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Abstract

The 20S proteasome is responsible for the degradation of protein substrates implicated in the onset and progression of neuro-

degenerative disorders, such as a-synuclein and tau protein. Here we show that the 20S proteasome isolated from bovine brain

directly hydrolyzes, in vitro, the dihydrofolate reductase (DHFR), demonstrated to be involved in the pathogenesis of neurode-

generative diseases. Furthermore, the DHFR susceptibility to proteolysis is enhanced by oxidative conditions induced by perox-

ynitrite, mimicking the oxidative environment typical of these disorders. The results obtained suggest that the folate metabolism

may be impaired by an increased degradation of DHFR, mediated by the 20S proteasome.

� 2003 Elsevier Inc. All rights reserved.

Keywords: 20S proteasome; Dihydrofolate reductase; Neurodegenerative pathologies; Oxidation
The 20S proteasome or multicatalytic proteinase

complex is 700KDa particle which, in a barrel-shape,
assembles 28 subunits organized in four stacked seven-

membered rings. The two outer rings contain different but

related a subunits, whereas the inner ones are composed

by similar b subunits, which harbor the catalytic sites of

the complex [1]. Even though only three b subunits are

catalytically active, the importance of subunit pairs for

the proteolytic activity has been demonstrated with yeast

20S proteasome mutants [2]. In fact, besides the three
major catalytic components: chymotrysin-like (ChT-L),1

trypsin-like (T-L), and peptidyl-glutamyl peptide hydro-

lyzing (PGPH) each related to a specific b subunit [3–5]

the 20S proteasome expresses other activities such as

branched chain amino acid preferring (BrAAP) and small

neutral amino acid preferring (SNAAP) [6].
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The 20S proteasome, binding PA700 regulatory par-

ticles on each a ring, forms a larger complex, the 26S
proteasome which is part of the ATP, ubiquitin-depen-

dent degradation pathway, but it can also degrades non-

ubiquitinated protein substrates [7].

In the cells, the free 20S proteasome is the predomi-

nant form of the complex and more and more proteins

are demonstrated to be directly degraded by the com-

plex [7]. Some of them are implicated in the onset and

progression of neurodegenerative disorders [8,9], such as
the microtubule-associated protein tau which accumu-

lates in the neurofibrillary tangles present in the cerebral

cortex of patients with Alzheimer�s disease (AD) [10]

and a-synuclein, the main component of the Lewy

body�s filaments, two mutations of whose gene have

been identified in Parkinson�s disease (PD), as well as in

other forms of dementia [11,12].

Recent studies suggest that low blood levels of folate
can be associated with AD; furthermore it has been re-

ported that a folate deficiency causes the increase of

homocysteine plasma concentration, demonstrated to be

directly toxic to neurons through DNA damage, having,

therefore, a relevant role in the pathogenesis of PD and

AD [13,14].
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Folate, in vivo, can be reduced to tetrahydrofolate in a
double step reaction catalyzed by the enzyme dihydro-

folate reductase (DHFR); the product of that reaction is

implicated, as a donor of methyl groups, in the DNA

synthesis and in other important biochemical reactions.

Folic acid analogs andDHFR inhibitors are used either as

antitumor drugs, e.g., methotrexate (MTX), or antibac-

terial agents, e.g., trimethoprim (TMP) [15–18].

It is well documented that poly-ubiquitinated DHFR
is efficiently degraded by the 26S proteasome [19,20],

however, no evidences about a ubiquitin independent

and 20S proteasome mediated degradation of DHFR

are available.

In the present study, using the 20S proteasome isolated

from bovine brain, in an in vitro assay, we have demon-

strated that DHFR is directly hydrolyzed by the 20S

complex, without any previous ubiquitination and that
the degradation is increased under oxidative conditions.
Materials and methods

Materials

Bovine liver DHFR, dihydrofolate (H2F), NADPH,
and substrates for assaying the ChT-L and PGPH pro-

teolytic activities (Z-GGL-pNA, Z-LLR-2NA) were

purchased from Sigma (USA). The Z-GPALG-pAB

substrate was the kind gift of Prof. M. Orlowski (Mount

Sinai School of Medicine, NY). The C85S/C152E dou-

ble mutant of dihydrofolate reductase (SE-DHFR) from

Escherichia coli was a kind gift of Dr. C.R. Matthews,

Department of Chemistry, University of Pennsylvania.
Precast gels 4–20% linear gradient were obtained from

Bio-Rad Laboratories S.r.l.

Isolation and purification

Isolation and purification of 20S proteasome from

bovine brain were carried out as previously reported

[21,22]. A higher degree of purification was obtained by
a hydrophobic interaction chromatography step which

improves the separation of proteasome from the copu-

rifying chaperonine Hsp90.

Determination of proteolytic activities

The ChT-L, PGPH, and BrAAP activities of the

brain 20S proteasome were determined as reported
previously [21,23,24], using Z-GGL-pNA, Z-LLR-2NA,

and Z-GPALG-pAB respectively, as substrates. Ami-

nopeptidase N (EC 3.4.11.2), used for coupled assay

utilized for detecting the BrAAP activity [24], was pu-

rified from pig kidney, as reported elsewhere [25,26].

Proteolytic activity assays were performed in the pres-

ence of increasing amounts of MTX (from 0 to
300mM): MTX did not affect the assayed activities
(data not shown).

Preparation of DHFR proteins

The bovine liver DHFR and the SE-DHFR were ob-

tained as suspensions in 3.6M ammonium sulfate solu-

tion, pH 7.0. Protein samples were dialyzed over night

against phosphate buffer 20mM, pH 7.5, and protein
concentrations were determined spectrophotometrically

(e280 ¼ 27; 280 cm�1 M�1 for the bovine DHFR [27],

e280 ¼ 31; 100 cm�1 M�1 for the SE-DHFR [28]).

Exposure of DHFRs to peroxynitrite

Peroxynitrite was synthesized according to the pro-

tocol reported by Uppu et al. [29] and stocked at )80 �C.
The concentration was determined spectrophotometri-

cally at k ¼ 302 nm (e ¼ 1670M�1 cm�1). The stock

solution was diluted in KOH 0.1M before use. Phos-

phate buffer solutions of the bovine liver DHFR and the

SE-DHFR (22.84 lM) were incubated with peroxyni-

trite (final concentrations 0, 50, and 100 lM) for 15min

at room temperature. Peroxynitrite decomposition in

phosphate buffer was followed spectrophotometrically
(k ¼ 302 nm): within 1min the absorbance went down to

the baseline. Control experiments on the 20S protea-

some activities were performed in order to check the

effect of peroxynitrite decomposition side products.

Polyacrylamide gel electrophoresis

Sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS–PAGE) [30,31] was done in 4–20% linear

gradient precast gels for DHFR proteins treated with

increasing concentrations of peroxynitrite (0, 10, 40, 80,

and 100 lM).

Determination of SE-DHFR degradation by HPLC

Incubation of SE-DHFR, 30.7 lM, with the 20S
proteasome, 0.34 lM, was carried out in phosphate

buffer 20mM, pH 7.5, MgCl2 5mM (incubation buffer),

at 37 �C. Twenty microliters of aliquots were withdrawn

at different times (from 0 to 120min), acidified with 2ml

of TCA 10%, and subjected to HPLC on a Hamilton

PRP-3 column (4.1� 150mm). Elution was carried out

at a flow rate of 0.7ml/min with the buffers: 0.1% tri-

fluoroacetic acid in water (A) and acetonitrile containing
0.1% trifluoroacetic acid (B). Samples were loaded in

25% buffer B and eluted according to the following

gradient: step 1, from 25 to 40% buffer B in 5min; step 2,

from 40 to 45% buffer B in 15min; step 3, from 45 to

80% buffer B in 5min; and step 4, 80% buffer B for

5min. The rate of DHFR degradation was determined

measuring the peak height of the protein (k ¼ 210 nm).



Fig. 1. Degradation of SE-DHFR by the 20S proteasome. HPLC

analysis of the effect of methotrexate (control (d), and 2mM (�)) on

the SE-DHFR degradation by the 20S proteasome. Each data point is

the mean value� 4% SE and comes from three separate determina-

tions. Error bars are not shown because they correspond to the size of

the symbol.
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Determinations of SE-DHFR degradation by 20S pro-
teasome were executed after incubation either with

2mM MTX or with peroxynitrite (50 and 100 lM).

Effect of peroxynitrite decomposition side products were

analyzed by diluting the peroxynitrite into the buffer and

allowed to decompose for 5min before adding the en-

zyme: no effect was observed (data not shown).

Each experimental set was repeated three times and

relative mean values and standard errors were calcu-
lated.

DHFR activity assay

The activity of DHFRs was determined spectropho-

tometrically following the decrease in absorbance at

340 nm of NADPH. The reaction mixture containing

50mM potassium phosphate buffer, 0.2mM EDTA, pH
7.0, 130 lM NADPH and 35 lM H2F in a final volume

of 1500 ll, was thermostated for 5min at 20 �C, then
50 ll of DHFR solution were added [32].

The peroxynitrite oxidative effect was checked prein-

cubating the DHFRs with 0, 10, 50, 100, 200, and 400 lM
peroxynitrite for 5min at room temperature, then the

activity was performed as described above. The perox-

ynitrite side products effect was tested as reported in the
2.7. paragraph. Activity assays were also performed with

bovine DHFR pre-incubated or not with the 20S pro-

teasome at 37 �C in a time range from 0 to 120min.

Control experiments were carried out in order to evaluate

the effect of the protein pre-incubation at 37 �C.

Enzyme assays using fluorescamine

Degradation of DHFR and SE-DHFR was also

monitored spectrofluorimetrically utilizing the fluores-

camine (4-phenylspiro[furan-2(3H),10-phathalan]-3,30-
dione) assay. Fluorescamine is a non fluorescent reagent,

at alkaline pH, reacts rapidly with primary amines

forming a fluorescent conjugate. Therefore, the fluores-

cent assay is a high sensitive and reproducible method

which provides a measure of the number of peptide
bonds cleaved [33,34]. The 20S proteasome and DHFR

were pre-incubated in incubation buffer (see above), at

37 �C. Aliquots were withdrawn at different times (from 0

to 120min) and transferred to a fluorometer cuvette

containing 600 ll borate buffer (0.1M, pH 9.0), followed

by 300 ll of fluorescamine solution (0.1mg/ml in ace-

tone) with immediate mixing. Fluorescence emission was

measured using a Hitachi model F-4500 spectrofluo-
rometer (kexc ¼ 390 nm, kem ¼ 475 nm). Control experi-

ments were performed pre-incubating the DHFR at

37 �C in the absence of the 20S proteasome. The assays

were executed with the bovine liver DHFR and the SE-

DHFR treated or not with peroxynitrite (0, 5, 10, and

50 lM); the same experiments were carried out pre-in-

cubating the bovine-DHFR with 150 lM MTX.
Results

Degradation of SE-DHFR by isolated 20S proteasome

Preliminary experiments of proteolysis by the 20S

proteasome, isolated from bovine brain, were performed

using a cysteine-free mutant (C85S/C152E) of dihydro-

folate reductase (SE-DHFR) from E. coli.

HPLC analysis

The degradation of SE-DHFR was monitored by RP-

HPLC measuring the protein peak height after increas-

ing incubation times with the 20S proteasome at 37 �C.
The elution profile of SE-DHFR, both in the absence

and presence of 2mM MTX, is characterized by a de-

fined peak with a retention time of 15.35min. After in-

cubation with the 20S proteasome the chromatograms
presented a decrease of the peak height and the ap-

pearance of peaks at lower retention times attributable

to degradation products. Treatment of SE-DHFR with

2mM MTX completely inhibited the degradative action

of 20S proteasome, even at 120min of incubation.

The results obtained are summarized in Fig. 1, which

reports the % residual area of the SE-DHFR peak at

different incubation times with 20S proteasome, in the
presence and absence of MTX.

Fluorescamine assays

Fluorescamine assays were performed either to con-

firm the HPLC data obtained using the SE-DHFR (see
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above) or for its higher sensitivity which allowed us to
circumvent several experimental difficulties connected

with the application of RP-HPLC to the bovine DHFR

(most likely the enzyme specifically interacts with several

matrices and is present in very limited amount in the

reaction mixture for the degradation by the 20S pro-

teasome). The results obtained, summarized in Table 1,

clearly show that the fluorescamine fluorescence emis-

sion increases as a function of the incubation times of
SE-DHFR with the proteasome indicating the proteo-

lytic degradation of the enzyme.

Degradation of bovine liver DHFR by isolated 20S

proteasome

Effect of 20S proteasome on the bovine DHFR activity

To test the 20S proteasome effect on the bovine
DHFR functionality, activity assays were performed

after incubation of bovine liver DHFR with the prote-

asomal complex at 37 �C. Aliquots were withdrawn after

2, 30, 60, 90, and 120min and then added to a

thermostated solution at 20 �C containing NADPH and

H2F. Table 2 reports the % activity remaining of DHFR

after incubation with 20S proteasome at 37 �C. Control
experiments without proteasome showed no effect of
exposure at 37 �C on the DHFR functionality.

The incubation of bovine DHFR with the 20S pro-

teasome induces a gradual decrease of DHFR activity;

this effect could be ascribed both to the DHFR degra-
Table 1

Degradation of SE-DHFR by the 20S proteasome

Incubation time

(min)

0 30 60 90 120

% emission 100 102 104 116 116

The 20S proteasome and SE-DHFR were pre-incubated in incu-

bation buffer, at 37 �C. Aliquots were withdrawn at different times and

added to 600ll borate buffer (0.1M, pH 9.0), followed by 300ll of
fluorescamine solution (0.1mg/ml in acetone) with immediate mixing.

Fluorescence emission was measured, kexc ¼ 390nm and kem ¼ 475 nm

and the associated standard deviation was always lower than 4%.

Table 2

Effect of the 20S proteasome on the bovine liver DHFR activity

% bovine DHFR activity remaining

Incubation time

(min)

0 30 60 90 120

Control 100 98.09 101.88 102.00 99.62

After incubation

with the 20S

proteasome

100 77.02 76.20 57.11 50.77

The activity of bovine DHFR was determined by monitoring

spectrophotometrically the decrease in absorbance at 340 nm of

NADPH. The reaction mixture (50mM potassium phosphate buffer,

0.2mM EDTA, pH 7.0, 130lM NADPH, and 35lM H2F in a final

volume of 1500ll) was thermostated for 5min at 20 �C, then 50 ll of
DHFR solution were added.
dation and to the two macromolecules interaction
making changes in protein structure and functionality.

Fluorescamine assays

The proteolytic effect of the 20S proteasome on the

bovine liver DHFR was analyzed measuring the fluo-

rescence emission of fluorescamine. Table 3 shows the

fluorescence emission values, as percent of control, after

incubation at 37 �C with the proteasome.
The gradual increase of fluorescence emission con-

firms the DHFR proteolysis by the 20S proteasome.

Degradation of oxidized DHFR proteins by 20S protea-

some

The proteolytic action of the bovine brain 20S pro-

teasome was tested on SE-DHFR and bovine DHFR
exposed to various amounts of peroxynitrite, from 0 to

100 lM.

To verify if peroxynitrite exposure induced fragmen-

tation of the DHFR proteins a 4–20% linear gradient

SDS–PAGE was performed: a single band was detect-

able after silver staining (data not shown).

Based on the observation that oxidants produces

modifications to proteins leading to loss of function [35],
the oxidative effect of increasing peroxynitrite concen-

trations on the DHFRs was checked looking at the re-

maining activity after peroxynitrite exposure.

In Table 4, data from these experiments are shown.
Table 3

Degradation of the bovine DHFR by the 20S proteasome

Incubation time (min) 0 30 60 90 120

% emission 100.0 103.3 113.7 124.7 126.0

The 20S proteasome and the bovine DHFR were pre-incubated in

incubation buffer, at 37 �C. Aliquots were withdrawn at different times

and added to 600ll borate buffer (0.1M, pH 9.0), followed by 300ll of
fluorescamine solution (0.1mg/ml in acetone) with immediate mixing.

Fluorescence emission was measured, kexc ¼ 390 nm and kem ¼ 475 nm.

Table 4

Peroxynitrite effect on the DHFRs activity

Peroxynitrite

concentrations (lM)

% SE-DHFR

activity remaining

% bovine DHFR

activity remaining

0 100.00 100.00

10 95.62 97.13

50 87.11 91.25

100 46.50 58.30

200 38.70 41.55

400 22.05 27.22

The activity of DHFRs was determined by monitoring spectropho-

tometrically the decrease in absorbance at 340 nm of NADPH. The re-

actionmixture (50mMpotassium phosphate buffer, 0.2mMEDTA, pH

7.0, 130lMNADPH, and 35 lMH2F in a final volume of 1500ll) was
thermostated for 5minat 20 �C, then50ll ofDHFRsolution, previously

treated with peroxynitrite (0, 10, 50, 100, and 200lM) were added. The

peroxynitrite side products action was tested: no effect was detected.



Fig. 4. Fluorescence emission related to the effect of peroxynitrite

(control (s), 5lM (�), 10lM (m), and 50lM (*)) on the bovine

DHFR degradation by the 20S proteasome, analyzed with fluoresca-

mine. Each data point is the mean value� 4% SE and comes from four

separate determinations. Error bars are not shown because they cor-

respond to the size of the symbol.

Fig. 2. HPLC analysis of the effect of peroxynitrite (control (s), 50 lM
(�), and 100lM (m)) on the SE-DHFR degradation by the 20S pro-

teasome. Data are reported as % residual area with respect to the

control. Each data point is the mean value� 4% SE and comes from

three separate determinations. Error bars are not shown because they

correspond to the size of the symbol.
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HPLC analysis

The degradation of SE-DHFR treated with 0, 50, and

100 lM peroxynitrite was performed by HPLC analysis.
Fig. 3. Fluorescence emission related to the effect of peroxynitrite

(control (s), 5lM (�), 10 lM (m), and 50 lM (*)) on the SE-DHFR

degradation by the 20S proteasome, analyzed with fluorescamine.

Each data point is the mean value� 4% SE and comes from four

separate determinations. Error bars are not shown because they cor-

respond to the size of the symbol.
The elution profiles show a main peak, at the retention

time of native SE-DHFR, characterized by a poorly

resolved shoulder attributable to the oxidized form.

Treatment with peroxynitrite induced an increase of
the SE-DHFR degradative rate with respect to the

control, even if no differences were detectable between

50 and 100 lM peroxynitrite (Fig. 2).

Fluorescamine assays

Figs. 3 and 4 report the results of the fluorescamine

assays for the 20S proteasome digestion of SE-DHFR

and bovine DHFR treated with 0, 5, 10, and 50 lM
peroxynitrite, respectively.

The 20S proteasome was able to recognize and to

degrade both DHFR proteins: the degradation rate and

the proteolyzed substrate amounts increased as a func-

tion of peroxynitrite concentration. Besides, the bovine

DHFR, oxidized or not, was faster degraded by the 20S

proteasome than the SE-DHFR.
Discussion

In the present study we have demonstrated that the

enzyme DHFR is directly proteolyzed by the 20S pro-

teasome, with no previous ubiquitination step. To the

best of our knowledge it is the first time that DHFR is

recognized as a substrate for the 20S proteasome, in fact
in earlier works a multi-ubiquitined DHFR, also in the

presence of its inhibitor MTX, has been used as a model
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either to determine how the N-end rule pathway is re-
lated to the protein conformational stabilization [20] or

to analyze the substrate recognition by the 26S protea-

some disclosing the dependence on the length of the

polyubiquitin chains for efficient targeting [19].

Furthermore, taking into account the DHFR impli-

cation in the onset and progression of several neurode-

generative disorders, a 20S proteasome isolated from

bovine brain has been used. In order to have a homo-
geneous model, a bovine DHFR was utilized as sub-

strate for the 20S complex. The DHFR is a folded

protein, in detail it is a a/b protein characterized by a

high conformational flexibility [36], on the contrary of

other proteins known to be substrates for the 20S pro-

teasome and involved in neuropathologies, like a-syn-
uclein [9] and tau protein [8], which are native unfolded

proteins.
In this context, it should be noticed that the two

DHFRs, considered in this study, in spite of a relatively

low sequence homology [37] show a similar three-di-

mensional structure.

Our data clearly indicate that both DHFRs are de-

graded by the 20S proteasome although the bovine en-

zyme is more rapidly hydrolyzed than the mutant one.

This evidence could be explained by the different
conformation exhibited by the two proteins at the assay

temperature of 37 �C. In fact the bovine DHFR, which

shows a thermal transition around 50 �C, at 37 �C is in

its native conformation, whereas, at the same tempera-

ture, the SE-DHFR is in a stable intermediate state re-

sembling a molten globule which is more resistant to the

proteolytic degradation [38,39].

The interaction between the bovine DHFR and the
20S proteasome has been also approached looking at

the DHFR enzymatic activity: it came out that in the

presence of the proteasome the DHFR showed a de-

creased activity. The qualitative data obtained from the

fluorescamine assays suggest that the decrease of DHFR

enzymatic activity resulted from its degradation by the

20S proteasome.

Several recent works report an increased oxidative
stress in the brain of subjects affected by neurodegen-

erative disorders [40–42]. Since, as Davies et al. have

demonstrated, the 20S proteasome plays a key role in

the removal of mildly oxidized proteins [43], degrada-

tion experiments with the two DHFRs exposed to

relatively low peroxynitrite concentrations were per-

formed. Our data are in good agreement with Davies�
observations in fact an increase in the rate of DHFR
proteolysis was evident. Even after oxidation, the dif-

ference in the proteolysis rate has been maintained, be-

ing the bovine nitrated DHFR more rapidly degraded

than its E. coli counterpart.

It is well known that neuropathologies are charac-

terized by both an increase in oxidative conditions and

an impairment of the proteasome functionality [40–
42,44,45], which could be the cause of the accumulation
of ubiquitinated and not-ubiquitinated proteins, among

them a-synuclein and tau protein, and of oxidized pro-

teins.

Furthermore, clinical studies suggest a relationship

between folate deficiency and correlated increased

homocystein levels and neurological disorders, including

AD and PD. It has been shown, in cultured neurons,

that folate deprivation induces an increase in cytosolic
calcium, in reactive oxygen species (also through a de-

crease of the reduced form of glutathione), in phos-

phorylated-tau, and in apoptosis, providing evidences

that folate is directly involved in the neuronal regulatory

mechanisms [46].

Our findings demonstrate the role of 20S proteasome

in the removal of DHFR which became more efficient in

an oxidative environment. Although data from the
present study refer to in vitro conditions, the effect of

20S proteasome on the DHFR remains informative. In

fact, being the DHFR directly degraded by the 20S

proteasome, under oxidative conditions which induce a

change in the proteasomal complex functionality, the

DHFR turnover and the correlated folate levels might

be altered, thus, contributing to the onset and progres-

sion of neurodegenerative disorders. In future studies, it
will be important to elucidate the role of the 20S pro-

teasome on the DHFR degradation on in vivo systems

in order to verify the results shown in this study.
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