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Abstract

Molybdenum cofactor deficiency is a devastating disease with
affected patients displaying the symptoms of a combined defi-
ciency of sulfite oxidase and xanthine dehydrogenase. Because
of the extreme lability of the isolated, functional molybdenumn
cofactor, direct cofactor replacement therapy is not feasible,
and a search for stable biosynthetic intermediates was under-
taken. From studies of cocultured fibroblasts from affected
individuals, two complementation groups were identified. Co-
culture of group A and group B cells, without heterokaryon
formation, led to the appearance of active sulfite oxidase. Use
of conditioned media indicated that a relatively stable, diffus-
ible precursor produced by group B cells could be used to
repair sulfite oxidase in group A recipient cells. Although the
extremely low levels of precursor produced by group B cells
preclude its direct characterization, studies with a heterolo-
gous, in vitro reconstitution system suggest that the precursor
that accumulates in group B cells is the same as a molybdo-
pterin precursor identified in the Neurospora crassa molybdo-
pterin mutant niz-1, and that a converting enzyme is present in
group A cells which catalyzes an activation reaction analogous
to that of a converting enzyme identified in the Escherichia coli
molybdopterin mutant ChiA1.

Introduction

Molybdenum cofactor deficiency was first identified in 1978
(2) and has now been documented in more than 20 patients
(3-5). The molybdenum cofactor is a complex of a reduced
pterin species termed molybdopterin and molybdenum (Fig.
1). The cofactor is required for the function of at least three
enzymes in humans: sulfite oxidase, xanthine dehydrogenase,
and aldehyde oxidase. A deficiency of the cofactor results in
symptoms of sulfite oxidase deficiency, which include seizures
and other neurological abnormalities, mental retardation, and
dislocated ocular lenses, in combination with xanthinuria, and
most often leads to death at a young age. No symptoms attrib-
utable specifically to the absence of aldehyde oxidase have
been identified. Molybdenum cofactor deficiency is inherited
as an autosomal recessive trait (5) and can be diagnosed pre-
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natally by assay of sulfite oxidase activity in cultured amniotic
cells (6) or chorionic villus biopsy (7). However, at present
there is no cure or effective therapy for molybdenum cofactor
deficiency. The cofactor itself is exceedingly unstable, such
that its structural characterization could be carried out only by
study of stable degradation products (8, 9). Thus direct cofac-
tor replacement therapy is not feasible, and an understanding
of the biosynthetic pathway and identification of stable pre-
cursor molecules which may be intermediates in the pathway
become extremely important in development of a strategy to
alleviate the symptoms of the deficiency disease.

In the results described below, we show that molybdenum
cofactor deficient patients can be assigned to two complemen-
tation groups. A relatively stable diffusible molybdopterin
precursor which is produced by group B cells and utilized by
group A cells to synthesize active molybdenum cofactor is
identified, and evidence is presented which suggests that this
diffusible intermediate is identical to a molybdopterin precur-
sor that accumulates in a molybdopterin mutant of Neuro-
spora crassa (10). The presence of a converting enzyme activ-
ity in group A cells that activates the precursor to yield func-
tional molybdopterin and is analogous to a converting enzyme
identified in a molybdopterin mutant of E. coli is also docu-
mented. From the results of studies described in this article, it
is possible to define a pathway outlining the late steps in the
biosynthesis of the molybdenum cofactor. That pathway, with
the sites that appear to be defective in the two classes of molyb-
denum cofactor-deficient patients and in the Neurospora and
FEscherichia coli molybdopterin mutants indicated, is shown in
Fig. 2.

Methods

Assay of sulfite oxidase in cultured fibroblasts. Fibroblasts were ob-
tained and cultured as described previously (11). For assay of sulfite
oxidase activity, frozen cell pellets (3-10 X 10° cells) were thawed,
suspended in 1 ml 0.01 M Tris-HCI, pH 8.5, with 50 ul of 1% sodium
deoxycholate, frozen and thawed once, and passed through a 27-gauge
needle several times. After the addition of 10 ul of 50 mM NaCN, the
mixture was centrifuged at 12,000 g for 5 min. The supernatant frac-
tion was applied to a column of Sephadex G-25 (PD-10, Pharmacia
Fine Chemicals, Piscataway, NJ; 9.1 ml bed volume) equilibrated with
0.1 M Tris-HCl, pH 8.5, with 0.1 mM EDTA. The column was washed
with 2 ml of the same buffer, and the protein fraction was eluted with
1.5 ml of buffer and assayed for sulfite oxidase activity (11). A unit of
sulfite oxidase activity is defined as the amount of enzyme producing
an absorbance change at 550 nm of 0.001 absorbance unit per min
at 25°C.

Each fibroblast cell line described was cultured individually and
shown to lack sulfite oxidase activity. Patients were identified as mo-
lybdenum cofactor deficient by demonstrated absence of xanthine de-
hydrogenase activity in combination with sulfite oxidase deficiency
and, in most cases, by their failure to excrete urothione, the metabolic
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Figure 1. Structures of molybdopterin and the molybdenum cofac-
tor. The dioxo structure shown for the molybdenum cofactor is char-
acteristic of the molybdenum center in sulfite oxidase and nitrate re-
ductase. In the molybdenum center of xanthine dehydrogenase, one
of the oxo groups is replaced by a terminal sulfide ligand. The oxida-
tion state of the pterin ring may vary in different molybdoenzymes.

degradation product of the molybdenum cofactor (12). For clarity,
patients and fibroblast lines are referred to by a code which designates
the complementation group to which they have been assigned based on
the studies reported here. The corresponding patient initials and refer-
ences to the case descriptions are as follows: Al, R.M. (11, 13); A2,
E.V.(2-4); A3,K.Z. (4, 14), A4, K.M. (4); A5, M.V. (4); A6, F.M. (5);
A7,C.K.(5); B1, S.B. (15); B2, Z.B. (15), B3, W.T. Patients Bl and B2
are sibs, and patients A2 and AS are distantly related. All other patients
are unrelated.

Complementation analyses. Complementation experiments were
carried out as described previously (16). Aliquots of fibroblasts were
mixed in a 1:1 ratio and inoculated into 100-mm culture dishes at a
density of 1.2 X 10° cells per dish. Cell fusion was initiated by exposure
to 50% polyethylene glycol 1000. Fibroblasts were plated 24 h after
fusion, and grown for 11 d before harvesting. Mixtures of two fibro-
blast lines (1:1) not exposed to polyethylene glycol were subjected to
the same treatments.
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Culture and preparation of cell-free extracts of Neurospora and E.
coli. Neurospora nit-1 mycelia were grown, induced for nitrate reduc-
tase, and harvested as previously described (17). Frozen mycelia were
thawed, homogenized in 2 vol of 0.1 M potassium phosphate buffer,
pH 7.4, with 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and
1 mM dithiothreitol using a Duall glass grinder (Kontes Co., Vineland,
NJ) and centrifuged at 15,000 g for 20 min. The supernatant fraction
was used for reconstitution studies. For studies requiring further frac-
tionation of the nit-1 extract, 2.0 mi of the supernatant was applied to a
column of Sephadex G-25 (PD-10, Pharmacia Fine Chemicals) equili-
brated with homogenization buffer. The column was washed with 1 ml
of buffer and the excluded, high molecular weight fraction was eluted
with 2.5 ml of buffer. After another 2.0-ml wash which was discarded,
the low molecular weight fraction was eluted in 4 ml.

E. coli ChlAI cells (18) were grown on LB medium (Gibco, Grand
Island, NY) and harvested at late log or early stationary phase by
centrifugation at 5,000 g for 25 min. Cells were washed once with water
and suspended in 5 vol 0.01 M potassium phosphate, pH 7.4. Extracts
were prepared with a French pressure cell and stored at —20°C.

Assay of molybdopterin precursor in conditioned culture media.
Reconstitution mixtures containing 40 ul of medium, 25 ul of ChlAdl
extract, 25 ul of nit-1 high molecular weight fraction, and 10 ul of 0.5
M sodium molybdate were incubated at room temperature for 15 min.
Reconstituted nitrate reductase activity was assayed by the addition of
0.4 ml of a solution of substrates to yield in the 0.5 ml assay mix: 0.35
mM NADPH, 30 mM KNO;, 10 uM flavin adenine dinucleotide, 5
mM Na,SOs, and 0.1 M potassium phosphate, pH 7.2 (19). After
incubation for 20 min at room temperature, nitrite produced was
quantitated by a colorimetric assay (17) and monitored at 540 nm.
Blank reactions with NADPH omitted were also run and used to
correct for any nonspecific contributions to the 540 nm absorbance.

Assay of converting enzyme in fibroblast extracts. Cells were lysed
as described for assay of sulfite oxidase activity. Lysates were used
directly with no centrifugation or G-25 chromatography steps. Recon-
stitution mixtures containing 60 ul of fibroblast extract, 30 ul of nit-1
extract (complete extract or high molecular weight fraction), and 10 ul
of 0.5 M sodium molybdate were incubated at 4°C overnight and then
assayed for nitrate reductase activity as described above. To demon-
strate that fibroblast converting enzyme could activate the nit-I mo-
lybdopterin precursor, reconstitution mixtures were prepared as above
but with 30 ul of the nit-1 low molecular weight fraction. After over-
night incubation at 4°C to allow activation of the precursor species, 50
ul of the nit-1 high molecular weight fraction was added as a source of
apo nitrate reductase to accept active molybdenum cofactor. The mix-
ture was incubated at room temperature for 15 min to allow reconsti-
tution and then assayed for nitrate reductase activity.

APO SULFITE OXIDASE (humans)
or

APO NITRATE REDUCTASE (E. coli or Neurospora)

MOLYBDENUM

(humans)
or

ACTIVE NITRATE REDUCTASE (E. colior Neurospora)

Figure 2. Outline of the late steps in the biosynthesis of the molybdenum cofactor in humans and microorganisms. The defects in group A pa-
tients and E. coli ChlA1 are at a step preceding converting enzyme in the synthesis of molybdopterin but have not been further localized and
may not be the same in each case. Compound Z is an oxidized degradation product of the molybdopterin precursor.

898  Johnson et al.



Assays for compound Z. Fibroblast extracts prepared as for assay of
sulfite oxidase (uncentrifuged) and conditioned culture medium sam-
ples were acidified to pH 1 with HCl and a solution of 1% I, with 2% KI
was added in sufficient excess to maintain a yellow color. After 30 min
oxidation, samples were centrifuged at 12,000 g for 5 min and chro-
matographed in 50 mM ammonium acetate, pH 5, on a C-18 HPLC
column (4.6 X 250 mm, 10 u, Alltech Associates, Deerfield, IL) usinga
Hewlett-Packard 1090 liquid chromatograph with an HP 1040 A
diode-array detector and an HP 1046 A fluorescence detector (Hew-
lett-Packard Co., Palo Alto, CA). Under these conditions authentic
compound Z (10) elutes at 6 min. Samples of urine (10 ml) were
acidified to pH 3 with HC, incubated for 30 min with I,/KI, centri-
fuged to clarify, and applied to a 0.8 ml column of Florisil resin (Fisher
Scientific Co., Springfield, NJ) equilibrated with 0.01 N HCL. The
column was washed with 10 ml of 0.01 N HCI, and the material of
interest was eluted with 5 ml 50% acetone in water. The eluant was
adjusted to pH 8 with NaOH and applied to a 1.0 ml column of QAE
Sephadex (acetate form) equilibrated with H,O. The column was
washed with 3 ml of H,O followed by 10 m1 0.01 M acetic acid and the
material of interest was eluted with 0.01 M HCL. Fractions of 3 ml were
collected and analyzed for the presence of compound Z by HPLC in 50
mM ammonium acetate, as described above, and also with 5% metha-
nol acidified to pH 2 with HCl as mobile phase. Authentic compound
Z, purified from E. coli ChIM cells (10) was carried through the same
Florisil and QAE chromatography steps; it was eluted from a 1 ml
column of QAE Sephadex with 0.01 N HCl in fractions 10 and 11.

Active molybdopterin precursor in urine samples was assayed as
described for assay in conditioned cell culture medium.

Results

Reconstitution of sulfite oxidase in cultured fibroblasts. Fibro-
blasts cultured from patients with molybdenum cofactor defi-
ciency contain no active sulfite oxidase assayable by a sensitive
spectrophotometric assay. However, as shown in Table I, cul-
tures containing heterokaryons produced by polyethylene gly-
col fusion of cells from patient Bl or sib B2 with those from
patient A1 gave positive results when assayed for sulfite oxi-
dase. Also positive were cultures containing A1 cells grown in
the presence of B1 or B2 cells but with no induction of hetero-
karyon formation. Coculture without cell fusion has been ex-
tended to include combinations of fibroblasts from a large
number of molybdenum cofactor-deficient patients and the
results are summarized in Table II. Initially it was found that
all crosses that contained cells from B1 or B2 showed reconsti-
tution of sulfite oxidase activity while crosses between any of
the other patients gave negative results. These results define
two complementation groups: group A consisting of seven pa-
tients (A 1-A7) and group B consisting of Bl and B2. Recently,
another unrelated molybdenum cofactor-deficient patient has
been assigned to group B. As shown in Table II, cells from
patient B3 complement A6 and A7 but yield no activity when
cultured with cells from B1.

The presence of sulfite oxidase activity in cocultured fibro-
blasts in the absence of heterokaryon formation suggests that
complementation is occurring by means of a diffusible mole-
cule produced and excreted into the culture medium by one
cell class which is then taken up and processed to produce
active molybdenum cofactor by cells of the other classification
group. To establish that such is the case, to determine which
complementation group produces and which uses the putative
precursor species, and to gain some insight into the stability of
such a precursor species, experiments were undertaken cultur-
ing recipient cells in medium which had been conditioned by

Table I. Sulfite Oxidase Activity in Fibroblast Heterokaryons
Induced by Polyethylene Glycol Fusion

Cross Sulfite oxidase Polyethylene glycol
U/mg soluble protein

Al X Bl 5.1 +
7.2 -

Al X B2 10.1 +
6.7 -

Bl X B2 <0.8 +
<0.8 -

B1 X control 6.2 +
7.4 -

B2 X control 9.3 +
8.8 -

A3 X A4 <0.8 +
<0.8 -

For each cross, fibroblasts were combined in a 1:1 ratio. Cells were
incubated with (+) or without (—) polyethylene glycol for 24 h,
plated and cultured for 11 d, harvested, and assayed for sulfite oxi-
dase activity.

prior culture of cells of a donor line. The results of one experi-
ment, shown in Table III, confirm that cells from patient Bl
produce a transferable species and demonstrate that it is of
sufficient stability to be utilized by A3 cells even after Bl cells
have been removed from the culture. These results indicate
that group B cells are the precursor donors and group A cells
are the acceptor cells which convert the precursor to active

Table II. Sulfite Oxidase Activity in Mixed Fibroblast Cultures
from Molybdenum Cofactor-deficient Patients

Group A X group A Group A X group B Group B X group B

Sulfite Sulfite Sulfite
Cell lines oxidase Cell lines oxidase Cell lines oxidase
U/mg soluble protein
Al X A2 —* Al X Bl 5.0 Bl X B3 -
Al X A3 - A2 X Bl 9.6
Al X A4 - A3 X Bl 3.8
Al X AS - A4 X Bl 7.2
Al X A6 - A5 X Bl 1.7
Al X A7 - A6 X Bl 4.0
A2 X A3 - A7 X Bl 4.7
A2 X A4 - A6 X B3 1.5
A2 X AS - A7 X B3 1.6
A3 X A4 -
A3 X AS -
A4 X AS -
A6 X A7 -

For each cross, fibroblasts from two molybdenum cofactor-deficient
patients were combined and cultured for periods ranging 3-13 d,
harvested, and assayed for sulfite oxidase activity. The values given
for A1 X Bl and A3 X BI are averages of values obtained from four
and three replicate experiments, respectively.

* Dash indicates no activity detected (<0.5).

Molybdenum Cofactor Biosynthesis 899



Table I11. Sulfite Oxidase Activity in Fibroblasts Cultured
in Conditioned Media

Donor cell line Recipient cell line Sulfite oxidase activity

U/mg soluble protein
A2 Ad —*
A3 B1 -
B1 A3 1.8

Donor fibroblasts were cultured for 3 d under standard conditions;
the culture medium was then collected and centrifuged. A mixture of
conditioned medium (70%) and fresh medium (30%) was used for
plating recipient cells. Dishes were fed every 2 d with a mixture of
conditioned medium and fresh medium, harvested on day 10, and
assayed for sulfite oxidase activity.

* Dash indicates no activity detected (<0.5).

molybdopterin. It would appear as well that the genetic defect
in group A lies in an enzyme that precedes the enzyme which
is defective in group B in the molybdopterin biosynthetic
pathway.

Characterization of the molybdopterin precursor produced
by group B patients. Because of the exceedingly low levels of
molybdoenzymes, molybdopterin, and its precursors which
are present in cultured fibroblasts, it was clear that purification
of the diffusible intermediate from group B cells or condi-
tioned medium would be a difficult task, further hampered by
the lengthy assay procedure relying on reconstitution of sulfite
oxidase activity in cultured group A cells. To overcome these
problems and facilitate a partial characterization of the pre-
cursor produced by group B patients, we turned to a heterolo-
gous in vitro reconstitution system which is described below:

The most widely used assay for active molybdenum cofac-
tor utilizes the nit-1 mutant of Neurospora crassa, which is
defective in molybdopterin biosynthesis. The nit-1 strain ac-
cumulates a soluble, inactive apo nitrate reductase which can
be readily reconstituted in vitro by a source of active molybde-
num cofactor. The reconstitution takes place rapidly at room
temperature or somewhat more slowly at 4°C requiring only a
crude extract of nit-1 mycelia, a source of molybdenum cofac-
tor or molybdopterin and inorganic molybdate. After recon-
stitution, the active nitrate reductase is incubated with sub-
strates and nitrite produced is quantitated by a colorimetric
procedure.

One precaution must be taken when utilizing the nit-1 sys-
tem as an assay for active molybdopterin. While the nit-1 mu-
tant contains no functional molybdopterin, it does accumulate
a low molecular weight precursor of molybdopterin (10). In
the presence of an appropriate converting enzyme, added ex-
ogenously to the nit-1 extracts, this precursor can be activated
to molybdopterin which in turn will reconstitute the apo ni-
trate reductase. The converting enzyme which activates the
nit-1 precursor was first identified (10) in a mutant of E. coli,
ChiAl, which also is defective in molybdopterin synthesis.
Specifically, it was observed that incubation of an extract of
ChlIA1I cells with an unfractionated extract of nit-1 led to the
appearance of active nitrate reductase. Separation of the low
molecular weight fractions of the nit-1 by gel exclusion chro-
matography produced a preparation of apo nitrate reductase
(high molecular weight fraction) which was activated by ChlA41
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only when the niz-1 precursor (low molecular weight fraction)
was added back. Thus it is possible to differentiate between
nit-1 nitrate reductase reconstitution which occurs as a result
of the addition of active molybdopterin and that which results
from addition of a source of converting enzyme which acti-
vates the nit-1 precursor by the fact that the former requires
only the high molecular weight fraction of the nir-1 extract
while the latter requires both high and low molecular weight
fractions. Recently we have shown that the nit-1 assay can be
applied as a sensitive measure of active molybdopterin in fi-
broblast extracts (13); in such studies it was prudent to use
extracts of nit-1 from which all low molecular weight precur-
sors had been removed.

Neither the low molecular weight molybdopterin precursor
which accumulates in niz-1 nor the converting enzyme which
is present in ChiA 1 has been fully characterized, although stud-
ies to this end are currently in progress. Nevertheless, enough
information is already available to allow us to ask whether
these late steps in the pathway of cofactor biosynthesis/activa-
tion observed in microorganisms are present in humans as
well. That is, is the diffusible precursor that accumulates in
group B patients related to the molybdopterin precursor in
Neurospora nit-1? And, is there an activity in fibroblasts from
group A patients that is equivalent to the converting enzyme
found in E. coli ChlA1?

Early experiments were directed at the first question. Con-
ditioned medium from group B cells was incubated with
ChiA1 extracts and then added to extracts of nit-1 (high molec-
ular weight fraction) and assayed for nitrate reductase recon-
stitution. No activity was observed, but from the negative re-
sult it was not possible to conclude whether the group B pre-
cursor differs from the nit-1 precursor and thus was not
recognized and activated by ChlAI converting factor or
whether levels of precursor were merely too low to detect.

Table IV. Demonstration of Converting Enzyme Activity

in Extracts of Fibroblasts from Group A Molybdenum Cofactor-
deficient Patients by In Vitro Reconstitution of Nitrate Reductase
Activity in Neurospora crassa nit-1

Patient Complete High molecular High + low molecular
cell line nit-1 extract weight fraction weight fraction
Al 0.282 0.013 0.061
A2 0.297 0.029 0.097
A3 0.321 0.013 0.123
Bl 0.001 0.009 0.014

Fibroblast extracts were incubated at 4°C overnight with complete
unfractionated extracts of Neurospora nit-1 to test for the presence of
a converting enzyme activity in the fibroblasts which could activate a
molybdopterin precursor in the nit-1 extract and allow reconstitution
of the Neurospora apo nitrate reductase. The nitrate reductase that
was reconstituted was then allowed to react with substrates (nitrate
and NADPH) as described in Methods and nitrite formed was quan-
titated by a colorimetric procedure. Incubations of fibroblast extracts
with the isolated high molecular weight fraction of a nit-1 extract
(containing apo nitrate reductase but no precursor) and with recom-
bined high and low molecular weight fractions were carried out to
determine whether reconstitution was dependent on the presence of
the molybdopterin precursor present in the low molecular weight
fraction of the nit-1 extract.

* Activity is expressed as absorbance at 540 nm.



A more fruitful experimental approach was then employed
which demonstrated that group A cells contain a converting
enzyme which can activate the nit-1 precursor. As shown in
Table IV, extracts of fibroblasts from three group A patients
were able to reconstitute nitrate reductase activity when incu-
bated with crude, unfractionated extracts of Neurospora nit-1
while an extract of cells from a group B patient failed to pro-
duce any active nitrate reductase. The factor in the group A
cells responsible for the reconstitution of nitrate reductase was
identified as a converting enzyme rather than active molyb-
dopterin (which must be absent in fibroblasts from molybde-
num cofactor-deficient patients) by the observations that very
little reconstitution occurred in the absence of the nit-1 low
molecular weight precursor fraction and that considerable
stimulation of reconstitution was observed when the nit-1 low
molecular weight fraction was added back. The successful ac-
tivation of nitrate reductase using group A converting enzyme
and nit-1 precursors and the failure of the converse experiment
using a potential source of group B precursor and Chl41 con-
verting factor may be attributable to the catalytic nature of the
converting enzyme. Very low levels of enzyme when incubated
with an excess of substrate can produce significant levels of
active molybdopterin while high levels of enzyme and limiting
precursor can at most make molybdopterin at a level equal to
that of the precursor itself. '

The presence of a converting enzyme in fibroblasts from
group A patients that can activate the molybdopterin precur-
sor in nit-1 implied that the intermediate which accumulates
in fibroblasts is very closely related to that in Neurospora.
Confirmation, however, required some way to analyze the
precursors themselves. Published work (10) directed at char-
acterizing the molybdopterin precursor in Neurospora nit-1
suggested that an unusual fluorescent pterin species that could
be isolated after acidic iodine oxidation of nit-1 extracts might
be an inactive oxidized degradation product of the molybdop-
terin precursor. More recently, we have shown this to be true
by the demonstration that the purified active precursor is oxi-
dized to this same fluorescent species (termed compound Z;
Johnson et al., manuscript in preparation). Thus, an attempt
was made to show the presence of compound Z in samples
from group B patients. Neither conditioned medium nor fibro-
blasts from group B patients, when treated with acidic iodine,
yielded significant levels of compound Z. However, as shown
in Fig. 3, a urine sample from patient B1 did indeed contain
compound Z. The peak of material eluting at the same posi-
tion as authentic compound Z, detected by its absorption at
300 nm, was fluorescent and, as shown in Fig. 3, had an ab-
sorption spectrum essentially identical to that of the standard
material. Significantly, no peak corresponding to compound Z
was identified in chromatograms of urine from patient Al or
from a control individual. A second aliquot of the same urine
sample from patient Bl was processed in the same manner but
with the iodine oxidation step omitted. The yield of com-
pound Z was identical suggesting that conversion of active
precursor to compound Z occurred either before excretion or
in the aged sample which had been stored for 5 yr and sub-
jected to many freeze-thaw cycles. A stored sample of urine
from patient B2 yielded the same results: a level of compound
Z comparable to that in the B1 sample which did not vary with
the inclusion or omission of the iodine oxidation step. Fresh
urine samples from patients B1 and B2 were not available for
study; however, a fresh sample from patient B3 was obtained
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Figure 3. (Left) HPLC elution profiles of urine samples from patients
(A) Bl, (B) A1, and (C) a control individual. Samples were prepared
as described in Methods using in each case 10 ml of urine which
contained (4) 3.5, (B) 5.4, or (C) 5.3 mg creatinine. In each case,
chromatograms were obtained from 500 ul of fraction 10 eluted
from QAE Sephadex with 0.01 M HCl. The mobile phase was 5%
methanol acidified to pH 2 with HCI at a flow rate of 1 ml/min. Ab-
sorbance was monitored at 300 nm. The arrow in 4 indicates the
elution position of authentic compound Z. (Right) Absorption spec-
tra of compound Z isolated from urine from patient B1 (——) and of
the standard compound (---). Spectra were acquired by on-line diode
array detection of HPLC eluants in 5% methanol acidified to pH 2

with HCL

and assayed for compound Z. Levels of compound Z were very
low (15% of that seen in Bl) in the sample analyzed without
iodine oxidation, but equivalent to B1 after iodine oxidation.

The iodine-dependent appearance of compound Z in the
sample from patient B3 suggested that it might be possible to
detect the presence of the parent functional malybdopterin
precursor in a sample which had not been iodine-oxidized. As
shown in Table V, incubation of an aliquot of B3 urine with an
extract of ChlA 1 as a source of converting enzyme and the high
molecular weight fraction of a Neurospora nit-1 extract did
lead to the reconstitution of high levels of nitrate reductase
activity. No reconstitution occurred in the absence of the
ChlAl extract. As expected, the control urine sample, which

Table V. Demonstration of Active Molybdopterin Precursor

in Urine from a Group B Molybdenum Cofactor-deficient Patient
by In Vitro Reconstitution of Nitrate Reductase Activity in
Neurospora crassa nit-1

Urine sample Nitrate reductase activity*
B3 (fresh sample) 1.512
Conrol (fresh sample) 0.035
B1 (stored sample) 0.025

Reaction mixtures containing aliquots of urine from group B molyb-
denum cofactor-deficient patients or a control individual, an extract
of E. coli ChlA1 to provide a source of converting enzyme, and the
high molecular weight fraction of an extract of nit-1 to provide apo
nitrate reductase were incubated at 4°C for | h. The nitrate reduc-
tase that was reconstituted was allowed to react with substrates and
the nitrite formed was quantitated by a colorimetric procedure.

* Activity is expressed as absorbance at 540 nm.
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yielded no compound Z even with iodine oxidation, and the
stored sample of urine from patient B1, which yielded its full
complement of compound Z without iodine oxidation, both
were incapable of reconstituting significant levels of nitrate
reductase activity. A preliminary investigation of the stability
of the precursor activity in the urine sample from patient B3
has revealed that activity was not greatly diminished by a num-
ber of freeze-thaw cycles but was totally abolished by iodine
oxidation.

Discussion

The presence of converting enzyme in fibroblasts from group
A patients and active precursor and compound Z in urine
from group B patients is strong evidence that the late steps in
the synthesis of molybdopterin in man and microorganisms
are identical. The final steps in the pathway of molybdopterin
biosynthesis have been summarized in Fig. 1.

According to this scheme, the molecular defect in group B
patients and in the Neurospora nit-1 mutant may be assigned
to a gene which codes for or regulates the expression of con-
verting enzyme. As a consequence of this defect, the molyb-
dopterin precursor, which is the substrate for the converting
enzyme, and/or its oxidized product accumulate and can be
identified in culture media from group B cells, in Neurospora
nit-1 cells (10) and culture medium (Johnson et al., manu-
script in preparation), and in urine samples from group B
patients. The absence of detectable levels of compound Z in
control urine samples would suggest that under normal cir-
cumstances levels of the molybdopterin precursor are quite
low; appearance of precursor in extracellular fluids and culture
media may result only when intracellular levels are raised due
to absence of functional converting enzyme.

The processing of the molybdopterin precursor to yield
molybdopterin is carried out by a converting enzyme in group
A fibroblasts and ChlA1 cells. These results suggest that the
molecular defect in group A patients and in ChlA1 is earlier in
the biosynthetic pathway (prior to the converting enzyme), but
do not establish whether the Chl41 and group A mutations are
at the same step or in fact whether all group A patients have
the same molecular defect. If any or all of the group A patients
lack an enzyme which directly precedes converting enzyme on
the biosynthetic pathway, they may accumulate the substrate
of that defective enzyme. Analysis of urine samples from
group A patients for the presence of unusual pterin species
which may be related to molybdopterin and the molybdop-
terin precursor could prove very useful in future studies of
molybdopterin biosynthesis in humans.

The converting enzymes in fibroblasts and Chl41 which
are assayed by their activation of the nit-1 molybdopterin pre-
cursor would appear to have been designed to carry out the
same catalytic reaction. Further studies will be required to
determine whether the reaction mechanisms are indeed iden-
tical and to ascertain the molecular form and cellular localiza-
tion of the enzymes in these widely divergent life forms.

From the results presented above, it appears very likely
that the diffusible precursor produced by group B cells is iden-
tical to the molybdopterin precursor present in Neurospora
nit-1. The implications of such a conclusion are far-reaching.
The precursor in Neurospora nit-1 and certain other E. coli
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molybdopterin mutants is present in extremely high amounts
and it, as well as its oxidized product, compound Z, is amena-
ble to purification and structural characterization (Johnson et
al., manuscript in preparation). Such information should
prove invaluable in terms of understanding how the labile
molybdopterin is synthesized and its fragile side chain compo-
nents protected prior to activation and may ultimately prove
to be of therapeutic value to molybdenum cofactor-deficient
patients. If further studies verify that the purified molybdop-
terin precursor isolated from nit-1 is able to reconstitute sulfite
oxidase when added to the culture medium of group A cells,
the possibility of employing the precursor species in vivo to
correct molybdenum cofactor deficiency may indeed become
quite real.
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