TT CGCCNTGTCTGGClmTTACGCTGTACGGICICCTTI 5520
F L S R L C G P G I I Q I R T I G Y G I S Y I I A T G L I H V I H L R C T D T L 241

AnGGCCCGTTA6xUGT?k?GAIAT6CC CCCTICCGGe6TWT6 C6C6 CkGe6s6TC6AC T%GCGICA GCGCAGCGGC T?IGCGAGGTN TGTCIGTGGCTG6C;GGU 5640
K G P L L I S Y I I C P I P 1 V V L A A P 1 D L V D S A Q I L S I V C Q V L A E 281

GTG6CNCCGACCT6AGCGGTU6GTTUCGCC GTCT TU6aTUCGCUTCGG6GIATCCTCTGCGQGTA6^6CA66 GAUGIGG16A ITCTACCITTATC6GG6AT 5760
A A P V U ----- > ---< 285

-,i-jv2r-.LC-,tCTCTSCsCC6CC66CG6 ACGCGGCI CTICCGCT6TUCGCTA?k?CICmTTA GTT CCCC!TACCCT6GGCTGITT6M5880

TlTGTGGT^TGACCl - ^CGTGCkC CIAT^f -----TAGIMCGRUCA 6000

CCGVTCCT?CCCGGCCTIACCAV 6023

hydrogenase operon of B. japonicum is indicated by the
presence of a ribosome-binding site and an ATG codon
immediately downstream of the large subunit gene (32).
Consistent with this possibility, the partial nucleotide se-
quence of the putative third ORF of the B. japonicum
hydrogenase operon would encode a polypeptide with 50%
homology to the polypeptide encoded by the third ORF in
the E. coli hya operon (Fig. 8). This level of homology would
be highly unlikely in a nongenic region.
The derived amino acid sequence of the third ORF from E.

coli indicates that its product, HyaC, is very hydrophobic, is
rich in aromatic residues, and has four putative hydrophobic
membrane-spanning regions (Fig. 9). Its general topological
homology to bacteriorhodopsin (17) is striking (data not
shown) and suggests there may be as many as six membrane-

spanning helices. Recently, the dimethyl sulfoxide reductase
(dms) operon from E. coli was fully sequenced (4); and one
of the ORFs in the operon (dmsC) codes for a protein with
eight hydrophobic helices. It has been speculated that this
protein may play a role in anchoring of the structural
subunits to the membrane, proton translocation, or electron
transfer. In Alcaligenes eutrophus the regulatory and struc-
tural genes for the hydrogenase system are found on a
megaplasmid. One of the loci necessary for hydrogenase
activity (HoxM), is required for anchoring of the [NiFel
hydrogenase to the membrane. This region lies immediately
downstream of the genes encoding the structural subunits of
this membrane-bound nickel-containing hydrogenase and
might be analogous to HyaC of E. coli (13).
The predicted polypeptides from ORFs 4, 5, and 6 were
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Db N SLSRREFV CSAGVAGLGIS
I ~~~~~~~~~~~~~111:1::':

Dg MKCYI G RGKDQVEERLERRGVSRRDFMXFCTAVAVAJIGMG
, ~~~~~~~~~I1 1:11 ':' : :'

Ec MIN E E TFYQAN R RQGVTRRSFLKYCSLAATSLGLG
1 111 1112ii 1.1 " ,"

Bj MGA A TE TFYSVI R RQGITRRSFHKFCCLTATSLGLG
I ....2I I1I1.1I1 I2 2I, ,2 ,I

Rc METKPLSDIETFYDVM R RQGITRRSFMKSVRSPQHVLGLG

Db QIYHPGIVHANTEGAKKAPVIWVQGQGCTGCSVSLLWAVHPRIK
: 1:1 1: .: 11111 1", :''

Dg PAFAPKVAEALTA KKRPSVVYLHNAECTGCSESLLRTVDPYVD
222:1 I2::2 :':,

Ec AGMAPKIAWALEN KPRIPVVWIHGLECTCCTESFIRSAHPLAK

Bj PLAASRIANALET PR IMHGLCTCCSESFIRSAAPLVK

Rc PSFVPLIGEAMET KPRTPVVWVHGLECTCCSESFIRSAHPLAK

Db EILLDVISLEFHPTVNASEGEMAIDHYEIAEKF NGNFFLLV

Dg ELILDVISMDYHETLMAGAGH AVEE ALHEAI KGDFVCVI
Ii . III

EC DVILSLISLDYDDTLNAAAGT QAEE VFEDIITQYNGKYILAV
. II2.I II I2I I I.2I I 2II I II ,2 ,,,,,

Bj DAVLSMISLDYDDTIMAAAGH QAEA ILEBTRAKHKGQYILAV

Rc DVVLSMISLDYDDTLAAAAGH AAEA AFEETIAKYLGNYILAV

Db EGAIPTAKEGRYCIVGETLDAKGHHHBEVTOIELIRDLAPKSLA T

Dg EGGIPMGDGG Y W GK V GRRN MYDICAEVAPKAKA V
I I 1.1. .

EC EGNPPLGEQG N F CI S SGRP FIMKLKAAAGASA I
I1I2 I2 II I1. .,,

ZGNPPLNEGG N F CI D GGKP FVBK!ODAE DAM I

00505000~~~2211152I5I05 555 555:5
Rc DGNPPNIEDG N F CI T GGKP FVBLRHAAE GAKAI

Db VAVGTCSAYGGIPAAEGNVTGSKSVRDFFADEKIEKLLVNVPGCP
.I. II I. .I II . I I 2I I . I~. II I

Dg IAIGTCATYGGVQAAKPNPTGTVGVNE ALGKLGVKAINIAGCP

Ec IAVGTCASWGCVQAARMTQATPIDK VITDKPI IKVPGCP
I I I I II II . I I I I I I III 111 |11

Bj IAVGACASWGCVQAAKPNPTQATPIDK VITNKPI IKVPGCP

Rc ISWGACASYGCVQAAAPNPTQATPVHK VITDKPI IKVPGCP

Db PHP DWNVGTLVAAWSHVLNPT EHPLPELDDDGRPLLFFGDNIH
0 : ~ 1|| :

Dg PNPMNF VGTVV HLL T K GMPELDKQGRPVNFFGETvH

Ec PIPDVN SAIIT YNV TFD RLPDVDRMGRPLMFYGQRIH

B; PIAEVM TGVVT FIT TFG KLPELDRQGRPIOFYSQRIH
510111 1111 11: 111111,",'2 ",",","

Rc PIAEVM TGVIT YML TFD RMPELDRQGRPAMFYSQRIH

Db ENCPYLDKYDNSEFAETFTXP G CKAELGCKGPSTYADCAK

Dg DNCPRLKHFEAGEFATSFGSPEAKKGYCLYELGCKGPDTYNNCPK
Ec DKCYRRAHFDAGEFVQSWDDDAARKGYCLYKNGCKGPTTYNACSS

Bj DKCYRRPHFDAGQFVEEWDDEAARKGYCLYKNGCKGPTTYNACST

Rc DKCYRRPHFDAGQFVEHWDDENARKGYCLYKNGCLGPTTYNACST

Db R RWNNGINWCVENA VCIGCVEPDFPD GKSPFYVAEU
:1: :11 5 0 5 1 11 1111, :

Dg Q LFNQ VNWPVQAGHPCIACSEPNFWD LYSPFY SAU
.2

1 .1 .1 .1 1 .1 1 ItI I'I

Ec T RVNDGVSFPIQSGHGCIGCAENGFWDRGSFYSRVVDIpQoG
. 12 12. 21 1 1 1 1 |
. l. : 1:

Bi V RWNGGVS NQSGHGCIGCSZDGFWDKGSFYDRLTNIKQFG

Rc VPLER RRHFP IQSGHGCIGCSEDGFNDQGSFYDRLTTIKQFG

EC THSTADTVGLTALGVVAAAVGVHAVASAVDQRRRHNQQPTETEHQP

Bj IZEKADQIGNVAAGAVGAAVAAHAAVTAV KRLATKRE DADH
11 I'll 1:.l ''l ... 11,11 : {@11 : : :

Rc IEATADQIGNTATGLVGAAVAAHAAVSVL KR AQKKN E AU

BC GNBDKQAU

Bj NSU

FIG. 6. Comparison of the nucleotide-derived amino acid se-
quences of the small subunits of nickel-containing hydrogenases.
Abbreviations: Db, D. baculatus; Dg, D. gigas; Ec, E. coli; Bj, B.
japonicum; Rc, R. capsulatus. The asterisk marks the first residue
of the mature small subunits as determined by amino-terminal
protein sequencing. A conserved region found in all hydrogenase

Db

Dg

1
Bj

Rc

Mt

Db

Dg

Ec

Bj

Rc

Mt

47-M F R G F E Q I L R G R D P R D
*

41-L F R G L E M I L K G R D P R D

52-I F R G L E I I L Q G R D P R D

51-M W R G I E V I L K N R D P R D

51-N W R G L E V I L K G R D P R D

37-E F R G F K F L Q G R P I E E

67-V Q R I C G V C P T A H C T A S

2rWR C G V C IAL A61-T Q R A C G V C T Y V H A L A S

72-V R I C G V C T G V H A L A S

71-T E R I C G V C T G T H A L T S

71 T R I C G V C T G T H A L T S

57-V P R I C G I C D V Q H H L A A

Db 112-QS H I L H F Y H L A A L D Y V

Dg 106-H D H L V H F Y H L H A L D W V

EC 117-H D H L V H F Y Q L A G D W I
.22,. .

Bj 116-H D H V V H F Y H L H A L D W V
I . . . . . .RC 116-H D H I V H F Y H L H A L D W V

Mt 105-H S H GL H F Y F L A A P D F I

Db 485-RL V R S Y D P Z L G C A V H V-514
. 2. . . . .

Dg 522-RT V H S Y D P C I A C G V H V-551
2, . 2, 2, . 2, . . .

EC 568-R T L H S F D P C L AC S T H V-5974 1 : 11 , 122,
Bj 567-R T I H S F D P C L A C S T H V-596

I . 1. *

RC 568-R T L H S F D P C L A C S T H V-597
I~~

Mt 435-MV I R A Y D P C L S C AT HT-472

FIG. 7. Comparison of four highly conserved regions (numbered
1 through 4) of the large subunits of nickel-containing hydrogenases.
Abbreviations indicate organisms as in Fig. 6 with the following
addition: Mt, M. thermoautotrophicum. Numbers at the beginning
of each fragment indicate their positions in the complete polypep-
tide. The most conserved portion of each region is underlined, and
each is discussed in the text. The residue marked Z at position 495
in the D. baculatus sequence is selenocysteine, which is coded for
by the TGA triplet.

compared with existing proteins in the Protein Identification
Resource Sequence data bank, The University of Geneva
Sequence data base, and the N.B.R.F. protein data bank.
The search did not reveal homologous proteins, and at
present we do not know the role played by these gene
products in the processing and activation of hydrogenase.
Although the operons for the [Fe], [NiFe], and [NiFeSe]
hydrogenases (21, 23, 38, 40) of the sulfate-reducing bacteria
contain only the genes encoding the structural subunits,
hydrogenase operons from other systems may include genes
that code for additional proteins. The operon for the [NiFe]
hydrogenase of M. thermoautotrophicum has been shown to
encode two additional proteins, one of which appears to be
a unique polyferredoxin (24). The regulatory system for the
[NiFe] hydrogenases in A. eutrophus has also been shown to
involve more than one operon (B. Friedrich, Proc. Int.

signal peptides is underlined. Conserved cysteine residues are
underlined. Vertical lines ( ) indicate identical amino acids,
whereas colons (:) indicate neutral changes.
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1 M M D A V A P A S D A R P D L A S R D A
I

1 M Q Q K S D N V V S

21 S G E R A V G R P T V Y V Y E A P V R I
.

11 H Y V F E A P V R I

41 C H W V N A F S I I V L M V T G Y L I G
. . I

I * * I I
21 W H W L T V L C M A V L M V T G Y F I G

61 T P L P T V A G E A S D N F V M G Y I R

41 K P L P S V S G E A T Y L F Y M G Y I R

81 F A H F A A G Q V L A V F F L T R I L W
I . I .

61 L I H F S A G M V F T V V L L M R I Y W

101 A F V G N H H S R Q I
I II I I.

81 A F V G N R Y S R E L

FIG. 8. Comparison of the nucleotide-derived amino acid se-
quence of E. coli HyaC to the amino acid sequence derived from the
nucleotide sequence 3' to the hydrogenase large subunit gene of B.
japonicum (see Results and Discussion).

Hydrogenase Symp., 1988). It has been shown that the
NAD+-reducing [NiFe] hydrogenase system encodes the
structural proteins plus one additional protein and that the
membrane-bound [NiFe] hydrogenase system encodes five
new peptides of unknown function (15).
The role of E. coli hydrogenase 1 is perhaps the least

understood among the three hydrogenases in E. coli. Studies
on its expression and regulation are complicated by the facts
that hydrogenase 1 accounts for less than 10% of the total
hydrogenase activity and that expression of the different
hydrogenases is in many cases coordinately regulated, mak-
ing physiological studies difficult. To better understand the
role of this enzyme in E. coli anaerobic metabolism, we
constructed deletion mutants encompassing the complete
hya operon as well as individual structural genes. Comple-
mentation of these mutants with sequential deletions in the
hya operon showed that at least five of the ORFs are
essential to produce active hydrogenase 1 (about 30% of the
wild type activity was recovered when mutants were com-
plemented with hyaA through E). Restoration of wild-type
hydrogenase levels occurred only when mutants were com-
plemented with all six ORFs. Preliminary mapping studies

1.4

1.2

I

.4

.2

. ....

FIG. 9. Plot of the buried helix profile for HyaC. Probable
membrane-spanning regions have been marked. The analysis was
done on the PC/Gene Raoargos program. The x axis represents
amino acid residue number, and the y axis represents the hydropho-
bicity index.

revealed that the hya operon is located at 21 min, hence
defining a new locus involved in hydrogenase metabolism in
E. coli. All of these results will be reported in detail in the
future (N. K. Menon, K. T. Shanmugam, J. Wendl, J.
Robbins, H. D. Peck, Jr., and A. E. Przybyla, manuscript in
preparation).
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