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The nucleotide sequence of a Sau3Al restriction nuclease fragment that complemented an Escherichia coli
chlD::Mu cts mutant strain was determined. DNA and deduced amino acid sequence analysis revealed two open
reading frames (ORFs) that potentially codes for proteins with amino acid sequence homology with binding
protein-dependent transport systems. One of the ORFs showed a sequence that encoded a protein with
properties that were characteristic of a hydrophobic inner membrane protein. The other ORF, which was

responsible for complementing a chilD mutant, encoded a protein with conserved sequences in nucleotide-
binding proteins and hydrophilic inner membrane proteins in active transport systems. A proposal that the
chiD lcus is the molybdate transport operon is discussed in terms of the chiD phenotype.

Under anaerobic conditions in the presence of nitrate,
Escherichia coli synthesizes a membrane-bound multi-
enzyme complex that is composed of formate dehydroge-
nase, cytochrome b556, and nitrate reductase (23). The
formate-nitrate reductase system is the preferred anaerobic
respiration pathway in which formate is oxidized and nitrate
is the terminal electron acceptor. Mutants that are selected
for chlorate resistance, designated chl or nar, lost the
activity of the formate-nitrate reductase system. The chlA,
-B, -D, -E, and -G mutants are pleiotropic in that they lack
nitrate reductase as well as other molybdoenzyme activities.
The nar mutants have mutations in the nitrate reductase
operon and exhibit altered expression of nitrate reductase (28).
The chlA, -B, -D, -E, and -G mutants have been implicated

in the synthesis of the molybdenum cofactor, a
molybdopterin species of undefined structure (18), that is
common to all molybdoenzymes, with the exception of
nitrogenase. The chlA and -E gene products are thought to
be involved in the biosynthesis of the pterin, while the chlB,
-D, and -G gene products appear to be required for the
processing of molybdenum. The phenotype of the chlD and
-G mutants can be suppressed by the addition of high
concentrations (1 mM) of molybdate to the growth medium
(9). The results suggest that the chlD and -G gene products
are involved in molybdate transport, processing, or insertion
of molybdenum into the cofactor structure, and the high
levels of MoO42- presumably circumvent the role of these
gene products. These observations have prompted us to
investigate the chlD locus.
We determined the DNA sequence of a Sau3A1 restriction

nuclease fragment of E. coli DNA that complements an E.
coli chlD::Mu cts mutant (28). Two open reading frames
(ORFs) were identified in a 1,609-base-pair (bp) restriction
fragment, and preliminary evidence based on DNA and
amino acid sequence analysis suggests that the chlD locus is
an operon that is involved in the active transport of molyb-
denum.

MATERIALS AND METHODS
Organisms and growth media. All strains used in this study

were derivatives of E. coli K-12. RK5202 (chlD: :Mu cts) is a
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chlorate-resistant derivative of RK4353 (28). All bacteria
were grown at 30°C and PN medium (28) was used. For solid
media, purified agar (Difco Labortories, Detroit, Mich.) was
added, with a final agar concentration of 1.6% (wt/vol).
Carbenicillin was added separately as a sterile solution at a
final concentration of 50 ,ug/ml. Plates were incubated
anaerobically in anaerobic chambers (GasPak; Becton
Dickinson and Co., Paramus, N.J.) under an atmosphere of
H2 and CO2.
DNA manipulations. Restriction enzyme digestion, restric-

tion fragment isolation with DEAE membrane (NA-45;
Schleicher & Schuell, Inc., Keene, N.H.), and ligation of
DNA with T4 DNA ligase were performed as described by
the vendor. The restriction nuclease sites were mapped as
described previously (14).

Construction of the E. coli genomic library. E. coli chro-
mosomal DNA was partially digested with the restriction
endonuclease Sau3A1. The different-sized restriction nucle-
ase fragments were separated in a 5 to 20% (wt/vol) sucrose
density gradient containing 1 M NaCl, 20 mM Tris hydro-
chloride (pH 7.5), and 1 mM sodium EDTA (14). The
fractions from the sucrose gradient containing DNA frag-
ments 2 to 4, 4 to 6, 6 to 9, and 9 to 12 kilobases (kb) were
identified by agarose gel electrophoresis. Each of the four
size-selected Sau3A1 restriction nuclease fragments (3 ,ug)
were separately ligated into the expression vector plasmid
pUC9 (1 ptg) that had been linearized at the BamHI site and
dephosphorylated with bacterial alkaline phosphatase (pre-
venting self-circularization). The four genomic libraries of E.
coli chromosomal DNA with inserts with different sizes were
used to transform the E. coli mutant strain RK5202
(chlD::Mu cts [28]) that was made competent (11).

Genetic complementation test. Clones complementing
RK5202, a chlD mutant strain, were selected by plating the
transformed bacterial colonies on PN agar containing car-
benicillin, and the plates were incubated anaerobically at
30°C for 3 days. Several colonies from each plate (represent-
ing a genomic library of determined-size fragments) were
purified on LB agar containing carbenicillin and then tested
for temperature sensitivity and autoinduction to detect the
presence of phage Mu cts. The plasmid from each clone was
isolated by the alkaline lysis method (2) and analyzed by
agarose gel electrophoresis. The plasmids containing the
smallest and the largest inserts of E. coli DNA complement-
ing the chlD mutant were retained for study.
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DNA sequence determination. DNA sequencing was per-
formed as described previously (14) with the following
sequencing strategy. The insert of E. coli DNA in plasmid
pSJE301 was isolated and digested into smaller DNA frag-
ments with the restriction endonuclease Sau3A1, and then
the fragments that were ligated into the BamHI site of M13
mpl8 were used for DNA sequencing analysis. Unique
cloned Sau3A1 fragments were identified by their DNA
sequence, which was used to determine the sequence of
complementary synthetic oligonucleotides (1Smer) DNA se-
quencing primers. The synthetic oligonucleotide primers
were used to extend the sequence of each restriction frag-
ment in both directions by using the entire insert of E. coli
DNA as a template for dideoxy chain-termination reactions
(24). This sequencing strategy resulted in approximately 500
bp of DNA sequence from each Sau3A1 clone.
Subcloning procedures. pSJE301 and subclones of

pSJE301 were constructed to define the region complement-
ing the chlD::Mu cts mutant (RK5202). pSJE301 was ob-
tained by cleaving pSJE300 at the EcoRI and Hindlll restric-
tion sites at the ends of the pUC9 polylinker and then
isolating the 1.6-kb cloned insert of E. coli DNA by using
standard procedures with the DEAE membrane NA-45. The
isolated 1.6-kb restriction nuclease fragment was ligated into
the EcoRI and HindlIl restriction sites of plasmid pBR322.
pSJE310 was obtained by cleaving the isolated restriction
fragment at the BalI site and ligating it into the vector
pBR322, which was cleaved at the HindIII, BamHI, and BalI
sites. pSJE311 was constructed by cleaving the isolated
1.6-kb insert of E. coli DNA at the XmnI site and then
ligating it into pBR322, which was cleaved at the HindIll,
BamHI, and PvuII restriction sites. pSJE312 was obtained
by cleaving the 1.6-kb restriction fragment at the Ball site
and then by ligating it into the vector pBR322, which was
cleaved at the EcoRI and BalI sites. pSJE313 was con-
structed by cleaving the insert of E. coli DNA at the AccI
site and then by ligating it into the vector pBR322, which was
cleaved at the EcoRI and AccI sites. All of the subclones
described above were transformed into competent E. coli
DH-1, and then they were selected for ampicillin resistance
and subsequently screened for tetracycline sensitivity. Plas-
mids from the clones with the correct antibiotic phenotype
were isolated by the alkaline lysis method (2) and analyzed
by agarose gel electrophoresis. DNA-DNA hybridization
was performed with all derivatives as described previously
(14) to ensure that they contained the proper insert of E. coli
DNA. The ability of each subclone to complement the E. coli
chiD::Mu cts mutant RK5202 was tested by plating trans-
formed RK5202 colonies on PN agar (28) containing carben-
icillin, and the plates were incubated anaerobically at 30°C
for 3 days.
Computer analysis. DNA sequences were analyzed with

programs that are available at Cold Spring Harbor Labora-
tories (Cold Spring Harbor, N.Y.) (19). Amino acid se-
quences were analyzed by using the secondary structure
algorithm described by Chou and Fasman (3), and the
hydropathy profile was predicted by the method described
by Kyte and Doolittle (20).

RESULTS

Determination of the chlD DNA sequence. The insert of E.
coli DNA in the pUC9 expression vector (pSJE300) that
complemented the E. coli mutant strain RK5202 (chiD::Mu
cts) was subcloned into the EcoRI and HindlIl sites of
pBR322 (pSJE301). Both strands of the 1,609-bp insert of E.

coli DNA in pSJE301 were sequenced independently more
than once (Fig. 1).

Localization and DNA sequence of the chlD gene. The DNA
sequence of the insert in pSJE301 was surveyed for ORFs as
possible candidates for the chiD gene. The physical map of
the insert of E. coli DNA in pSJE301 that was derived from
the DNA sequence was used to determine convenient re-
striction sites for subcloning the various ORFs (Fig. 2). The
subclones of the complementing fragment were ligated into
pBR322 (Fig. 2) and introduced into an E. coli chlD: :Mu cts
mutant by transformation. The strains were then tested for
anaerobic growth on nitrate. pSJE312 and pSJE313 were
able to complement the E. coli chlD::Mu cts mutant, which
suggests that the region contains the functional chlD gene.
The largest ORF in the region containing the functional

chlD gene was initiated by a ATG codon at position 607 and
was followed by 897 nucleotides until a nonsense codon
(TAA) was reached at position 1507. The other ORFs (in the
other phases in either direction) are relatively short and
coded for relatively small peptides. A possible Shine-
Dalgarno ribosome recognition sequence (26) at positions
594 and 598 (CGGGG) is 9 bases upstream from the pro-
posed initiation codon within the putative chlD gene. The
codon usage in the putative chlD gene gave an f index
(frequency of codon preference [16]) of 0.64, which fell
within the range of moderately expressed proteins in E. coli.
The ChlD protein. The large ORF initiated by ATG at

position 607 encoded for a polypeptide of 300 amino acids,
with a calculated molecular weight of 33,671. The
hydropathy profile, the charged amino acid distribution, and
the predicted secondary structure of the ChlD protein were
determined. The average hydropathy of ChlD was deter-
mined to be -0.15, which falls in the range of hydropathy
index values in which hydrophilic membrane proteins are
found (20). The ChlD protein contains 45% nonpolar amino
acids, 33% polar amino acids, and 22% charged amino acids
(37 of 67 charged amino acids are basic). The charged amino
acid residues were evenly distributed, which was not a
characteristic of hydrophobic membrane proteins. The sec-
ondary structure predictions show that the ChlD protein
conformation appears to be symmetrical. Both ends of the
protein are predicted to be in ,-sheet conformation inter-
rupted by n-turns with an a-helix stretch in the middle of the
protein.
The DNA sequence flanking of chiD gene. The chlD gene

was flanked on both sides by ORFs that were separated by
short intergenic regions (at positions 605 to 606 and 1510 to
1514; Fig. 1). This type of organization strongly suggests that
chlD is part of a polycistronic operon (4, 7). It has been
proposed that short intergenic regions are important for the
coordinate expression of macromolecules with multiple
subunits or a complex in which the components must be
made in equivalent amounts.

DISCUSSION

The amino acid sequence of ChlD, which was deduced
from the nucleotide sequence, was aligned with the amino
acid sequences of OppD (from the oligopeptide transport
system [13]), HisP (from the histidine transport system [12]),
and MalK (from the maltose transport system [8]) proteins to
show the extent of sequence homology (Fig. 3). These three
proteins that are being compared with ChlD are hydrophilic
inner membrane proteins belonging to the binding protein-
dependent transport systems. The degree of sequence ho-
mology between the proteins was the greatest in the middle
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ILE PHE PHE ALA TRP LEU LEU VAL ARC CYS SER PHE PRO GLY LYS ALA LEU LEU ASP SER VAL LEU HIS LEU PRO LEU VAL LEU PRO PRO
5'....GATC TTT TTCT GOCTGTTA CTGGTGCGTTOC AOCC TTTCCOGOOCAAAGCT CTGCTCGACAGC GTA CTGCAT CTA CCGCTGGTGTTA CCGCCC

10 20 30 46 50 es 78 8s 96

VAL VAL VAL GLY TYR LEU LEU LEU VAL SER MET CLY ARG ARC GLY PHE ILE GLY GLU ARG LEU TYR ASP TRP PHE GLY ILE THR PHE ALA PHE SER
GTG GTC GTC OCT TAC TTA TTA TTA CTT TCG ATC CCA COO CCC GGA TTT ATC OCT CMA COT CTG TAT GAC TOO TTT COT ATT ACC TTC GCC TTT AGC

168 116 126 136 140 150 168 170 180

TRP ARC GLY ALA VAL LEU ALA ALA ALA VAL MET SER PHE PRO LEU MET VAL ARC ALA I LE ARC LEU ALA LEU GLU GLY VAL ASP VAL LYS LEU GLU
TOO CCC GGC GCC OTT CTC OCT GCC GCC GTC ATG TCG TTT CCC CTG ATG GTG CCC GCA ATT COT CTG MCO CTOGACM GGC GTT OAT GTC MAA CTG CMA
196 268 216 226 236 240 250 266 276 286

GLN ALA ALA ARC THR LWU GLY ALA GLY ARC TRP ARC VAL PHE PHE THR ILE THR LEU PRO LWt THR LWU PRO CLY ILE ILE VAL GLY THR VAL LWU
CAG GCC GCA AGA ACA CTG COO GCCCGGCOOCC TOO CCC GTT TTC TTT ACT ATC ACO, TTA CCC CTG ACC TTA CCC GGA ATT ATT OTT COT ACG GTA CTG

296 368 316 326 330 346 350 368 376

ALA PHE ALA ARC SER LWU CLY GLU PHE CLY ALA THR ILE THR PHE VAL SER ASH ILE PRO CLY GLU DIR ARC THR ILE PRO SER ALA MET TVR THR
OCT TTT OCT COT TCT CTC OCT GAG TTT OCT GCA ACC ATC ACC TTT GTG TCO MAC ATT CCT OCT CMA ACC CGA ACC ATT CCT TCT GCC ATG TAT ACC

396 468 416 426 438 446 450 468 476

LWU ILE GLN THR PRO CLY CLY GLU SER CLY ALA ALA ARC LWU CYS ILE ILE SER ILE ALA LWt ALA MET ILE SER LWU LWU ILE SER CLU TRP LWU
CTG ATC CAC ACC CCC GCC 000 CMA ACT OGA GCCC GC AGA CTG TOC ATT ATT TCT ATT CCC CTG GCC ATG ATC TCC CTG TTG ATT TCA CMA TOO CTG

4806 496 568 516 526 536 540 556 568 576

ALA ARC ILE SER ARC GLU ARC ALA CLY ARC ... MET LWU GLU LWU ASN PHE SER GLN THR LWU CLY ASN HIS CYS LWU THR ILE ASH GLU THR
CCC AGA ATC AGC COT CMA COO CCC COO CCC TMA TC ATG CTG CMA CTG MAT TTT TCC CAG ACG TTG CCC MAC CAT TGC CTG ACT ATT MAT CMA ACG

568 596 866 616 626 636 640 656 668

LWU PRO ALA ASH CLV ILE THR ALA ILE PHE CLY VAL SER CLY ALA CLY LYS THR SER LWU ILE ASH ALA ILE SER CLY LWU TIR ARC PRO GLN LYS
CTG CCC GCC MAT GCC ATC ACT OCT ATC TTT GCC GTC TCC OCT GCC OCA MAA ACT TCG CTG ATT AAC GCC ATC ACT GGA CTG ACG CCC CCC CMA MAA

676 6GM 696 768 710 726 736 746 756 766

CLY ARC I LE VAL LWU ASH GLY ARC VAL LWU ASH ASP ALA GLU LYS CLY I LE CYS LWU TIR PRO CLY LYS ARC ARC VAL CLY TVR VAL PHE GLN ASP
GCC CGG ATT GTC CTC MAT COO COO GTA CTA MAT CAT GCC CMA MAA OCT ATC TCC CTG ACG CC CMA MCG COT CCC OTT GCC TAT OTT TTT CAG CAT

776 768 796 868 816 626 836 846 850

ALA ARC LWt PHlE PRO HIS TVR LYS VAL ARC CLY ASH LWU ARC TVR CLY MET SER LYS SER MET VAL ASP GLN PHE ASP LYS LWU VAL ALA LWU LWL
GCG COO CTG TTC CCC CAT TAC MAA GTG COT GCC MAT CTG CCC TAC CCC ATG TCG MAA ACT ATG GTC OAT CAG TTC OAT AAG CTG GTG GCCG CTT TTA

676 880 896 968 916 926 936 946 956

CLY ILE GLU PRO LWU LWU ASP ARC LWU PRO CLY SER LWU SER CLY CLY GLU LYS GLN ARC VAL ALA ILE CLY ARC ALA LWU LWU THR ALA PRO GLU
GGC ATT CMA CCC TTG CTT GAC COT TTA CCA CCC AOC CTG TCC OCA CCC CMA MAA CAC CCC GTG COO ATT OCT COG OCT TTG CTG ACA GCA CCC CMA

968 976 986 996 60 1 616Isi 1626 1636 1640 1650

LWU LWU LWU LWU ASP GLU PRO LWU ALA SER LWU ASP I LE PRO ARC LYS ARC GLU LWU LWU PRO TVR LWU GLN ARC LWU THR ARC GLU I LE ASH I LE
TTG CTG TTG CTG CAT CMA CCC CTG GCCC TCA CTG CAT ATT CCC COT MAA CCC CMA CTG TTG CCT TAT CTG CMA COO CTG ACA COO CMA ATC MAC ATT

1668 1676 1686 1909 1168 1116 1126 1136 1146

PRO MET LWU TVR VAL SER HIS SER LWU ASP GLU I LE LWU HIS LWU ALA ASP ARC VAL MET VAL LWU GLU ASH CLV GLN VAL LYS ALA PHE CLV ALA
CCC ATG TTG TAT GTC AGC CAT TCG CTG OAT GAG ATC CTC CAT CTG OCA GAC AGA GTG ATG GTA CTG CMA MAC OCT CAC GTG MAA GCC TTT GGC GCG
1156 1168 1176 1186 1196 1268 1216 1226 1236 1246

LWU GLU GLU VAL TRP CLV SER SER VAL MET ASH PRO TRP LWU PRO LYS CLU OLN OLN SER SER ILE LWU LYS VAL THR VAL LWU GLU HIS HIS SERt
CTG GAG CMA GTG TOO GGC ACT ACC GTG ATG MAT CCC TOO CTG CCC MAA GAG CMA CMA ACT ACC ATT CTG MAA GTG ACG GTG CTT GAG CAT CAT TCC

1250 1268 1276 1268 1290 1366 1316 1326 1336

ALA LWU ARC ASP ASP ARC LWU ALA LWU CLV ASP CLN HIS LWU TRP VAL ASH LYS LWU ASP GLU PRO LWU GLN LWU ARC TVR TVR PRO HIS SER CLV
OCA TTA CCC OAT GAC COO CTG GCG CTG GCC CAT CAC CAT TTO TOO GTC MAT MOG CTG GAC CMA CCC CTG CMA CTG CCC TAC TAT CCC CAT TCA GCC

1356 1366 1376 1380 1396 1406 1416 1420 1436

PHE ARC CYS PHE SER TRP PHE TVR ASH ARC ARC SERt LYS PRO ALA PHE VAL THR ILE ALA CLV LYS SER CYS *se eec MET THR THR DIR ALA
TTC CGA TOT TTC TCT TOO TTT TAC MAC CCC CCC ACC MAA CCA GCA TTC GTA ACT ATT GCC 0CC MAA ACT TOT TMA TAC TT ATG ACO ACA ACGO CCC

1440 1456 1468 1476 14806 1490 1500 1516 1526

ARC TRP LYS TRP ASH TRP LYS SERt ALA VAL LYS ARC CYS CLV ARC VAL SER ALA ARC CLV PRO CLV MET ASH TRP ARC
AGG TOO MOG TOO MAC TOO MCG TCG GCCC GTA MAA CCC TOT GOG CCC GTA TCA GCC COT COO CCA COO ATG MAC TOO CGA TC...3

1546 1556 1568 1576 1580 1596 1660 1869

FIG. 1. Nucleotide sequence of the 1,609-bp Sau3Al restriction nuclease fragment in pSJE3O1 and the deduced amino acid sequence of
the ORFs representing the C-terminal portions of chlJ and chiD. The initiation codon (ATG) for the chiD gene at position 607 starts an ORF
that encodes for 300 amino acids up to the termination codon (TAA) at position 1507.

chl/J chl/D
SAH H S

SAA A H AcS SBH X \1I S \IA S

0 1609 pSJE301(+)

Sou3AI BolI

0 570 SE O()
Sou3AI Xmn I
I ~~~~~~~~~~~~~~~~~~~~~~pSJE31I(-

0 713
Bat I Sou3AI

570 1609
PJ32+

AccI Sou3AI

470 1609 ~~~~~~~~~pSJE313(+)
FIG. 2. Correlated physical and. genetic map of the E. coli DNA complementing a chlD::Mu cts mutation. The restriction enzyme cleavage

map of the 1,609-bp insert in the plasmid pSJE3O1 is shown with the location of the ORF, (chlJ and -D). The solid arrow represents the
putative chiD gene, and the hatched arrow represents the C-terminal region of the putative chlJ gene. The restriction enzyme cut sites are

designated as follows: A, AluI; Ac, AccI; B, Ball; H, HindIII; 5, Sau3AL; X, Xmnl. The large arrows show the potential ORFs with the first
(ATG) initiation codon and all termination codons. The subclones of the plasmid pSJE3O1 are designated pSJE310, pSJE311, pSJE312, and
pSJE313, with each segment of cloned DNA indicated by the bracketed line. The chID gene or a portion of it is represented by the solid black
arrow. The result of the ability of each subclone to complement the E. coli mutant strain RK5202 (chiD: :Mu cts) is also indicated (+ or -)
to the right of each construct.
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ChID MET LW CLU ] - AS PHESER GLN THR 9
OppO MET SER LEU SER GLU THR ALA THR GLN ALA PRO GWL PRO ALA ASH VAL LEU LEU GLU VAL ASH ASP LEU AG VAL ALA THR PRO 39
HI P MET MET SER GLU ASN LYS fL-] HIS VAL ILE ASP HIS LYS ARC 15
MaIK MET ALA SER VALr GLN[MGLN [W VAL THR LYS ALA 12

ChID LEU GLY ASN ICYS LEU THR ILE ASN GLU THR[1]PRO[jASN - GLY ILE THR ALA ILE PHE AILA CLY LYS 37
OppD ASP GLY ASP THR ALA VAL ASH ASP LEU AS PHE THR LEU ARC ALA GLY GWL THR LEU GLY L VAL GLUSEA I GS IG LYS SO
Hi*P TYR GLY GLY HISGLU VAL LEU LYS GLY VAL SER CLN MARC ALA CLY ASP VAL ILE SER ILE ILE GLY 1SER GLY SER GLY LYS 45
MaIK TRP GLY GLU VAL VAL SER LYS ASP ILE ASN LEUJASPTIHIS GLU GLY GLU PHE VAL VALrNT!VAL GLY PRO LY MGLY LY 42

L.J~~ ~ ~ ~ ~ ~ [ GLYYERRLGLY LS

ChID THR - FSER LWEU ILE ASN ALA IE SERGLY LEU THR ARG[RCGHN LY GLY ARC ILE VAL LEUW GLYIARC VAL LW H ASP ALA CLU 6
OppO SER GLN SER LE ARG - MET GLY LEU LEU ALA THR ASN - GLYARC ILE GLY GLY SER ALA THR PHE - ASH GLY - ARG 86
HilP SER - HR PHE LEU ARG CYS L ASHPHEILEU GW LYS [O SER GC CLUALAYILE ILE VAL [ LY GCL ASN ILE ASH LEU VAL ARG 74
MaIlK SER - THRLEW LEU ARG MET ILE ALA GLU THR ILE THR SER GLYASP PHE ILE - CGLY LYS - - ARM 66

THR

ChID
OppD
HIsP
Ma K

ChID
OppD
HISP
Ma K

ChID
OppD
HIKPMa K

LYS GLY ILE CVS|IEUiTHR - GILYS - - - - C AMG - - - - TYRVAL PHE CWN ASPIALA AM - 86
GLU ILE LEW ASN ILEU PRO GLU U LEU ASH THR -MC AMC ALA - CW CLN E T I PHE ILM PRO MET THR 113

ASP LVS ASP CLY GIN LEU LYS VAL ASP LVS ASN LEU AMC LE LW AMC THR AMG LEU THR METVALPHECLNW PHE ASN 163

MET ASN ASP THR PRO - - [P]ALA GLU - - - -[LJ---JLY- (!A GYIET V SER TYR ALA - 84

[EUPHE PRO HIS TYR LYS VAL AMC GLYV UI AMG - TYR MET - SER - - - - LVS SER MET VAL ASP[FMI - 18

SER LEU ASN PRO MET AMC VAL CLY GCLU L MMET CW VAL LWMETU LW) HIS LYS CLY MET SER LYS ALA CLU ALA PHE CW CW 143
LEU TRP SERIHS MET THR VAL LEU LU AWMET CW ALA PRO Cl VAL LEU CLY LEU SER LYS HIS ASP ALA AM OW AMC 132

LEU TYR[ HIS LEU SER VAL ALA CLU - MET SER PHE LW LYS PRO ALA GLY ALA LYS LYS CLU VAL ILE ASN[]ARM 113

PHE ASP[a - VAL ALA - - LEU~CHGLY ILE Ii PROILID LIM ASP AMCLEU PRO GLY SER SER GLY CLY GLU LVS G 135
SER VAL AM MET ASP ALA VAL LVS MET PRO GLU ALAA LYSARGMET LYS MET TYR PRO HIS GLU PHE CLY MET AMC GCN 173

ALA LEU|WTYR LEU ALA - LY VAL GLY ILE ASP( A ALACWCLY LYS TYR PRO VAL HIS [SER CLY CLY GN CWNCGLN 189

VAL ASN - VAL - ALA - GLU VALE[GCN LEU ALA HISILEU LEU ASP AR,LYS PRO LYS ALAILEU SER GLY GLY GLN AMC [N 146

ChID ARCVAL ALA ILE CLY ARCAL LEULEUITHR ALAPROGLEU LEUL LEUASPCU PRO ALA SER LEU ASPILE PRO - [ILYS 164
OppD ARG VAL ILEIALT ALA LEU L CYS ARG PRO LYS LEU A ASP GU PRO THR ALA LEU ASP VAL THR - - VAL 261
HIGP ARC VAL S ILE M ALA LW AL MET GW PRO ASP GU PRO T SER ALA LW ASP PRO GWL LEU VAL GLY 190
MaIK ARC VAL ALA ILE CLG AC LW VAL ALA GCLU P SER VAL LUGWPRO ESER ASH LOU)ASP ALA ALA LEU [1VAL 176

A GLY- -H- H H HASP

ChID AM CLU LEU PRO TYR LEU[ RGM LEW - THR[jIIGLU ILE ASN ILE PRO - [I3LEU TYR - [i& SER HIS SER LW ASP I|5 191
OppD GCL - AL GL ILE - MET THR LEU LEU ASN GLU LEU LYS AMG GLU PHE ASH THR.A. ILE ILE MET ILE THR HIS ASPILEUIGLY VAL 229
HiOP GL VALLE-LAMG ILE - MET[ GW NLEUI ALA GLU CLU - CLY LYS - - THR M VAL VAL VAL THR HIS GLU M GLY PHE 215
MalK GWL - ETAMG ILE GLU ILE SERMRG LEU HIS LYS[]LEU CLY AMG - - THRL<J ILE TYR - IVALTHR HIS ASP GLN VAL n 196

ChID ILE LEUIHIS LEU ALA ASPAM I MET VALLEUIW CLU ASH [LY GCL LYS ALA PHE GLY ALA LEUW[ LU VAL TRP CLYSERI SER VAL 221
OppO VAL ALA GLY ILE CYS1JLYS VAL LN VAL TYR ALA CLY AM THR MET CW TYR CLY LYS ALA AM ASP VAL - PHE - TYR CGL 257
HIsP ALA M SER HIS ILE LW HIS GCl CLY LYSLE CLU CW CLU CLY ASP PRO OCLN VAL - PHE - GLY ASN 243
Ma K ALA MET LARLVS VAL ASP ALA GLYLAMC ALALA CLN VAL 1L LYS PRO LW AL VAL PRO LW@ 3]CLY AM 226

ChlD MET ASN - PR1 TRP LW PRO LYS CLU CWlN CGL SER[&E ILE[I ] LYSVS[ THR[I] LEU CLU HIS HIS SER ALA LEU AM ASP ASP AM 25S
OppO PRO VAL HIS IPROI TYR SER ILE CLY LEU LEU ASH ALA VAL PRO AMC LEU ASP SER CLU GLY ALA CW MET LEU THR ILE PRO GLY ASH PRO 287
HI sP PRO CLH SER[O ARGM LWCiClGii PHE LEU LVS CLYV LEU LYS END 256
MaIK PRO PHE CYS AMG AM ILE TVR ARM PHE ALA LYS ASP CLLEUL PRO[E9LYS (!.9] THR ALA THR ALA ILE ASP CGL VAL CGl VAL GLU 256

ChID L ALA LE GLY ASP - Cii HIS LEuIT]VAL ASN LYS LEU ASP GLUI LEUW[ LEU AMC TYR TYR PRO HIS SER CLV PHE CYS 279
OpPD PRO ASN LW LEW ARG LEU PRO LYS CLY CYS PRO PHE CLN PRO AMG CYSILR=JHIS ALA MET GLU ILE CYS ASN ASN ALA PRO PRO W LU 317

Ma K LWPRO MET PRO ASN AMRCHCGLH VAL T LEU PRO VAL GLU SER AM ASP VAL [GNVAL GLY ALA ASN MET SER LEU CL ILE[ JPRO 286

ChID - IPHE SER TRP PHE TVR ASNH ARGM SER - ILYS PROIALA PHE VAL THR ILE ALA GLY LYS SER CYS END 3"
OppO ALAPHE SER|PRO GLY AMG LEUWAMGALA CYS PHEILYS PRO VAL GLU GLU LEU LEU END 335

MaIK GLU HIS LEW LEU PRO SER ASP ILE ALA ASP VAL ILE LEU GLU GLY GLU VAL GCL VAL VAL CW GCl LEU GLY ASN GLU THR GLN ILE HIS 315

MaIK ILE GCL ILE PRO SER ILE ARM GL ASN LEU VAL TYR AM GCL ASH ASP VAL VAL LEU VAL GLU GLU GLY ALA THR PHE ALA ILE GLY LEU 346

MaIK PRO PRO CLU AM CYS HIS LEU PHE AM CLU ASP CLY THR ALA CYS ARM ARC LEU HIS LYS GW PRO CLY VAL END 37.

FIG. 3. Aligned amino acid sequences of the ChiD, OppD (12), HisP (15), and MalK (8) proteins. The amino acid sequences were aligned
(SEQHP program) for best fit based on the Danhoff protein atlas with a gap penalty of 8 (10). The identical amino acid matches with the ChID
protein are boxed. The alignment of OppD, HisP, and MalK proteins was taken from Higgins et al. (12). The consensus sequence found in
nucleotide-binding proteins is shown below the aligned sequence, and H in the consensus sequence represents a conserved hydrophobic
residue.

region. It has been proposed (13) that the conserved se-

quence is a result of a common evolutionary origin for these
transport systems, as well as constraints on structure and
function. The C-terminal region probably lacks sequence
homology because of a specific binding function in each
system. The regions of these proteins with extensive se-

quence homology are consensus amino acid sequences,
which have been speculated to be required for the formation
of the nucleotide-binding fold (29). Recently, the HisP and
MalK proteins have been shown to react with an ATP analog
(15), and an OppD-LacZ fusion protein was shown to bind to
a Cibacron blue affinity column (which retains ATP-binding
proteins) and to react with an analog of ATP (13). The
evidence suggests that these proteins have a common nucle-
otide-binding site.

The amino acid sequence of the ORF upstream from the
chlD gene is shown in Fig. 1. The cloning of the Sau3Al
fragment appears to have interrupted a gene, and the de-
duced amino acid sequence that is presented (Fig. 1) repre-
sents the C-terminal region of the protein. The presence of a
conserved sequence (-90 residues from the C terminus) that
was found in the ChlJ protein, as well as other hydrophobic
inner membrane proteins from several binding protein-
dependent transport systems, is shown in Fig. 4. The
hydropathy profile and amino acid charge distribution (data
not shown) of the C-terminal segment of the suspected Mo
transport protein reveals several potential membrane-
spanning regions. The presence of this conserved sequence
in the ORF and the hydropathic character (hydropathy
index, 0.754; the range in which hydrophobic inner mem-
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PROTEIN CONSERVED SEQUENCE

ChIJ GLN ALA ALA ARGITHR GLY ALA GLY ARG[TRMGA PIHE PHE THR ILE THR LEU PRO

MoIF GW ALA ALA MET GLY ALA GLY PRO PHE GLN iPHE PE LYS ILE THR LE PRO

MaIG GW A ALA LEU ASP GL ALA PRO[ GLN ALA PHEA LE VAL LE L) PRO

HiQ GW ALA ALA THR ALA PHE GLY PHE THR HIS GLY GLN THR IARG ARG iLE METPHE PRO
HiSM GLU ALA ALA ALA TYR GLY PHE SER SER PHE LYS MET TYR ILE

OPPC GLU AL ALA GLNVAL GLY GLY VAL SER THR ALASER ILE VAL ILE ARG HIS ILEVALPRO

PatC GWLi ALA TYR GLY I LE GLY CYS THR THR [i]CLuGVWA ILE TRP ARC L PRO

PstA GLU ALA ALA TYR ALAILU GLY THR PRO LYS LYS MET ILE SER ALA ILE THR LWUY

GLU ALA ALA - GL ILE LW PRO

DISTANCE FROM
C TERMINUS

(86)

(94)
(87)

(U6)
(82)

(U6)

FIG. 4. Amino acid sequence alignment of the consensus sequence -90 residues from the C terminus of integral inner membrane proteins.
The amino acids that are identical to the ChID protein sequence are boxed, and the conserved residues are indicated below. The alignment
of the conserved region in integral inner membrane proteins involved in binding protein-dependent transport systems was taken from Dassa
and Hofnung (5).

brane proteins are found [4]) confirms the reading frame
predicted by sequence analysis and suggests that it may
encode a hydrophobic inner membrane protein that is in-
volved in transport.
The ability to synthesize the molybdenum cofactor which

is common to all molybdoenzymes in E. coli requires the
expression of at least five chl gene products. The phenotype
of chlD and chlG is suppressed by the addition of relatively
high concentrations of molybdate to the growth medium,
which suggests that these gene products may be involved in
Mo acquisition. Glaser and DeMoss (9) found, however, that
the level of Mo accumulation is the same in chlD mutants
and wild-type cells. To understand the role that the chlD
gene plays in Mo metabolism, we determined the complete
nucleotide sequence of a 1,609-bp Sau3A1 restriction frag-
ment that complemented an E. coli chlD::Mu cts mutation.
Results of DNA and deduced amino acid sequence analysis
of the complementing fragment suggested a role for the chlD
locus in Mo metabolism. DNA sequence analysis of the
region complementing the chlD mutant showed only one
ORF coding for a protein of the appropriate size. The
initiation codon of the putative chlD gene was preceded by a
potential Shine-Dalgarno sequence (CGGGG) at the appro-
priate position and was followed by an ORF encoding for 300
amino acids. The deduced amino acid sequence of chlD
showed regions of homology (i.e., nucleotide-binding fold)
with hydrophilic inner membrane proteins in binding pro-
tein-dependent transport systems.

In bacteria the known binding protein-dependent transport
systems are made up of several proteins (1). The active
transport genes are usually contiguous, constituting an
operon under the control of a single promoter. The sub-
strate-binding protein located in the periplasmic space is
responsible for trapping the substrate in the periplasmic
space for its eventual transfer to a group of proteins on the
inner membrane. The energy-dependent transport complex
that is located on the inner membrane is comprised of two
hydrophobic and one hydrophilic membrane proteins. The
hydrophilic inner membrane protein (containing the nucleo-
tide-binding site) may be responsible for the energy-coupling
mechanism in the active transport process. The DNA se-
quence upstream from the chlD gene contains an ORF, with
its translational termination signal being two bases before
the initiation site of the putative chlD gene. This short
intercistronic region is typical for the operon structure of the
membrane components in these active transport systems.
The hydropathy profile and the charged amino acid distribu-
tion of the deduced amino acid sequence of the C-terminal
region of the potential gene product reveals several hydro-
phobic segments (Fig. 2). A region of amino acid sequence

homology with other hydrophobic inner membrane transport
proteins was also found in the appropriate position from the
C terminus. We propose that the ORF upstream from chlD is
another gene, chlJ, in the Mo transport operon coding for a
hydrophobic inner membrane protein, which is a component
of the Mo transport complex. Five bases downstream from
the translational termination signal of chlD is another poten-
tial ORF that also may be a part of the Mo transport operon.
The DNA sequence that is available (-100 bases) is too
short to determine the characteristics of the potential gene or
its product.
The molecular weight of the chlD protein was calculated

to be 33,671. From the amino acid composition, it can be
predicted that it is a basic protein. Analysis of the deduced
amino acid sequence shows that the protein has an even
distribution of charged residues and no long hydrophobic
segments, which indicates that it is not an integral membrane
protein.
The hypothesis that the chlD gene product is involved in

active MoO42 transport suggests that the characteristic
phenotype of the chlD mutant is a reflection of Mo depriva-
tion. Glaser and DeMoss (9) demonstrated that the chlD
phenotype can be suppressed by adding molybdate
(MoO42-) to the growth medium. Furthermore, these inves-
tigators showed that Mo accumulation (at relatively low Mo
concentrations) is the same in the chlD mutant and the
wild-type cell. In light of the data presented here, it is
possible that the chlD mutation causes a defect in Mo
transport; the Mo accumulated in the chlD mutant is in the
periplasmic space bound to the periplasmic binding protein.
A number of observations support this hypothesis. Kleb-
siella pneumoniae and E. coli appear to have a high-affinity
system for Mo transport (17, 27), K. pneumoniae and E. coli
require chlD to accumulate Mo (17, 27), the chlD gene is
required for maximum expression of nitrogenase in K.
pneumoniae (25) and for maximum expression of
molybdoenzymes in E. coli (22), the Mo that is accumulated
by an E. coli chlD mutant is localized in the membrane
fragments (6), and chlD mutants accumulate Mo at low
levels in a highly exchangeable pool; when molybdate is
added molybdoenzyme activity is obtained and Mo is in a
nonexchangeable pool (25). Shah et al. (25) found that
mutants that are deficient in molybdoenzymes (i.e., nitroge-
nase and nitrate reductase) containing two distinct molybde-
num cofactors were chlD, which supports the idea that the
chlD locus is responsible for a common early step (i.e.,
transport) in the synthesis of both cofactors.
The role that Mo plays in regulating molybdoenzyme

expression has not been settled. It might be interesting to
reexamine the effect that the chlD mutation has on the
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expression of molybdoenzymes with regard to Mo regula-
tion. A mutation in the chlD locus would result in a Mo-
deficient condition in the mutant cell (at low Mo concentra-
tions), and the phenotype of the mutant should be similar to
that of wild-type cells that are starved for Mo. The presence
of the metal is not obligatory for the expression of the
apoenzyme, but a supplement of molybdate (1 mM) to chiD
mutants and a supplement of molybdate (10 ,uM) to Mo-
starved wild-type cells is required for full expression (27).
Pascal and co-workers (21, 22) used nar-lac gene fusions to
demonstrate that the transcription of the nitrate reductase
gene is stimulated by Mo only in a chiD mutant background.
The other chl mutations had no effect on the level of
apoenzyme expression. The results suggest that the cell can
repress the synthesis of nitrate reductase in response to Mo
deprivation; what mediates the response to metal availability
is unknown.
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