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The basal and DUSF (DNA-uptake-stimulating factor, described previously by Schablik and Szabé (1981) FEMS
Microbiol. Lett. 10, 395-397) stimulated uptake of [*H]DNA and radioactive nucleotides by Neurospora crassa (FGSC
1118, slime) cell-wall-less strain was studied. The uptake of [3H]DNA by the cells is a saturable and time-dependent
process. The pH and temperature optimum for [°H]DNA uptake are pH 7 and 27°C, respectively. Both basal and
DUSF-stimulated uptake of | 2H]DNA are inhibited by 2,4-dinitrophenol and iodoacetic acid. The inhibition of the basal
uptake of [3H]DNA by cycloheximide is greater than the DUSF-stimulated uptake. The DUSF enhanced not only
DNA-uptake but also that of the oligonucleotides and mononucleotides. DUSF binds both macromolecular [3H]DNA
and ['*CJAMP, and there might be competition between nucleotides and DNA for the binding to DUSF. Polyclonal
antibodies prepared against DUSF inhibited both basal and DUSF-enhanced [>H]DNA uptake. DUSF was detected by
immunoblotting among the proteins isolated from purified N. crassa cell-membranes. DUSF might be a receptor
protein for DNA and nucleotides in the cell-membrane of N. crassa and play a role in DNA and nucleotide uptake.

Introduction

The uptake of oligonucleotides and high molecular
weight DNA into eukaryotic cells was established in
several laboratories, as reviewed in [1-4], but the
physiological uptake mechanism remained obscure. The
understanding of the mechanism and the stimulation of
the uptake may serve also practical purposes since anti-
sense oligonucleotides specifically inhibit gene expres-
sion [5] or virus multiplication [6,7] and macromolecular
DNA is used in genetic transformation [8]. A DNA-up-
take-stimulating substance was discovered in the culture
medium of N. crassa (FGSC 1118, slime) cell-wall-less
mutant strain and was designated DNA-uptake-stimu-
lating factor (DUSF) [9]. The DUSF was purified to
homogeneity and proved to be a protein of 230000 Da
and some of its properties were described [10]. DUSF

Abbreviations: DUSF, DNA-uptake-stimulating factor; DNase I, de-
oxyribonuclease I; BSA, bovine serum albumin; PhMeSO,F, phenyl-
methylsulfonyl fluoride; SDS3, sodium dodecy! sulfate. Enzyme: De-
oxyribenuclease I (EC 3.1.21.1).

Correspondence: G. Toth, Biologiai Intézet, Debreceni Orvostu-
domanyi Egyetem, Postafiok 1, H-4012, Debrecen, Hungary.

seems to be the only known protein that facilitates
DNA uptake. In this paper we report that DUSF also
stimulates the uptake of oligonucleotides and mono-
nucleotides into N. crassa and conditions which opti-
mize the action of DUSF is described.

Materials and Methods

[’H]DNA and labelled nucleotides

The production and extraction of [*’HJDNA from
Neurospora crassa cell-wall-less mutant strain (FGSC
1118 (fz; sg; os-1, slime)) was carried out as described
in Ref. 10. The relative molecular mass of isolated
[*H]DNA was 30 - 10°. The absorption ratio at 260 nm
and 280 nm was 2.0 with a specific radioactivity of 0.29
kBq/pg. The mixture of [*H]oligonucleotides was pro-
duced by digestion of [°’H]JDNA with bovine pancreas
DNase 1 (Sigma) at 37°C for 2 h. [*HJTMP and
i{'*CJAMP were purchased from Amersham.

Uptake of [’H]DNA and labelled nucleotides

N. crassa (FGSC 1118, slime) cell-wall-less mutant
cells were cultivated in Vogel’s [11] liquid medium with
the addition of 1.5% sucrose, 7.5% L-(—)-sorbose for 24
h at 27°C in a horizontal shaker incubator at 100 rpm.
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The cells were harvested by centrifugation (1500 rpm,
15 min, 27°C), washed three times in fresh medium, and
then a cell suspension of 107 cells/ml was prepared.
Incubation mixtures consisted of 1 ml cell suspension,
0.8 ml of effectors, 0.1 ml of DUSF (15 pg) or fresh
medium and 0.1 ml of [*H]DNA (5 pg) or labelled
nucleotides. The incubation was carried out for 2 h with
shaking in a water-bath ai 27°C. During 2 h of incuba-
tion there was no significant degradation of macro-
mulecular [°’H]DNA by DNases of the cells, as checked
by agarose gel electrophoresis [13]. The uptake of poly-
nucleotides was terminated by rapid cooling of the
samples for 10 min at 0°C. Nonabsorbed [*HIDNA was
eliminated from the surface of #* cells by addition of
0.25 mg DNase 1 (Sigma) for 10 min at 27°C. Thereafter
the samples were cooled again to 0°C and the cells were
washed four times in 0.5 M NaCl at 0°C, and dried in
the centrifuge tubes. Then 1 ml 0.5 M HCIO, was added
to the cells and this mixture was placed in boiling water
for 15 min. After centrifugation 0.2 ml samples of the
supernatant were mixed with 1.5 ml Aquasol-2 scintilla-
tion liquid and the radioactivity was counted. Data
shown in the figures and tables are the mean values +
S.D. of three separate determinations.

Preparation of DUSF

DNA-uptake-stimulating protein was isolated and
purified from the culture medium of N. crassa cell-
wall-less strain (FGSC 1118 (fz; sg; os-1, slime)) as
described in Ref. 10. The purified DUSF was free from
DNase contamination, as demonstrated by the lack of
release of radioactive perchloric acid-soluble material
from macromolecular [*HJDNA when was incubated
with DUSF [12].
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Preparation of antibodies against DUSF

Rabbits were immunized by intramuscular injection
with 85 pg of homogeneous DUSF six times at 1-week
intervals. At the first immunization they were addition-
ally injected with 0.5 ml of complete Freund adjuvant
(Difco) and subsequently with 0.5 ml of incomplete
adjuvant. Six days after the last injection the rabbits
were bled and the serum was separated. The anti-DUSF
immunoglobulins were purified from the serum by gel
filtration on Sephacryl S300 (Pharmacia), followed by
chromatography on DEAE-Sephadex A50 (Pharmacia).
The specific immunreaction of anti-DUSF immuno-
globulins with DUSF was controlled by Ouchterlony’s
immunodiffusion test [14]. The immunoprecipitates in
the agarose gel were stained as in Ref. 15.

Isolation of cell-membrane, solubilization of membrane
proteins and SDS-polyacrylamide gel electrophoresis

N. crassa (FGSC 1118, slime) 48-h-old cells were
washed three-times with 10 mM MgSO,, 380 mM
sorbose containing 50 mM Tris-HCl buffer (pH 7.5).
All subsequent steps were as described by Scarborough
[16] with slight modification: (i) no concanavalin A was
used for cell-agg-egation and (ii) each solution con-
tained 0.25 mM phenylmethylsulfonyl fluoride (PhMe-
SO,F). The membrane ghosts were washed five times
with 10 mM Tris-HC1 (pH 7.5). The ghosts were solubi-
lized by ultrasonication (3 X20 s at 0°C, Braunsonic
300 S) in 5 mM EDTA, 0.25 mM PhMeSO,F, 1% SDS
containing 10 mM Tris-HCl (pH 7.5). The sonicated
membrane was placed in a boiling water-bath for 5 min.
Then it was centrifugated at 5000 rpm for 5 min at 0°C
and the supernatant was dialyzed overnight against 5
mM EDTA, 0.25 mM PhMeSO,F, 0.1% SDS containing

Uptake of PHIDNA (10° dpm/10” cells )

30 60 120
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F_ig, 1. The saturati?n (A) a3nd time (B) curves of [*’HJDNA uptake by N. crassa slime cells. The [*H]DNA uptake by the cells was measured at
different concentrations of [*H]DNA after two h of incubation (A) and at 5 pg [*HJDNA after 30, 60 and 120 min of incubation (B), in the absence

(o 0) and in the presence (@

®) of DUSF (15 pg) as described in Materials and Methods.
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Fig. 2. The effect of pH (A) and temperature (B) upon [*H]DNA uptake by N. crassa slime cells. The measurement of [*HJDNA uptake (5 pg) by
cells was carried out at various pH values (A) and temperatures (B) in the absence (o O; white bars) and in the presence (@ @; black
bars) of DUSF (15 pg) as described in Materials and Methods.

Tris-HCI (pH 7.5) buffer at 4°C, followed by lyophyli- with 2% bovine serum albumin for 1 h at 4°C. The blots
zation. SDS-polyacrylamide gel electrophoresis of the were developed with anti-DUSF as primary antibodies

solubilized membrane proteins was carried out in 10% (rabbit), then with peroxidase-antiperoxidase complex
slab gel according to Laemmli [17]. conjugated anti-rabbit immunoglobulins (goat) as sec-
ondary antibody (Amersham), for 1 h at 37°C. The

Protein blotting, immunostaining and gold staining of peroxidase reaction was carried out by incubating for
protein blot several minutes in 0.1 M Tris-HCI, pH 7.5 buffer con-
The separated membrane proteins were transferred taining 0.5 mg/ml p-phenylenediamine dihydrochlo-
onto nitrocellulose (Hybond-C, Amersham) sheets by ride, 1 mg/ml pyrocatechol and 0.01% H,0, [19]. Be-
bidirectional capillary diffusion as described by Rein- tween and after using of the immunoglobulins the blots

hart [18]. Then the nitrocellulose sheets were blocked were washed with 10 mM Tris-HCI (pH 7.5), 150 mM
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Fig. 3. The effect of 2,4-dinitrophenol, iodoacetic acid, cycloheximide (A), some nucleotides and their constituents (B) upon [>H]DNA uptake by N.

crassa slime cells. The measurement of [°HJDNA uptake (5 pg) by N. crassa cells was carried out in the absence (white bars) and in th«? presence

(black bars) of DUSF (15 pg) as described in Materials and Methods. Symbols of figure A: DNP (2,4-dinitrophenol) 10~3 M; IAC (iodoacetic

acid) 10”3 M; CHI (cycloheximide) 10~% M; CON (control). Symbols of figure B: Ade (adenine) 10~? M; A (adcnosine) 10"“s M; {\MP

(adenosine 5'-phospkate) 10~% M; G (guanosine) 10~% M; T (thymidine) 10~% M; CMP (cytidine 5’-phosphate) 10~% M; Rib-P (ribose
5’-phosphate) 10~ M; CON (control).
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TABLE I

The effect of DUSF and unlabelled DNA in excess upon the uptake of
digested [’H]DNA and radioactive nucleotides by N. crassa slime cells

The uptake of radioactive nucleotides by the cells was measured as
described in Materials and Methods. The applied quantities of radio-
active materials in the incubation mixtures were as follows: Digested
[HJDNA, 8.3-10~ ' M; [*HJTMP, 1.3-10~"' M; [*CJAMP, 107"
M. The effect of unlabelled DNA, 1.6-10~° M isolated. from N.
crassa alone or with 15 pg DUSF upon the uptake of nucleotides was
measured.

Effectors The uptake of radioactive materials
added (dpm /107 cells)
digested [PH]TMP [**ClAMP
[*H]DNA
None 114+ 8 404+ 81 1648+ 15
Unlabelled
DNA in excess 31+ 10 289+ 23 1158+ 35
DUSF 2278 +106 10494108 6389+274
DUSF+
unlabelled
DNA in excess 1253+ 83 635+ 90 44721185

NaCl, 0.05% Tween-20 buffer. The gold staining of the
protein-blot was done with the method of Yamaguchi
[20].

Results and Discussion

The effects of DNA concentration, pH and temperature
upon [H]DNA uptake

The basal and the siimulated uptake of [°’H]DNA by
DUSF into N. crassa cells proved to be a saturable (Fig.
1A) and time-dependent (Fig. 1B) process. The in-
fluence of pH upon [*H]DNA uptake was studied (Fig.
2A). The optimal basal DNA uptake occurred between
pH 6 and 7, while the stimulatory effect of DUSF has a
sharp peak at pH 7. At lower values (pH <7) the
decreased uptake cannot be considered as a conse-
quence of cell destruction or denaturation of DUSF
because the cultivation of N. crassa and the production
of DUSF take place at pH 5. Fig. 2B shows that the

TABLE 11
The binding of [*H]DNA and ['*C]AMP by DUSF

uptake of [’HJDNA is maximal at 27°C and it is
drastically decreased at higher or lower temperatures.
The DUSF stimulated uptake of [*H]JDNA is not in-
fluenced by lowering the temperature to 17°C or 5°C as
in the case with basal uptake. A considerable amount of
[’ H]DNA can be taken up by the stimulated cells even
at that low temperature.

The influence of 2,4-dinitrophenol, iodoacetic acid and
cycloheximide upon [*H]DNA uptake

Fig. 3A shows that both the uncoupler 2,4-dinitro-
phenol that inhibits ATP synthesis by terminal oxyda-
tion and iodoacetic acid, an inhibitor of glycolysis,
diminished [*HJDNA uptake. It seems that DNA up-
take or a part of the process is energy-requiring.
Cycloheximide strongly inhibited the uptake of [*H]
DNA by cells in the absence of DUSF, but had much
less effect upon the DUSF-stimulated uptake. This may
indicate the involvement of de novo synthesized pro-
teins in the DNA uptake process, one of which might be
DUSEF itself.

The effect of nucleotides and nucleosides upon [*H]DNA
uptake

Fig. 3B shows that AMP, CMP, guanosine and
thymidine inhibited [*HJDNA uptake both by un-
treated and by DUSF treated cells. The components of
AMP, adenine and ribose 5’-phosphate were not inhibi-
tors while adenosine strongly decreased [°*H]DNA up-
take. These results indicate that it is not the purine base
(adenine) or ribose 5’-phosphate moiety separately, but
it is a composite molecule, the nucleoside (adenosine) or
nucleotide (AMP) that inhibited [*HJDNA uptake. The
uptake mechanism of nucleotides and of DNA may
have common components and that possibility prompted
us to determine the uptake of ['*C]JAMP, [ HJTMP and
a mixture of *H-labelled oligonucleotides by N. crassa.
The *H-labelled oligonucleotides were prepared by
DNase I digestion of [P H]DNA as described in Materi-

Nitrocellulose (Hybond-C, Amersham) discs of the same diameter (12 nm) were soaked in 2% bovine serum albumine (BSA) or in 0.7 mg/ml
DUSF containing 10 mM sodium phosphate buffer (pH 7.0) for 60 min. The DUSF loaded discs were placed into 2% BSA containing solution for
30 min. One group of these discs were soaked in unlabelled AMP, (5-10~* M) the other in unlabelled DNA, (1.7-10~® M) solution for 30 min. The
discs were immersed into [*HJDNA, (3.3-10~'° M) or [*CJAMP, (2-10~!* M) containing buffer solution for 30 min. The unbound radioactivity
was thoroughly washed out. The washed discs were solved in 0.5 ml ethyl acetate, then 3 ml of Aquasol-2 scintillation liquid was added and the
radioactivity was counted. Every step was carried out at 4°C and the values are the average of three parallels.

Radioactive Radioactivity bound (dpm/nitrocellulose disc; treatment of the nitroceliulose discs
terial - "
:::: ::;" s BSA DUSF/BSA DUSF/BSA /unlabelled DUSF/BSA /unlabelled
control AMP in excess DNA in excess
[:’H]DNA 263+ 5 11254120 377427 not done
[“ClAMP 516210 1086+ 53 not done 519+15




Fig. 4. The immundiffusion test of anti-DUSF antibodies in agarose

gel. The middle well contained 50 pg of purified anti-DUSF immuno-

globulins and wells A, B, C contained 1.4 pg, 0.7 pg and 0.35 pg of

homogeneous DUSF protein, respectively. The immunoprecipitates
were visualized by staining as described in Ref. 15.

als and Methods. Table I shows: (i) that DUSF in-
creases the uptake of nucleotides: (i) “Cold” DNA (in
excess, 100 pg) inhibited both the basal and the
DUSF-stimulated uptake of nucleotides. Fig. 3B and
Table I indicate that there might be competition for
uptake between DNA and nucleotides.

kDa
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Purified DUSF binds macromolecular [*H]DNA and
[*C]AMP

The capacity of purified DUSF to bind macromolec-
ular [’H|DNA and ["*CJAMP was determined with
DUSF immobilized to nitrocellulose membrane (as de-
scribed in legend of Table II). As it is shown in Table II
DUSF binds both [*H]JDNA as well as [*CJAMP. It
can be seen that DNA competes effectively with AMP
binding though further experiments are needed for
quantitative analyses.

Experiments with polyclonal anti-DUSF immunoglobulin

Polyclonal antibodies were prepared against DUSF
as described in Materials and Methods. Fig. 4 shows the
specificity of the precipitation between purified (homo-
geneous) DUSF and partially purified antibodies. The
effect of anti-DUSF immunoglobulins upon [*H]DNA
uptake was determined. Table III shows the inhibitory
effect of the antibodies upon both basal and DUSF-
stimulated [°H]JDNA uptake, The inhibition of the basal
[*H]DNA uptake is more pronounced than the DUSF-
stimulated one. We assume that the cell-membrane of
N. crassa containing DUSF by reacting with the anti-
DUSF immunoglobulins became inaccessible to DNA
and that caused the cessation of the basal uptake. The
presence of DUSF among the proteins of the isolated
cell-membrane of N. crassa was demonstrated by im-

L 67

[ — 3

Fig. 5. Detection of DUSF by immunoblotting among the cell-membrane proteins of N. crassa (slime) cells. Cell-membranes were isolateq .and

solubilized as described in Materials and Methods. The SDS/polyacrylamide gel electrophoresis of DUSF (2.5 pg, lane A) and the solubilized

membrane proteins (85 pg, lane B) took place in 10% slab gel (2 mm). The separated proteins were transferred onto nitroc.eQulose sheets. and DUSF

was indicated by immunostaining (see in Materials and Methods). Membrane proteins blotted were visualized by golc.i staining on the mt.rocellul.ose

sheet (lane C). As molecular weight standards: ovalbumin (egg, 45000), serum albumin (bovine, 67000) and crosslinked serum albumin (bovine,
dimer, 134000) were applied.
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TABLE Il

The effect of anti-DUSF antibodies upon {*H]DNA uptake by N. crassa
slime cells

The uptake of [*’HJDNA (5 pg) by cells was measured in the absence
(-) and in the presence {+) of DUSF (20 pg) as described in
Materials and Methods. The quantity of immunoglobulins in the
incubation mixtures were the same (0.45 mg).

[Uptake of [*'HJDNA (dpm /107 cells)]
anti-DUSF antibody

19+ 4
2378112

control antibody

—-DUSF 680+ 2
+DUSF 4180+114

munoblotting (Fig. 5). One of the minor bands of the
blotted membrane proteins stained with gold (lane C)
coincides with the single band (lane B) detected with
immunostaining. The fact that the membrane protein
reacting with anti-DUSF antibody is about 15 kDa less
than the standard DUSF preparation (lane A) might be
the result of proteolysis during the solubilization of the
membrane proteins. It seems that DUSF is an integral
part of the cell-membrane. The above experiments show
that DUSF binds DNA and nucleotides and stimulated
the uptake of DNA and nucleotides into the N. crassa
slime cells, but further experiments are needed to de-
termine how DNA and nucleotides penetrated the cell.
Although the extracellular macromolecular DNA was
not degraded (not shown) even after 2 h of incubation
with the N. crassa cells, it can’t be excluded that during
penetration through the cell-membrane DNA (and
nucleotides) were degraded.

DUSF is not unique as DNA-binding protein in
eukaryotes [21]. There are recent publications about the
uptake of the undegraded oligonucleotides by marn-
malian cells [22,23], and an oligonucleotide binding
protein was isolated [22] and its presence in the cell
membrane was also shown [23], but we are not aware of
data about its stimulatory role in oligonucleotide or
DNA uptake.

We think that DUSF might be a cell-membrane
receptor of DNA and nucleotides in N. crassa and the
mechanism of uptake is probably receptor mediated
endocytosis. Our above results (the temperature depen-
dence of the rate of uptake, the inhibition by energy
depletion, the receptor specificity) are concordant with
the conclusion of Loke {22] and Yakubov [23], who also
suggested that the uptake of oligonucleotides took place
by receptor mediated endocytosis. Although DNA is
taken up by CaCl, and heat-shock [24] or poly(ethylene
glycol) [25] treated spheroplasts of N. crassa, we assume
that there exists also a physiological process which
catalyzes the uptake of polynucleotides into the cell.
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