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All molybdenum enzymes except nitrogenase contain a common molybdenum cofactor, whose organic moiety
is a novel pterin called molybdopterin (MPT). To assist in elucidating the biosynthetic pathway of MPT, two
MPT-deficient mutants of Escherichia coli K-12 were isolated. They lacked activities of the molybdenum
enzymes nitrate reductase and formate dehydrogenase, did not reconstitute apo nitrate reductase from a

Neurospora crassa nit-i strain, and did not yield form A, a derivative of MPT. By Pl mapping, these two
mutations mapped to chUA and MME, loci previously postulated but never definitely shown to be involved in
MPT biosynthesis. The two new mutations are in different genetic complementation groups from previously
isolated chM and chlE mutations and have been designated as chlM and chlN (closely linked to chM and chlE,
respectively). The reported presence of Mo cofactor activity in the chLIA strain is shown to be due to in vitro
synthesis of MPT through complementation between a trypsin-sensitive macromolecule from the chLIA strain
and a low-molecular-weight compound from the nit-i strain.

All molybdenum enzymes except nitrogenase contain a
common cofactor, which is a complex of a novel 6-alkyl
pterin with the Mo atom (27, 29, 30). This pterin, which has
been named molybdopterin (MPT), is widely distributed in
many organisms and is required for several essential meta-
bolic pathways (22, 25, 27, 37, 46, 55, 56, 66). The Mo
enzymes of wild-type Escherichia coli include respiratory
nitrate reductase (22, 25), formate dehydrogenase (25, 37),
tertiary amine N-oxide reductase (59), and biotin-D-
sulfoxide reductase (13). Mutants defective in nitrate
reductase can be selected by anaerobic growth on chlorate,
which is reduced to the highly toxic chlorite ion by nitrate
reductase and is thus lethal to wild-type cells (54). Some of
the mutants with these mutations, formerly chiC, now narG,
H, I, K, and L, are defective in the nitrate reductase protein
or its regulatory genes (59). Several other mutant classes,
chiA, B, D, E, and G, lack all four known Mo enzymes (5,
25, 59). The chlD and chIG mutants are restored to a
wild-type phenotype by growth on very high Mo, suggesting
that their defect is in Mo transport or processing rather than
in MPT synthesis (13, 25, 52, 59). Strains with mutations in
chlB are postulated to lack a factor necessary for insertion of
Mo cofactor into protein (16, 41), and those with mutations
in chlA and chlE are thought to lack the Mo cofactor (5, 25,
52, 59).
To date, however, no E. coli mutant has been shown

unequivocally to lack MPT. The same is true of all putative
Mpt- mutants in numerous other organisms (8, 9, 11, 14, 43,
53, 58, 61, 68), with the sole exception of the Neurospora
crassa nit-i mutant (33). We have applied both a refined nit-i
reconstitution assay procedure and a direct physicochemical
assay for MPT to the analysis of potential Mpt- mutants in
E. coli, and we report definitive characterization of true
Mpt- mutants in E. coli.
(A preliminary report of this investigation has been pre-

sented [Johnson and Rajagopalan, Fed. Proc. 42:1895,
1983].)

* Corresponding author.
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MATERIALS AND METHODS

Nomenclature. The following phenotype designations are
used: Chlr, chlorate resistant anaerobically; Fdh, formate
dehydrogenase phenotype; Nar, nitrate reductase pheno-
type; and Mpt, MPT phenotype. Following established no-
menclature (34), the addition of a superscript + or - denotes
the phenotype of anaerobic growth on the following media:
LN, lactate-nitrate medium; PN, proteose peptone-nitrate
medium; GF, glycerol-fumarate medium.
The traditional term "Mo cofactor" is used here to refer to

the complete, biologically active cofactor, containing both
the pterin and the Mo atom, whereas the name MPT denotes
the cofactor's metal-free pterin moiety, which is bialogically
active when supplied with exogenous Mo as molybdate.
Since MPT is also a component of Mo cofactor, when
characterizing bacterial strains the term MPT will refer to
the total population of MPT-containing molecules, whether
or not they are coordinated to Mo.
Media and chemicals. Trypticase soy broth (TSY) and

Trypticase were from BBL Microbiology Systems; tryptone,
yeast extract, and agar were from Difco Laboratories. M9
minimal medium (48) and medium E (65) were as described
previously. Carbon sources with these minimal media were
0.2%, added after autoclaving. When needed, amino acids
and vitamins were added as described previously (48).
Trypticase (1.7%) was chosen as a supplement to M9 in
experiments with rich media. When added, tetracycline was
20 ,ug/ml, ampicillin was 100 pug/ml, and neomycin was 100
,ug/ml. For plates, 1.5 to 2.0% agar was added to liquid
media. Molybdenum and selenium were added as Na2MoO4
and Na2SeO3, respectively, at a level of 1 ,uM each unless
otherwise specified.

Chlorate medium contained TSY, molybdate, selenate,
and 20 mM NaClO3; the last was autoclaved separately.
EMB-galactose medium was as described previously (48).
LN medium was modified from its original formula (64) and
contained M9 salts, molybdate, selenate, 0.1 M KNO3,
0.04% tryptone, and 0.4% DL-lactate (sodium salt, adjusted
to pH 7.0); the last was autoclaved separately. PN medium
was as described previously (59), with the addition of
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118 JOHNSON AND RAJAGOPALAN

TABLE 1. Bacterial strainsa
Strain Relevant Genotype" Origin, reference

galK2 uvrBSfnrc X-
(MuNeor)d
trp-45 X-
F128::Mu 18A-1/recAd
Hfr P045 srLA300::TniO
recAS6

F- bioA2 gal-31 chlD4

F-f gal-26 chlE5 X-

KL715 F147 (chlD4 gal' chlA+
chlE+ pyrD+)lpyrD34
recAl thyA33 x-

LCB3829 F- thr-i leuB6 argH purE43
gal-6 rpsL9 chl4I xr x-
fnrc

MG1655 F- X-
MJ1 F+
MJ7 MJ1 F- rpsL

MJ17 MG1655 rpsL

MJ122 JRG94 gal' chlD+ A-

MJ345 LCB382 gal4

MJ392 JRG97 gal+

MJ397 MJ7 gal

MJ402 MJ122 bio+ chlM

MJ411 MJ122 bio+ chiN

MJ421 MJ7 chLAl

MJ429 MJ421 gal

MJ431 MJ7 chlM

MJ439 MJ431 gal

MJ441 MJ7 chlN

MJ453 MJ7 chlE5

MJ591 MJ421 (Mu 18A-1) (Mu Neo)

MJ592 MJ431 (Mu 18A-1) (Mu Neod)

MJ593 MJ441 (Mu 18A-1) (Mu Neo')

MJ594 MJ453 (Mu 18A-1) (Mu Neo')

MJ600 MJ7 bioA2 chlES

MJ603 MJ7 bioA2 chlN

N23 MJ7 chlM

N51 MJ7 chlN

RE103 F- cmIAl

G. Sancar (24)
J. Cronan (12)
CGSCC (50)
J. Cronan (12)
W. Brill (42)

CGSC (64; C122 in
that reference)

CGSC (64; C26 in
that reference)

CGSC (39)

CGSC (54)

CGSC (18)
R. Greene
Spontaneous Str'
MJ1; acridine or-
ange -F-

Spontaneous Str'
MG1655

P1 MJ7 x JRG94
Gal+

P1 MJ17 x LCB382
-. Gal4

P1 MJ17 x JRG97 -"

Gal+
Spontaneous dGalT
MPh

P1 N23 x MJ122
Bio+

P1 N51 x MJ122
Bio+

P1 MJ345 x MJ397
-* Gal+

Spontaneous dGalF
MJ421

P1 MJ402 x MJ397
-. Gal'

Spontaneous dGalr
MJ431

P1 MJ411 x MJ397
-* Gal'

P1 MJ392 x MJ397
Gal+

CY346 lysate x
MJ421 Neor; x

JC241 Ampr
Neor; retested for
Nar-

As MJS91 but using
MJ431, not MJ421

As MJ591 but using
MJ441, not MJ421

As MJ591 but using
MJ453, not MJ421

P1 MJ122 x sponta-
neous dGalr MJ453
-" Gal+

P1 MJ122 x sponta-
neous dGalF MJ441
-" Gal+

Nar- Mpt- mutant
of MJ7

Nar- Mpt- mutant
of MJ7

CGSC (57)

molybdate and selenate. GF medium (35) was modified to
consist of medium E salts, 0.02 M potassium fumarate, and
0.4% (vol/vol) glycerol; the last two were autoclaved sepa-
rately.
Chicken intestinal alkaline phosphatase (1.3 U/mg) was

from Worthington Diagnostics. All inorganic chemicals were
of reagent grade. Periodic acid was prepared by adjusting 50
mM sodium metaperiodate to pH 3.0 with 1 N HCl. Florisil
and high-performance liquid chromatography (HPLC)-grade
methanol were from Fisher Scientific Co. Deionized water
was prepared with a Continental Systems deionizer and was
used for all chemical solutions and media. Other biochemi-
cals were from Sigma Chemical Co.

Fungal, bacterial, and phage strains. N. crassa nit-i (allele
34547) spores were stored in desiccated silica at 22°C. All
bacterial strains used in the present work are listed in Table
1; all are E. coli K-12 derivatives. Strains LCB382, JRG94,
and JRG97 were obtained from the same E. coli Genetic
Stock Center stocks used by Amy (3). Phage P1.M (10) and
Ab2c were obtained from R. Greene. Phage fl was obtained
from R. Webster.

Genetic methods. Mutagenesis was with ethyl methanesul-
fonate as previously described (51). Spontaneous gal mu-
tants were selected by resistance to 2-deoxygalactose as
described (2), except that incubation was done aerobically
without chlorate. Episomes were cured with acridine orange
(48). The presence of F was tested by spot tests with the
male-specific phage fl, and the presence of X prophage was
tested by cross-streaking with Xb2c (48). Reversion to chl+
andfnr' was tested by centrifuging a 5-ml aerobic culture in
TSY, suspending it in 0.5 ml of saline, and plating samples.
Cell counts were determined in triplicate as described pre-
viously (48).
P1 transduction was performed as described by Miller (48)

with phage lysates prepared by confluent lysis. Mini-mu
transduction was performed with lysates prepared by heat
induction of lysogens (12). Rapid Hfr mating was performed
as described previously (38) with the Hfr kit supplied by B.
Bachmann, selecting for chl+ on LN anaerobically. Other
Hfr matings and F' crosses for strain construction were
performed in liquid suspension (48).

Scoring of phenotypes. Selection for chl+ was on LN or PN
anaerobically. Selection for gal' was on M9 or medium
E-galactose; scoring for gal as an unselected marker was on
EMB-galactose. Chl' was scored on chlorate medium
anaerobically. Chlr cannot be selected for in P1 transduction
because of the high spontaneous mutation rate to chl, 10' to
10-6 (1). Cmlr was scored as described previously (57), and
auxotrophic markers were scored on appropriately supple-
mented M9 or medium E-glucose lacking the specific nutri-
ent being tested. The presence of fnr' was scored by

aAll strains are derivatives of E. coli K-12.
bA4 is considered wild type for E. coli K-12; only is noted. The A

genotypes listed for MJ7, MJ122, MJ397, MJ421, MJ431, MJ441, MJ453, N23,
and N51 were verified by cross-streaking with Xb2c.

I When a Pl lysate of LCB382 was used to transduce H712 to Trp+, 2.5% of
358 transductants were PN- (fnr). When a P1 lysate of H712 was used to
transduce AB1885 to PN+ (fnr'), 2.01% of 100 transductants were Trp+. These
values are similar to those previously reported for fnr-trp contransduction
(34).

d Mu 18A-1 is Mu cts62 AB-R Ampr (mini-Mu); Mu Neor = Mu cts62 kil
Neor (helper Mu).

' CGSC, E. coli Genetic Stock Center, Yale University.
f Although originally reported to be F4, our purified stocks are F-.
LCB382 has also been referred to as 382 (3, 47) and JP382 (60); LCB382 is

the most recent CGSC strain designation.
h dGal, 2-Deoxygalactose.

AB1885
CY346
H712
JC241
JC10240

JRG94

JRG97
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INVOLVEMENT OF chl LOCI IN MOLYBDOPTERIN SYNTHESIS 119

anaerobic growth on PN for chl+ strains and by anaerobic
growth on GF for chl strains (34, 59).
To screen colonies for nitrate reductase and to score chl as

an unselected marker, a dye overlay assay for formate-
dependent nitrate reductase was used, modified from a
previously published method (17), with 8-anilino-1-naphtha-
lene sulfonic acid as the dye-coupling agent. Wild-type Fdh+
Nar+ (chl+ fnr+) colonies give a well-defined dark purple
spot, somewhat larger than the colony itself. Strains con-
taining chlA, B, E, or G are completely colorless; chiC and
chlD andfnr give a light purple color which is clearly distinct
both from the other chl mutants and from the wild type, with
the fnr mutants having more color than chlC or chlD
mutants. By this technique, a plate with up to 400 small
colonies or a grid of 100 large colonies could easily be
scored.
For some of the experiments where chl was the unselected

marker in a two-point cross, a rapid mapping technique was
developed. The original transduction plate, containing Mo
and Se but lacking nitrate, e.g.' for gal' colonies, was
overlaid with formate-nitrate-phosphate as described above,
except that 30 min was allowed before the color reagents
were overlaid. This gave results identical to those obtained
when colonies were purified first and then placed on a grid
and scored for chl on TSY plates.
Growth conditions and preparations of extracts. N. crassa

nit-i cells were grown, induced for apo-nitrate reductase,
harvested, and stored as described previously (4). Extracts
were prepared just before use with a Duall glass grinder,
with 1 g of mycelia per 2 ml of nit-i grinding buffer (0.10 M
potassium phosphate, 5 mM EDTA, 1 mM dithiothreitol, 0.5
mM phenylmethylsulfonyl fluoride, 1% ethanol) (23). Dithio-
threitol and phenylmethylsulfonyl fluoride (in ethanol) were
always added just before grinding because of their instability
in aqueous solution.

E. coli cells were harvested at the late log or early
stationary phase by centrifugation at 12,000 x g for 10 min.
For nit-i reconstitution and dephospho-form A assays, the
pellet was suspended in freshly mixed 10 mM sodium
ascorbate-5 mM EDTA, pH 7.4 (bacterial resuspension
buffer), in a ratio of approximately S ml/g of wet weight, and
stored at -20°C until use. Extracts were prepared with a
French pressure cell as described previously (4).
For nitrate reductase and formate dehydrogenase assays,

the cell pellet was washed once with 1 volume of cold 50 mM
potassium phosphate (pH 7.4), equal to the original culture
volume, and centrifuged. The pellet was taken up in 10 mM
potassium phosphate (pH 7.4), at 5 mlI/g of wet weight, and
stored at -20°C until assayed.
E. coli enzyme assays. All assays were performed at room

temperature (21 to 23°C) with whole cell suspensions. Ni-
trate reductase and 2,6-dichlorophenolindophenol-phena-
zine methosulfate-linked formate dehydrogenase were as-
sayed as described previously (3), except that benzyl
viologen was substituted for methyl viologen in the nitrate
reductase assay because of its greater permeability in whole
cells (32), and the nitrite detection reagents described else-
where (33) were used. Nitrate reductase based on nitrate-
dependent oxidation of reduced benzyl viologen was as-
sayed as described previously (36). All assays were linear
with respect to time and amount of cells added. Enzyme
activities were calculated by using extinction coefficients at
600 nm of 21,000 for 2,6-dichlorophenolindophenol and 7,400
for reduced beneyl viologen (36), and assuming a two-
electron reduction of nitrate and 2,6-dichlorophenolin-
dopherol, two-electron oxidation of formate, and one-elec-

tron oxidation of reduced benzyl vilogen. Absorbances and
rates were determined on Perkin-Elmer 575, Varian Cary
219, or Shimadzu UV-240 spectrophotometers.
MPT assay by nit-i reconstitution. The standard method

for reconstitution of nit-i apo-nitrate reductase, originally
described by Nason and co-workers (27, 49), involves mix-
ing the cofactor source with a fresly prepared nit-i crude
extract, incubating at room temperature for 10 to 60 min, and
then assaying' samples for NADPH-dependerit nitrate
reductase. This method is adequate as a qualitative compar-
ison among samples tested at the same time under identical
conditions. However, it is not quantitative, mainly because
the nit-i apo-nitrate reductase is very labile and is gradually
inactivated by incubation at room temperature, so that wide
variability is the rule rather than the exception in studies
with this assay (20, 27, 67).

Quantitative reconstitution of excess nit-i apo-nitrate
reductase with all the MPT added to a reconstitution mixture
is possible if the reconstitution is carried out at 4°C for 24 h
(19, 20). Reconstitution with various amounts of the MPT
source gives a typical titration curve, with a slope of nitrate
reductase activity per microgram of sample. This can be
transformed to MPT concentration by using the turnover
number for nitrate reductase. We have used 20,000 per Mo
per min as the turnover number for nitrate reductase (20, 23,
26).
The protein-free MPT-Mo complex is extremely labile, so

that high (10 mM) exogenous Mo (as molybdate) must be
present during nit-i reconstitution for maximal activity (20,
67). The reconstitution of nit-] apo-nitrate reductase is thus
an assay for MPT, rather than for the intact Mo cofactor.
The reconstitution mixtures used here contain 10 mM Mo.
For nit-i reconstitution, a mixture of 20 p.l of nit-i extract,

20 ,ul of various dilutions of bacterial extract, and 10 pl of 50
mM Na2MoO4 was incubated at 4°C for 20 to 40 h (20). After
reconstitution, the entire reconstitution mixture was assayed
by adding to it 0.45 ml of NADPH-nitrate reductase assay
solution (4), incubating at 22°C for a given time, adding 1.0
ml nitrite detection reagents (33), letting color develop for 20
min, and centrifuging, and then reading absorbance at 540
nm. NADPH inhibits the nitrite detection reaction, but is
also consumed during the assay, resulting' in nonlinear
assays if this effect is not corrected for (20, 33). The
NADPH-regenerating system of isocitrate and isocitrate
dehydrogenase (20) was added to the assays to provide linear
reaction rates.
To prepare G-25 excluded and included fractions of nit-i

and bacterial extracts, Pharmacia PD-10 Sephadex G-25
columns were equilibrated and eluted with the same buffer
used to prepare the bacterial extract. To obtain good sepa-
ration between the excluded and included fractions, 2.0 ml of
bacterial extract was applied to the column, 1.0 ml of eluate
was discarded, 2.5 ml was collected as the excluded volume,
2.0 ml was discarded, and 4.0 ml was collected as the
included volume.
MPT assay by analysis of dephospho-form A. A previously

described method was adapted for converting molybdopterin
in cell extracts to its oxidized, fluorescent degradation
product, dephospho-form A (30). All samples were shielded
from light because of the light sensitivity of 6-substituted
pterins (7). To 1 ml of cell extract (in bacterial resuspension
buffer) was added 0.1 ml of 1 N HCI and 1 ml of 1% 12-2%
KI. The suspension was placed in a boiling water bath for 20
min total; after the first 5 min, an additional 0.5 ml of I2-KI
was added. The sample was then cooled to room tempera-
ture, and the residual iodine was reduced by the addition of

VOL. 169, 1987
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120 JOHNSON AND RAJAGOPALAN

1 ml of fresh 1% sodium ascorbate. The pH was adjusted to
8.5 with 2 M ammonium hydroxide, and the sample was

centrifuged for 10 min at 17,000 x g. To the supernatant was
added 20 RI1 of 1.0 M magnesium chloride and 100 ,u of
alkaline phosphatase (2.0 mg/ml in 0.10 ammonium bicar-
bonate). The sample was incubated overnight at room tem-
perature and then analyzed by HPLC.

In the case of samples preincubated for 40 h at 4°C to test
for in vitro complementation, further treatment was neces-
sary to obtain adequate resolution of dephospho-form A
during HPLC. To a 0.5-ml sample was added 0.5 ml of 2 M
ammonium hydroxide; the entire 1 ml was applied to a 0.5-
by 0.5-cm column of QAE-Sephadex (fine; acetate form).
The column was washed with 5 ml of water and 0.5 ml of 0.01
N acetic acid. A broad fluorescent peak was then eluted with
2.5 ml of 0.01 N acetic acid; this peak was used for HPLC
analysis. All samples were stored at -20°C until analysis by
HPLC.
HPLC was performed at room temperature with an All-

tech C18 reverse-phase column (4.6-mm inner diameter by
25 cm; 10-pum particle size), an LDC Constametric III pump,
a Rheodyne 7125 injector with 1.0-ml sample loop, and an
LDC FluoroMonitor III. After each sample injection (except
for standards), the column was washed with 4.5 mM sulfuric
acid in 100% methanol until no more fluorescent material
was eluted. Standards were injected several times during the
day, and new standard curves were calculated each day.
Dephospho-form A standards were prepared from purified

chicken liver sulfite oxidase (28) and quantitated as de-
scribed previously (29, 30). Fluorescence spectra were ob-
tained on an Aminco-Bowman spectrofluorometer. Protein
in extracts was determined by the method of Lowry et al.
(40) with crystalline bovine serum albumin as a standard.
For whole cells, a modification (21) of the Lowry et al.
method was used.

RESULTS

Isolation of MPT-deficient mutants. Out of approximately
15,000 ethyl methanesulfonate-mutagenized colonies de-
rived from MJ7 and grown aerobically (so that anaerobically
lethal mutations would be included), 68 were Nar- in the
nitrate reductase overlay assay. After restreaking twice for
single colonies, we tested the colonies for MPT by nit-i
reconstitution. Two isolates, N23 and N51, were Mpt- in the
screening assay. They grew well on minimal and rich media
with glucose aerobically and anaerobically and minimal
media with succinate aerobically. They did not grow on LN
or PN (with or without 1 mM Mo) anaerobically, where
nitrate respiration is required owing to lack of fermentable
substrate (59, 64), but did grow well aerobically on these

media. These mutants were also chlorate resistant (chl)
anaerobically.

Genetic characterization of N23 and N51. Both N23 and
N51 spontaneously reverted to wild type, as measured by
colony formation on LN and PN agar anaerobically, at a
frequency of 5 x 10-9 and 5 x 10-8, respectively, a rate
consistent with their being single mutations (48). Hfr and F'
mapping suggested that the chl mutations of both N23 and
NS1 were in the chlD-chlAE region. P1 transduction analysis
showed that the chl mutations in N23 and N51 mapped to
chiA and chlE, respectively (5, 59, 64). Two PN+ revertants
each of N23 and N51 were used as P1 donors to transduce
MJ122 (bio chl+) to Bio+. Of more than 100 Bio+ transduc-
tants in each cross, all were Nar+. These results strongly
suggested that N23 and N51 each contain only a single
mutation affecting MPT biosynthesis.
Two previously characterized pleiotropic chl mutants,

with chlAl and chiE5 mutations, have been reported to be
capable of reconstituting nit-i nitrate reductase (3, 47, 60),
suggesting that the pleiotropy of those mutants is not due to
the absence ofMo cofactor. To characterize the mutations in
N23 and N51 more completely, and to compare them with
chlAl and chiE5, we transferred each of the four mutations
into the same isogenic background (details not presented).
All data reported here, unless otherwise noted, refer to this
isogenic set of strains differing only at a single chl locus.

Results of complementation analysis by mini-Mu
transduction, as described by Cronan (12), demonstrated
that each of the chl strains tested in this report comple-
mented all of the other strains tested. A definitive proof of
complementation was afforded by the instability of the
mini-Mu transductants in the absence of selective pressure
at 37°C (where the Mu cts repressor is partially inactive). For
each cross, several PN+ Ampr colonies were subcultured
aerobically at 37°C, and the colonies of each subculture plate
were tested for nitrate reductase by the dye overlay de-
scribed in Materials and Methods. In each case, 5 to 10% of
the colonies had become Nar- (i.e., chi). Because of the
evidence that N23 and N51 comprise separate complemen-
tation groups in reference to chiA and chlE mutations, these
new mutations have been given the designation of chlM and
chlN respectively.
Molybdenum enzyme expression in chl mutants. All strains

were grown anaerobically with nitrate to maximally induce
nitrate reductase and formate dehydrogenase (25). The chl
mutants consistently had extremely low Mo enzyme activi-
ties and were not affected by high molybdate or other growth
variables (Table 2). For Trypticase-grown cells, nitrate
reductase was assayed in two different ways to rule out
interference from nitrate reductase. Such interference has
been reported for a chiC mutant of Salmonella typhimurium

TABLE 2. Mo enzyme activitiesa
Enzyme activities in medium plus the following:

Strain 1 F.M Mo 1 mM Mo 1 ,uM Mo plus 1.7% Trypticase

FDH NaR FDH NaR FDH NaR NaR*

chl+ 1,144 ± 72 5,680 ± 40 585 ± 35 2,427 ± 228 63.9 ± 7.6 775 ± 0 2,053 ± 22
chiM 0.1 ± 0.3 <0.01 0.2 + 0.0 <0.01 0.2 ± 0.0 0.13 ± 0.07 2.0 ± 0.1
chlN 0.2 ± 0.2 <0.01 0.1 ± 0.1 0.07 ± 0.08 0.1 + 0.1 <0.01 <0.1
chlAl 0.0 ± 0.0 <0.01 0.0 ± 0.0 0.06 ± 0.04 0.0 ± 0.0 0.06 ± 0.06 1.0 ± 0.5
chlE5 0.1 ± 0.1 <0.01 0.2 ± 0.1 0.01 ± 0.00 0.2 ± 0.00 <0.01 0.1 ± 0.1

a All cultures were grown anaerobically in M9 glucose medium containing 0.10 M KNO3 plus the indicated addition. Formate dehydrogenase (FDH) and nitrate
reductase (NaR) are expressed in nanomoles offormate or nitrate per minute per milligram. NaR activities were assayed by determining nitrite production, except
for the values reported in the final column (NaR*) which are the rates of anaerobic, nitrate-dependent, reduced benzyl viologen oxidation. All assays were
replicated two or more times. Errors given are the range of two determinations or the standard of greater than two determinations.
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TABLE 3. MPT assayed by nit-i reconstitutiona
MPT (fmollmg of bacterial protein) in medium plus the following:

Strain nit-] fraction 1FMM Mo plus 1.7%
1 p.M MO 1 mm MO Trypticase

chl+ Crude 2.17 ± 0.09 (7) 2.29 ± 0.11 (7) 12.13 ± 0.38 (12)
15.55 ± 0.74 (5)
6.83 ± 0.72 (4)b

G-25 excluded 3.51 ± 0.36 (7) 2.98 ± 0.13 (7) 12.01 ± 0.44 (12)
11.32 ± 0.95 (7)
14.83 ± 0.71 (7)
10.22 ± 0.62 (4)

chiM Crude 0.000 ± 0.001 (4) 0.002 ± 0.001 (4) 0.007 ± 0.001 (4)
G-25 excluded 0.003 ± 0.001 (4) 0.001 ± 0.002 (4) 0.007 ± 0.001 (3)

<0.000 ± 0.004 (5)

chlAl Crude 2.19 ± 0.31 (8) 4.78 ± 0.47 (3) 6.34 ± 0.18 (7)
8.38 ± 0.55 (9)

G-25 excluded <0.00 ± 0.05 (10) <0.000 ± 0.008 (7) <0.000 ± 0.016 (11)
0.52 ± 0.19 (9)

chlN Crude 0.002 ± 0.002 (4) <0.000 ± 0.003 (4) 0.002 + 0.001 (4)
G-25 excluded 0.003 ± 0.000 (4) 0.002 ± 0.003 (4) 0.001 ± 0.000 (3)

0.004 ± 0.002 (5)

chlES Crude 0.013 ± 0.005 (4) 0.039 ± 0.012 (4) 0.725 ± 0.029 (9)
0.069 ± 0.001 (4)b

G-25 excluded 0.014 ± 0.009 (4) 0.060 ± 0.027 (4) 0.334 ± 0.011 (11)
0.081 ± 0.002 (4)b

a All cultures were grown aerobically in M9-glucose medium plus 1 ,uM Se and the indicated supplements. Numbers within parentheses are the numbers of data
points used for calculations.

b Tryptone was substituted for trypticase in growth medium.

(6). The assays differed somewhat, but did not significantly
change the vast differences in nitrate reductase activities
between chl+ and chl strains.
MPT assay by nit-i reconstitution. The most common

assay for MPT is reconstitution of apo-nitrate reductase
from the N. crassa nit-i mutant (27, 49). The mutants
isolated by us, chiM and chlN, lacked any detectable MPT,
whereas the chlAl and chlES mutants previously studied in
nonisogenic backgrounds did appear to have MPT when
used to reconstitute crude nit-i extracts (Table 3). Whereas
chlAl was comparable to chl+ in its ability to reconstitute
activity in crude nit-i extracts, chiES had only 6% of the chl+
activity (Table 3). The levels of apparent MPT were higher in
cells grown on rich, as compared to minimal, medium for
ch1+, chlAl, and chlES. The increase for chl+ is similar to
that previously reported (3).

In vitro complementation during nit-i reconstitution. Re-
constitution of nit-i has been extensively used to character-
ize possible Mpt- mutants in many species (3, 11, 44, 45, 47,
68). However, even with the modification used here to
obtain quantitative results, the potential for in vitro forma-
tion of active cofactor is present when crude extracts of nit-i
and any other mutant are mixed. Either extract might supply
a precursor of MPT which an enzyme in the other extract
could convert to MPT, giving a false-positive result. When
gel-filtered excluded fractions of nit-i extracts were used as
the source of apo-nitrate reductase, the wild type, chlM, and
chlN were virtually unaffected, whereas a moderate de-
crease in activity was seen for chlES (Table 3). For chlAI,
however, there was a dramatic decrease in apparent MPT
when excluded nit-i was used, suggesting that chlAl is in
fact an MPT- mutant and that its reconstitution of crude
nit-i is not due to the presence of MPT in chlAl, but rather
to in vitro formation of MPT by a process requiring a

low-molecular-weight compound from nit-i and some factor
from chlAI. A similar effect for chl+ suggests that the chl+
extract also contains the complementation factor found in
chlAI.
When chlAl extract was gel filtered on Sephadex G-25, all

of its complenientation factor activity was in the excluded
volume, required crude nit-i for detection, and was totally
abolished by trypsin treatment. For chl+ and chlES extracts,
most of the apparent MPT activity was also in the excluded
fraction, but was detectable with gel-filtered nit-i as well as
crude nit-l. A Mo cofactor-containing macromolecular frac-
tion without known enzymatic function has been reported
previously and defined functionally as a carrier protein (4).
Neither pure MPT nor carrier protein-bound MPT is affected
by trypsin (4, 19, 33).
Dephospho-form A assay for MPT. MPT itself is extremely

unstable in the presence of oxygen (19). Treatment of Mo
enzymes with acidic 12 and KI at 100°C causes the elimina-
tion of the vicinal sulfhydryls and the oxidation of the pterin
nucleus, yielding form A, a stable, fluorescent, biologically
inactive pterin with the 6-alkyl substituent, -C=C-
CHOHCH20PO32- (Fig. 1) (29). The yield of form A from
pure Mo enzymes is about 50% of their MPT content. Form
A is highly fluorescent, and its dephospho form can be
readily characterized by reverse-phase HPLC (29, 30, 33).
The form A assay, although much more difficult to perform,

0

HN N}.C.Z:C...CH OPO=

HN N N2 HMolybdopterin

H N . CaC-CHOHCH2OPO-
H2NAN

Form A

FIG. 1. Postulated structure of MPT and known structure of
form A, an oxidized derivative of MPT.
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TIME (minutes)
FIG. 2. HPLC of bacterial dephospho-form A preparations. The

C18 column was run in 10% methanol at 2.00 ml/min. The fluores-
cence detector was set to the 1 scale. For panel A, 15 RId of
dephospho-form A standard, containing 1.98 pmol total, was in-
jected. For panels B through G, bacterial extracts were treated as
described in Materials and Methods to give dephospho-form A
preparations, diluted 3.1- to 3.3-fold from original extracts; 25 RI of
each were then injected as follows: B, chl+; C, chiM; D, chlAl; E,
chAl. Extracts were made 571 nM in sulfite oxidase monomer
before treatment for dephospho-form A (F, chiN; G, chiE5). The
arrows indicate the elution position of dephospho-form A standard
when it was mixed with the bacterial dephospho-form A prepara-
tions before injection (data not shown). Cells were grown aerobi-
cally in M9 glucose plus 1 ,M Mo, 1 ,M Se, and 1.7% Trypticase.

has several advantages over the nit-i reconstitution assay for
characterizing potential Mpt- mutants. The form A assay is
specific for the pterin of the Mo cofactor and detects all
forms of MPT (19, 29, 67), whereas enzyme-bound forms of
MPT require release by denaturing agents to be observed in
the nit-i assay (19, 20, 27, 47, 49). The form A assay should
be unaffected by organic precursors of MPT which might be
converted to MPT by nit-i extract in vitro, with the excep-
tion that a precursor almost identical to MPT might also
yield form A or dephospho-form A.
For the form A assay, bacterial extracts were treated as

described in Materials and Methods to yield dephospho-form
A preparations. The resulting samples were analyzed by C18
reverse-phase HPLC. Dephospho-form A in chl+ was easily
detectable (Fig. 2B), and its identity was confirmed by its
fluorescence spectrum (Fig. 3). The chlM, chlAl, and chlN
preparations had no detectable dephospho-form A (Fig. 2C,
I), and F). The chlES preparation had a small peak that
cochromatographed with authentic dephospho-form A, but
its identity could not be established owing to paucity of
material.
HPLC of the bacterial dephospho-form A preparations

also alldws quantitation of MPT. Peak height of standards
was consistently proportional to the quantity injected, yield-
ing standard curves with r2 > 0.99. Both form A and nit-i
reconstitution assays for the same bacterial extracts are

presented in Table 4. The results are generally comparable;
the higher dephospho-form A values for chl+ suggest that the
nit-i assay did not detect all the MPT-containing species
present. The higher MPT values and uncertainties in the
dephospho-form A assays for chiM, chlAl, and chlN reflect

cn 20-

a.)

10-

200 250 300 350 400 450 500 550 600
nm

FIG. 3. Fluorescence spectrum of dephospho-form A from chl+.
Preparative HPLC of 0.40 ml of chl+ dephospho-form A preparation
(the same preparation analyzed in Fig. 2) was performed with 10%
methanol at 2.00 ml/min, collecting 0.5-min fractions. The
dephospho-form A peak fraction was diluted 1:1 with 2 M NH40H.
Uncorrected fluorescence spectra of this peak and the appropriate
blank were obtained using the 1 scale, with excitation at 380 nm,
emission at 460 nm, damping on (time constant, 2 s), and a scan
speed of 30 nmn/min. The uncorrected spectra were digitalized at
2-nm intervals, the blank was subtracted from the sample to correct
for scattering, and the resultant data were plotted to give the
corrected spectrum above.

the lower sensitivity of that assay compared with nit-i
reconstitution.
Assays for other pterin derivatives of MPT (29) showed

that appropriately treated wild-type extracts yielded form A
(phospho) and dephospho-form B; these compounds were
not detectable in the chlAl, chiM, and chlN extracts tested
(M. E. Johnson, Ph.D. thesis, Duke University, Durham,
1985).

In vitro complementation among chl mutants. Genetic
complementation was observed among all four of the chl
mutants studied here (Table 3). In vitro complementation
among these mutants, if observed, would greatly facilitate
the search for intermediates and enzymes involved in the
biosynthesis of MPT. In the simplest case of four different
structural genes corresponding to the four chl mutants

TABLE 4. MPT assayed by dephospho-form A productiona
MPT (fmolVlpg of bacterial protein)Strain'

Dephospho-form A assayb G-25-excluded nit-i assay

chl+ 17.1 + 1.1 (8) 11.32 ± 0.95 (7)
chiM 0.25 ± 0.20 (4) <0.000 ± 0.004 (5)
chlAl 0.06 ± 0.03 (3) <0.000 ± 0.016 (11)
chlN 0.17 ± 0.17 (4) <0.000 ± 0.002 (5)
chIE5 0.40 ± 0.17 (8) 0.334 ± 0.011 (11)

a Each culture was grown aerobically in M9 glucose plus 1.7% trypticase. A
portion of each extract was tested for reconstitution of nit-i G-25 excluded
volume. Another portion was treated to give a dephospho-form A preparation
for each extract, and analyzed by HPLC as described in the legend to Fig. 2
and Materials and Methods. Numbers in parentheses are the numbers of data
points used for calculating nit-i reconstitution as in Table 3 or the numbers of
separate HPLC injections of the same dephospho-form A preparation.

b The recovery of form A was tested by adding a known amount of pure
sulfite oxidase to chlAl extract (Fig. 2E). A yield of 0.433 + 0.010 mol of
dephospho-form A per mol of MPT was observed. This figure was used to
correct the dephospho-form A HPLC assays to the amount of MPT actually
present; the table presents the corrected values. The observed yield was
consistent with the reported maximal yeild of 50% (29).
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studied here, any combination of two of these chl mutants
should also give in vitro complementation resulting in MPT
synthesis. However, in vitro complementation would not be
observed if either of the mutants being tested were altered at
a regulatory locus, leading to loss of expression of more than
one biosynthetic protein. In vitro complementation might
not also be observed if one of the intermediates of
biosynthetic enzymes needed for complementation were
unstable in the cell-free extract. Tests for in vitro comple-
mentation between putative Mpt- mutants of Aspergillus
nidulans (15) and N. crassa (62) have been uniformly nega-
tive; however, exogenous Mo was not added to those
complementation mixtures.
To test the mutants studied here, mixtures of all possible

binary combinations of chl extracts were preincubated 40 h
at 4°C to allow new synthesis of MPT to proceed. The
mixtures were then assayed by reconstitution of nit-i (ex-
cluded fraction) or by treatment to yield form A. The same
tests were also applied to mixtures of chlAl with crude and
G-25 fractions of nit-l. The most striking in vitro comple-
mentation was between chlAl and any other chl mutant or
between chlAl and nit-i (crude or G-25 included) (Table 5).
A smaller, but definite, complementation was observed
between chlM and chiN.

If the nit-i assay had been used alone, we could not
exclude the possibility that in vitro complementation oc-
curred only between nit-i and a chl mutant, and not between
the two chl mutants being tested. In fact, the nit-i reconsti-
tution values were higher than the dephospho-form A values
for some samples (Table 5), suggesting that subsequent in
vitro complementation did occur upon the addition of ex-
cluded nit-l. However, in vitro complementation signifi-

TABLE 5. In vitro complementation between chl
and nit-i mutantsa

MPT (fmol/,Lg of protein in preincuba-
tion mixture)

Prepn
G-25-excluded nit- Dephospho-form

I assay A assay

chlAl plus crude nit-i 1.23 ± 0.06 (7) 3.67 ± 0.59 (4)
chlAl plus G-25-excluded nit-i 0.00 + 0.03 (5) 0.24 ± 0.14 (2)
chlAl plus G-25-included nit-i 0.83 + 0.04 (7) 1.32 ± 0.03 (2)
chlAl plus chiM 4.22 ± 0.04 (6) 2.26 ± 0.26 (4)
chlAl plus chlN 3.41 ± 0.04 (6) 2.09 ± 0.19 (3)
chlAl plus chlES 3.41 ± 0.03 (6) 1.66 ± 0.24 (6)
chlM plus chlN 0.33 ± 0.07 (4) 0.91 ± 0.12 (4)
chlM plus chlES 0.09 ± 0.02 (4) 0.57 ± 0.08 (3)
chlN plus chlES 0.05 ± 0.06 (7) 0.39 ± 0.08 (3)
chlAl plus buffer <0.00 ± 0.03 (5) 0.19 ± 0.08 (2)
Crude nit-i plus buffer 0.02 ± 0.03 (5) 0.40 ± 0.09 (2)
chlM plus buffer 0.02 ± 0.00 (5) 0.43 ± 0.07 (2)
chlN plus buffer 0.00 ± 0.00 (5) 0.32 ± 0.04 (2)
chlES plus buffer 0.12 ± 0.01 (5) 0.60 ± 0.01 (2)

a Equal volumes of the indicated extracts were preincubated for 40 h at 4'C
(without any added Mo), and then samples were mixed with fresh G-25-
excluded nit-i plus Mo for regular nit-i reconstitution. Another portion of
each preincubated mixture was treated to produce dephospho-form A and
partially purified by quarternary aminoethyl chromatography before HPLC
analysis as described in Materials and Methods. The percent recovery of
dephospho-Form A from QAE-Sephadex was 68.5 ± 0.3% with the sample of
chlAl plus sulfite oxidase previously analyzed for stoichiometry of dephos-
pho-form A production (Fig. 2E). Each bacterial culture was grown in M9
glucose plus 1 ,.M Mo, 1 FM Se, and 1.7% Trypticase. The nit-i extracts and
G-25 fractions used for preincubation (not reconstitution) were prepared in
bacterial resuspension buffer. Buffer in this table refers to bacterial resuspen-
sion buffer. All data are presented as in Table 4, with an additional correction
for the partial recovery of dephospho-form A from quarternary aminoethyl
chromatography.

cantly above background was also observed with the
dephospho-form A assay in the absence of any nit-i (Table
5), demonstrating that the complementation between chlAl
and other chl mutants was genuine. The dephospho-form A
data in Table 5 also establish that the synthesis ofMPT by in
vitro complementation does not require added Mo.

DISCUSSION

This report is the first demonstration that there are two
biochemically distinguishable complementation groups at
both chlA (chiA and chiM) and at chlE (chlE and chiN), and
that all four complementation groups were involved in the
biosynthesis of MPT, the organic component of the Mo
cofactor. Involvement of chlA and chlE in cofactor synthesis
has been postulated previously on the basis of pleiotropy
(25), endogenous production of aponitrate reductase (16, 41,
52, 59), and failure to reconstitute apo-nitrate reductase in
nit-I (47) and other mutants (60). However, those data did
not exclude the presence of tightly bound, nonreconstituting
forms of MPT, nor of defects in Mo metabolism, as opposed
to pterin (MPT) metabolism. Our application of the
dephospho-form A assay in conjunction with nit-i reconsti-
tution has established a definite role for chiA, E, M, and N in
MPT biosynthesis.
Two complementation groups have been demonstrated

previously in both chlA and chlE by abortive transduction
(63) and in chlA by subcloning as well (60). However, there
has been no correlation until now between these comple-
mentation groups and their roles in Mo cofactor metabolism.
Either chlM or chlN could be the E. coli analog of the nit-i
mutation. Both are devoid of MPT; they complement each
other in vitro to a small extent, but do not significantly
complement nit-i or chIES in vitro.
The chlAI mutant lacks MPT, but complements all of the

other chl mutants and nit-i in vitro. Complementation re-
sults from the action of a protein in chlAI on a low-
molecular-weight compound, possibly an MPT precursor, in
nit-i (31). The chlAI mutant may be distinct from all of the
known potential Mpt- mutants in A. nidulans (15) and N.
crassa (62), because none of those mutants complemented
nit-i in vitro. None of those complementation tests was
performed with added Mo, however, so they are not directly
comparable to the experiments reported here.

In an earlier report, it was concluded that the primary
defect in the chlAI mutant was impairment of Mo insertion
into the cofactor (i.e., MPT) (3). That conclusion was based
primarily on the finding that chlAI extracts required higher
levels of Mo (.40 mM) during nit-i reconstitution than did
wild-type extracts (10 mM). A similar finding and interpre-
tation have been reported for four allelic Nicotiana tabacum
cnx mutants (45). We have confirmed that chlAI extracts
have a higher Mo requirement than chl+ during crude nit-i
reconstitution (31). Our work here, however, establishes
that the chlAI mutant completely lacks MPT and gives a
positive result in the nit-i assay only because of in vitro
complementation. The primary defect in the chlAl mutant is
therefore a block in MPT biosynthesis, not a block in Mo
insertion.
We do not yet understand the mechanism by which Mo is

inserted into MPT during synthesis of Mo cofactor-
dependent enzymes or the identity of the Mo complex which
is the active species in the process. The high levels of
molybdate required during nit-i reconstitution by preformed
MPT or MPT generated from in vitro complementation are
obviously nonphysiologic. It is possible that some factor
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facilitating the association of Mo, MPT, and apo-nitrate
reductase is inactivated during preparation of nit-i extract;
when not protein bound, the Mo cofactor is rapidly hydro-
lyzed to Mo and MPT (67). In any event, our data establish
that a high Mo requirement for nit-i reconstitution by crude
extracts may indicate in vitro complementation rather than
the presence of preexisting, Mo-deficient MPT. Experiments
purporting to measure Mo-containing cofactor versus
demolybdo cofactor (i.e., MPT) in crude extracts by Mo
dependence of nit-i reconstitution (47) must now be reeval-
uated in the context of preexisting versus newly generated
MPT.
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