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Abstract In Chlamydomonas reinhardtii, molybdopterin cofac-
tor (MoCo) able to reconstitute active nitrate reductase (NR)
with apoenzyme from the Neurospora crassa mutant nit-1 was
found mostly bound to a carrier protein (CP). This protein is
scarce in the algal free extracts and has been purified 520-fold.
MoCoCP is a protein of 64 kDa with subunits of 16.5 kDa and
an isoelectric point of 4.5. In contrast to free MoCo, MoCo
bound to CP was remarkably protected against inactivation
under both aerobic conditions and basic pH. MocoCP trans-
ferred active MoCo to apoNR in vitro without addition of
molybdate, though reconstituted activity was 20% higher in the
presence of molybdate. Incubation with tungstate specifically
inhibited MoCoCP activity but had no effect on the activity of
free MoCo released from milk xanthine oxidase. MoCoCP did
not charge molybdate unless in the presence of N. crassa
extracts. Our data support that MoCoCP stabilizes MoCo in an
active form charged with molybdate to provide MoCo to
apomolybdoenzymes.
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1. Introduction

Molybdenum cofactor (MoCo) is present in all molybdoen-
zymes, excepting dinitrogenase, with a similar structure.
MoCo is a key in oxidoreductases acting on C, N or S atoms,
and catalyzing either oxidative hydroxylations or reductive
dehydroxylations [1^3]. Elucidation of MoCo structure has
been hampered in part because of its easy oxidation by oxy-
gen [4]. MoCo is an alkylated not fully aromatic pterin which
occurs in several dihydro forms, depending on the enzyme.
The alkylic tetracarbon side chain of MoCo contains a dithio-
lene group with sulfurs forming a complex with molybdenum
[2,3]. In prokaryotes, the cofactor can be modi¢ed by an addi-
tional nucleotide monophosphate bound to the C4P phosphate
group within the alkylic side chain of the pterin [3,5].

MoCo can be measured by the so-called nit-1 assay which
uses the nit-1 mutant from Neurospora crassa lacking func-
tional MoCo [6]. Addition of MoCo from di¡erent sources to

extracts of this mutant results in the reconstitution of nitrate
reductase (NR) activity from inactive apoNR. Heat (80³C,
90s) or acid treatment is needed to release MoCo from mo-
lybdoenzymes [7,8]. Only low Mr free MoCo and MoCo
bound to carrier protein (CP) can directly complement in
the nit-1 assay without the releasing treatment [2,9]. cDNAs
and genes for MoCo biosynthesis have already been cloned in
plants and most of the pathway has been dissected [3,10].
However, information on properties of functional MoCo
and its insertion into apomolybdoenzymes is still scarce.

In Chlamydomonas reinhardtii, MoCo able to directly re-
constitute NR in the nit-1 assay is mostly bound to a 50
kDa protein (named molybdenum cofactor carrier protein,
MoCoCP) [9]. A similar situation has been described in Es-
cherichia coli, where MoCo is loosely bound to a 40 kDa
carrier protein which easily dissociates MoCo [11]. MoCoCP
from C. reinhardtii cannot complement apoNR from N. crassa
nit-1 mutant through dialysis membranes permeable to free
MoCo, which indicates that direct contact between both pro-
teins is needed for complementation [12]. A 70 kDa MoCoCP
with characteristics similar to that from C. reinhardtii has also
been described in Vicia faba [13].

C. reinhardtii MoCoCP is a constitutive protein whose
abundance depends on the nitrogen source and the growth
phase. Transfer of ammonium-grown cells to media contain-
ing nitrate, urea or no nitrogen increases MoCo activity up to
three times. This process is independent of de novo protein
synthesis, requires light and also takes place in NR mutants
defective in structural or regulatory genes [9].

In this work, the C. reinhardtii MoCoCP has been exten-
sively puri¢ed and its properties analyzed. MoCoCP is a mul-
timeric protein which e¤ciently protects MoCo from inacti-
vation by oxygen. MoCoCP contains MoCo mostly loaded
with molybdenum which, in contrast to free MoCo, can be
inactivated by tungstate.

2. Materials and methods

2.1. Cells and growth conditions
C. reinhardtii wild type and mutant strain 305 de¢cient in the struc-

tural gene for nitrate reductase have been characterized elsewhere [14].
Cells were grown at 25³C under continuous illumination in liquid
minimal medium containing 4 mM KNO3 as a nitrogen source, and
bubbled with 2^5% (v/v) CO2-enriched air [15]. Neurospora crassa nit-
1 mutant was grown in ammonium containing medium and induced in
8 mM nitrate, under previously reported conditions [16].

2.2. Preparation of extracts and puri¢cation of MoCoCP
Mutant 305 was routinely used as the source of MoCoCP for pu-

ri¢cation. Cells (about 50 g) were collected from liquid medium by
centrifugation at 10 000Ug for 5 min, and disrupted by freezing at
380³C and thawing in 50 ml distilled water, previously degassed and
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saturated with nitrogen, containing 1 mM DTT, 1 mM EDTA, and
0.2 mM phenylmethylsulfonyl £uoride, with continuous stirring under
nitrogen atmosphere. The suspension was centrifuged at 48 000Ug for
30 min, and the supernatant used as a crude extract. Ampholyne
(1.5 ml) from Pharmacia (range 5^8) was added to the above solution.
After mixing, the solution was charged to the Rotophor cell from Bio-
Rad. Isoelectric focusing was run at 12 W constant power. After 5 h,
fractions were collected and MoCoCP activity determined in 1 Wl
samples. Fractions with activity were pooled. Distilled water saturated
with N2 and containing 1 mM DTT was added up to a ¢nal volume
of 55 ml. A second isoelectric focusing was run as above. Samples
with MoCoCP activity were collected and fractions with MoCoCP
activity were pooled and concentrated by ultra¢ltration in Centricon
¢lter (30 kDa cut o¡) to a ¢nal volume of 2.5 ml.

The sample, to which glycerol and the tracking dye were added, was
loaded on a 491 PrepCell from Bio-Rad. Preparative electrophoresis
was carried out at 4³C on 10% polyacrylamide gels in thoroughly
degassed 50 mM Tris acetate bu¡er, pH 8.0, containing 1 mM
DTT, 1 mM EDTA, at 12 W constant power. Gels of 8.0 cm high
were previously subject to pre-electrophoresis for 30 min with 900 WM
thioglycolic acid in the cathodic chamber and in the elution bu¡er.
Elution was performed at a £ow rate of 0.75 ml/min and fraction
collection (4.9 ml/fraction) started after 10 h 45 min of electrophore-
sis. The elution bu¡er was continuously bubbled with N2. Fractions
with MoCoCP activity were pooled and concentrated to 1.5 ml
through a 10 kDa ultra¢ltration membrane under N2 atmosphere in
a Millipore chamber. Puri¢ed MoCoCP was stored in a 50 mM Tris
acetate bu¡er, pH 8.0, containing 1 mM DTT, 1 mM EDTA, de-
gassed and saturated with N2 (bu¡er M) at 380³C.

2.3. Electrophoresis and isoelectric focusing
SDS-PAGE was performed in porous gels as detailed in the text

and according to Laemmli [17] and Doucet and Trifaroè [18]. Molec-
ular weight markers used in SDS gels were from SIGMA. Gels were
silver-stained at 37³C according to the method of Nielsen and Brown
[19].

Polyacrylamide isoelectric focusing gels (PhastGel, IEF 3^9, Phar-
macia LKB) were subject to isoelectric focusing under native condi-
tions in a PhastSystem apparatus following the manufacturer's in-
structions. The isoelectric point of puri¢ed proteins was obtained by
comparing in silver-stained gels the migration of proteins with IEF
markers from Pharmacia.

2.4. Molecular exclusion chromatography
Size fractionation of proteins (in 100 Wl samples) was performed by

FPLC in a Superdex 200 column (1U30 cm) in 50 mM Tris acetate
bu¡er, pH 8.0, containing 1 mM DTT, and 1 mM EDTA, and satu-
rated with nitrogen. The chromatography was run at a £ow rate of 0.5
ml/min and fractions of 0.33 ml were collected. Human carbonic
anhydrase, 29 kDa, and bovine serum albumin, 66 kDa, were used
as Mr markers.

2.5. MoCo and MoCoCP activity
Active MoCo was assayed by determining the reconstituted NR

activity as previously described [6] without any treatment for MoCo
release [12]. The N. crassa nit-1 mutant extracts were obtained in
50 mM phosphate bu¡er, pH 7.2, containing 1 mM DTT, 1 mM
EDTA, 0.1 mM PMSF, and 100 mM NaCl, and distributed in ali-
quots which were frozen at 380³C until use. Routinely 0.5 Wl of
MoCo-containing preparations were incubated with 50 Wl of the N.
crassa extract for 1 h at 15³C. Then, NADPH-NR activity was as-
sayed as reported elsewhere [20]. One unit of MoCo is de¢ned as the
amount of MoCo that yields one unit of reconstituted NR activity,
de¢ned as the amount of enzyme that catalyzes the reduction of
1 Wmol of nitrate per min. Free MoCo was extracted from milk
xanthine oxidase by heat treatment (80³C, 90 s) of enzyme prepara-
tions 50-fold diluted in bu¡er M [8].

2.6. Analytical methods
Nitrite was determined according to Snell and Snell [21]. Protein

was determined using previously reported methods [22,23]. Chemical
determination of MoCo was carried out by analyzing molybdopterin
(MPT) converted into dephospho form A as previously described [24].

3. Results

3.1. Puri¢cation of MoCoCP
The MoCoCP in C. reinhardtii was able to complement

e¤ciently apoNR from the N. crassa nit-1 mutant in direct
reconstitution assays, which did not include molybdate or
MoCo release treatments [12]. This reconstitution by Mo-
CoCP only took place with the excluded fraction (from a
Sephadex G-25) of the N. crassa nit-1 mutant extracts, which
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Fig. 1. SDS-PAGE of puri¢ed MoCoCP from C. reinhardtii. A sam-
ple (0.65 Wg) of puri¢ed MoCoCP was analyzed by SDS-PAGE and
silver-stained. Mr markers are indicated.

Fig. 2. Elution pro¢le of puri¢ed MoCoCP preparations after gel
exclusion chromatography. Puri¢ed MoCoCP was subjected to chro-
matography through a Superdex 200 column as described in Section
2. After eluting 11.67 ml, 10 fractions were collected in which Mo-
CoCP activity was determined (C). A sample from each was ana-
lyzed by SDS-PAGE and the amounts of the 54 kDa (A) and 16.5
kDa (B) proteins were determined in arbitrary units from the densi-
tometric analysis of the corresponding bands in silver-stained SDS
gels.
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rules out that MoCoCP is converting precursors from N.
crassa into functional MoCo (results not shown).

Puri¢cation of MoCoCP was carried out by following
MoCo activity. Since MoCo was readily inactivated in aerobic
conditions, all bu¡ers were degassed and £ushed with N2. In
addition, pH was found to be a key factor to preserve Mo-
CoCP activity during chromatography or electrophoresis pro-
cedures, so it was routinely maintained at values below 8.0
(see below). MoCoCP has been puri¢ed 520-fold with a re-
covery of about 4% of active MoCo by following the protocol
described in Section 2 (Table 1). The puri¢ed protein was not
homogeneous. Two major protein bands could be detected in
silver-stained gels subject to SDS-PAGE (Fig. 1). MoCoCP is
assigned to the 16.5 kDa protein, and not to the 54 kDa
protein or any other minor one, since the elution pro¢le of
MoCoCP activity from puri¢ed preparations upon gel exclu-
sion chromatography in Superdex 200 only coincided with the
amount of the 16.5 kDa protein detected in silver-stained SDS
gels from the eluted fractions (Fig. 2). Special care should be
taken during protein staining of SDS gels since the longer the
incubation times the lower the amounts of the 16.5 kDa pro-
tein detected due to its release from the gels. Even so, the
relative abundance of the 54 kDa protein was variable from
one puri¢cation to another. The molecular size of MoCoCP in
native form deduced from gel exclusion chromatography is 64
kDa, and thus MoCoCP corresponds to a protein with four
subunits of identical size. A concentration of 0.86 Wmol of
MPT (dephospho form A) per Wmol of protein was found
in puri¢ed MoCoCP preparations, assuming that the protein
measured was homogeneous. Since this is not the case, the
molar ratio of MPT in MoCoCP would be higher. Isoelectric
focusing of the puri¢ed protein indicated that both MoCoCP

and the 54 kDa protein had an isoelectric point close to 4.5
(results not shown). These puri¢ed preparations were used for
a further functional characterization of MoCoCP.

3.2. Functional properties of MoCoCP
MoCo was stabilized against inactivation under aerobic

conditions when bound to the CP. MoCo released from
milk xanthine oxidase by heat treatment had only about
10% of the initial MoCo activity after 4 h incubation in aero-
bic conditions, whereas MoCo bound to CP was still more
than 80% active (Fig. 3). A half-life of about 24 h has been
estimated for MoCo when bound to CP, which is more than
one order of magnitude higher than that for MoCo in free
form.

MoCo bound to CP was stable (85^100% activity) under
nitrogen atmosphere when incubated for 5 h at 4³C with
1 mM DTT in di¡erent bu¡ers at a concentration of 50
mM (acetate, pyridine, MES, MOPS) and pHs ranging from
4.5 to 7.5. However, at pH 8.5 (Tris bu¡er) MoCoCP activity
was slowly inactivated so that after 5 h incubation it still
retained 69% of the initial activity, and at pH 9.5 (Bis-Tris-
propane bu¡er) no activity could be detected (Fig. 4). This pH
e¡ect contrasts with the reported instability of free MoCo
which readily loses molybdate above pH 7.6 [25].

The e¡ect of di¡erent concentrations of tungstate on Mo-
CoCP activity has been examined (Fig. 5). Incubation of Mo-
CoCP in the standard bu¡er M with 5 mM tungstate resulted
in the inactivation of MoCo with a half-life of 7 h (Fig. 5B).
Tungstate (50 mM)-inactivated MoCo bound to CP very
quickly since its half-life under these conditions was only 10
min (Fig. 5A). This inhibition took place directly during the
incubation of MoCoCP with tungstate without the participa-
tion of the N. crassa nit-1 extract, since tungstate had no e¡ect
during the complementation assay of MoCoCP at the concen-
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Fig. 3. Inactivation of MoCoCP from C. reinhardtii and free MoCo
from milk xanthine oxidase under air atmosphere. Puri¢ed Mo-
CoCP and free MoCo from xanthine oxidase were incubated in
aerobic conditions, and samples were taken at the indicated times
and MoCo activity determined. The experiment was carried out in
triplicate and mean values and standard deviations are shown for
each time. 100% MoCo activity corresponded to 0.47 U/ml.

Fig. 4. E¡ect of pH on MoCoCP activity. Puri¢ed MoCoCP was
incubated under nitrogen atmosphere for 5 h at 4³C in bu¡ers at a
concentration of 50 mM of acetate, pyridine, MES, MOPS, Tris,
and Bis-Tris-propane and the indicated pHs ranging from 4.5 to 9.5
containing 1 mM DTT. 100% MoCo activity corresponded to 1.1 U/
ml. Other conditions as in Fig. 2.

Table 1
Puri¢cation of MoCoCP

Step Volume
(ml)

Protein
(Wg/ml)

Activity
(U/ml)

Speci¢c activity
(U/mg protein)

Recovery
(%)

Puri¢cation
(fold)

1. Crude 56 4680 0.77 0.164 100 1
2. Rotophor 12 473 0.53 1.13 15 7
3. Preparative PAGE 1.5 13 1.11 85.38 3.9 522

For details see Section 2.
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trations corresponding to those in the experiments of Fig.
5A,B. In contrast to MoCo bound to CP, free MoCo released
from milk xanthine oxidase was not inhibited by tungstate. As
shown in Fig. 5C, 50 mM tungstate did not cause inhibition
of free MoCo activity after 1 h incubation when compared
with control values. In fact, inhibition of free MoCo under air
(control) was smaller in the presence of tungstate (Fig. 5C).
These results suggest that MoCo loaded with molybdate and
bound to CP is able to exchange molybdate by tungstate,
converting MoCo into an inactive cofactor.

MoCoCP activity was 20% higher when assays were per-
formed in the presence of 5 mM molybdate, which suggests
that MoCoCP contains a fraction of demolybdo cofactor. To
load with molybdate this demolybdo MoCo, MoCoCP was
incubated anaerobically in bu¡er M with increasing concen-
trations of molybdate from 5 WM to 5 mM during 15 h.
However, no increase in MoCoCP activity over the control
value (no molybdate added) was found, unless 5 mM molyb-
date was included during the N. crassa nit-1 mutant reconsti-
tution assay.

4. Discussion

The molybdopterin cofactor carrier protein has been puri-
¢ed 550-fold from C. reinhardtii extracts to obtain further
insight into its properties. Two factors, pH below 8.0 and
anaerobiosis, are important to stabilize MoCo bound to CP
long enough to apply puri¢cation techniques to MoCoCP
isolation. Even so, the low abundance of MoCoCP only al-
lowed us to recover small amounts of puri¢ed protein. Mo-
CoCP showed a molecular size of 64 kDa and an isoelectric
point of 4.5 in native form and corresponds to a protein with
subunits of 16.5 kDa, which strongly suggests that MoCoCP

is a homotetramer. The size of the C. reinhardtii MoCoCP is
consistent with that reported previously by Aguilar et al. [9]
for this protein. In Vicia faba, MoCoCP was also puri¢ed but
to an extremely low speci¢c activity. The protein was reported
to be a 70 kDa single polypeptide chain [13]. Considering the
speci¢c activity of 25 U/ng-atom Mo reported for MoCo in
the reconstituted N. crassa NR assay for 24 h at 3.5³C [26],
the speci¢c activity of MoCo in our puri¢ed preparation (85.4
U/mg protein) is high since it corresponds to about 5.55 U/ng-
atom Mo (assuming 1 MoCo per molecule) in our standard
reconstitution assay (1 h at 15³C), which might have under-
estimated the actual MoCo amounts [26,27].

The properties of MoCo bound to CP are distinct from
those of free MoCo. As is well known, free MoCo is very
unstable under aerobic conditions and shows half-lives of
around 1 h depending on the components in the bu¡er sol-
ution [26,27]. Notwithstanding, MoCo in CP was stabilized
against air inactivation and showed a half-life of 24 h, long
enough to ensure an e¤cient storage of active MoCo. During
the oxygenic light phase of plants, stabilization of synthesized
MoCo against oxygen might be a critical step for its e¤cient
transfer to apomolybdoenzymes. MoCo in CP was also stabi-
lized against pHs below 8.5, whereas free MoCo readily loses
molybdate [25] and is inactivated above pH 7.6, which indi-
cates that MoCoCP stabilizes the MoCo pyrano ring against
basic pH. These results suggest that MoCoCP binds MoCo so
that the free access of media constituents to the MPT struc-
ture is prevented.

Moreover, MoCoCP activity was also readily inactivated by
tungstate, in contrast to free MoCo, which strongly suggests
that molybdate can be exchanged in the MoCoCP by tung-
state, thus causing inactivation of Moco. The e¤ciency of this
inactivation was dependent on tungstate concentration, so
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Fig. 5. Inactivation by tungstate of MoCoCP from C. reinhardtii and free MoCo from milk xanthine oxidase. Samples of 3.6 Wl of puri¢ed Mo-
CoCP were incubated under aerobic conditions with 0.4 Wl of 10-fold concentrated tungstate solution to give a ¢nal concentration of 50 mM
(A) and 5 mM (B) in bu¡er M. Free MoCo from xanthine oxidase was incubated with 50 mM tungstate in the same bu¡er (C). 100% Mo-
CoCP and free MoCo correspond to 1.5 U/ml and 0.48 U/ml, respectively. The ratio volumes of MoCo:nit1 extracts was 0.5 Wl :50 Wl in the
nit-1 assay, so that the ¢nal concentrations of tungstate were 0.05 and 0.5 mM. Controls to determine the e¡ect of tungstate at these concen-
trations on the nit-1 assay were performed and rendered 119 þ 14% and 131 þ 15%, respectively. Other details as in Fig. 2.
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that at 50 mM tungstate MoCo activity of CP was signi¢-
cantly inactivated within minutes. Another important fact is
that 5 mM molybdate included in the apoNR reconstitution
assay only slightly activated MoCoCP activity (about 20%),
whereas free Moco was strongly activated (about three times)
by this concentration of molybdate, as previously reported
[8,26]. This di¡erent degree of activation might re£ect that
most MoCo in CP is already charged with molybdate, but
free MoCo is present mainly in a demolybdo form as previ-
ously proposed [26,27]. That incubation of MoCoCP with
molybdate did not activate bound MPT unless molybdate
was also present in the N. crassa nit-1 extracts suggests that
the molybdate charging of MoCo in CP is mediated by some
enzyme present in the fungal extract.

These clear di¡erences between the behavior of free Moco
and MoCo bound to CP against tungstate and molybdate
indicate that MoCoCP plays an important role in maintaining
MoCo in active form both by protecting MoCo from oxygen
inactivation and by keeping MoCo in a molybdate-charged
form.
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