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Abstract—Lactoferrin is the major iron-transferring protein of human barrier fluids such as blood and milk. It is a polyfunc-
tional protein capable of binding DNA exposed on the surface of various cells. Electrophoretically homogenous lactoferrin
was prepared by sequential chromatography of human milk proteins on DEAE-cellulose, heparin-Sepharose, and Sepharose
containing immobilized anti-lactoferrin antibodies. By subsequent chromatography on Blue Sepharose the resulting lacto-
ferrin was fractionated into several subfractions with different affinity for the sorbent, and this was associated with separation
of additional lactoferrin peaks with DNase activity from the main peak. By various techniques, in particular, by in situ testing
the DNase activity of lactoferrin in a DNA-containing gel after SDS-electrophoresis, hydrolysis of DNA was for the first time
shown to be an intrinsic property of lactoferrin. The substrate specificity of lactoferrin in hydrolysis of DNA was different
from specificities of known human DNases. Hydrolysis of DNA was activated by bivalent metal ions and also by ATP and
NAD. Unlike the main fraction of lactoferrin with the highest affinity for Blue Sepharose, all protein subfractions with DNase
activity were cytotoxic and suppressed growth of human and mouse tumor cell lines.
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Lactoferrin, an iron-transferring glycoprotein, is
present in high concentration (~1-2 mg/ml) in milk and
other human epithelial secretions [1]. It has also been
found in neutrophil granules and blood plasma [2, 3].
Lactoferrin (its molecular weight is ~76-80 kD) consists
of a single polypeptide chain of 673 amino acid residues,
which contains two sites of glycosylation [4]. X-Ray dif-
fraction analysis shows that the lactoferrin molecule is
coiled into two homologous domains, each with one iron-
binding site [5]. The affinity of iron atoms for lactoferrin
is extremely high (K; 1 nM), but its saturation in milk is
not higher than 10-15%.

Another fundamental feature of lactoferrin is its abil-
ity for binding polyanions such as heparin, DNA, RNA,
polysaccharides, etc. The interaction of this protein with
heparin and chondroitin sulfate is mainly contributed by
its 33 N-terminal amino acid residues [6]. Two clusters,
GRRRRS and RKVR, which are not directly involved in
the interaction with the iron atom, play the dominant role
in the binding of ligands.

Abbreviations: oxATP) 2',3'-dialdehyde derivative of ATP;
T,U,,) 2',3'-dialdehyde analog of d(pT),(pU); TNF-a) tumor
necrosis factor o.

* To whom correspondence should be addressed.

Lactoferrin displays antibacterial properties, both
iron-dependent and iron-independent. The iron-
dependent properties are caused by the competition for
iron ions between the protein and receptors of bacterial
membranes. The nature of the iron-independent proper-
ties is not sufficiently clear, but it is known to depend on
the structural region of amino acid residues 20-37 of the
protein.

There are many data on the ability of lactoferrin to
interact with eucaryotic cells and influence their func-
tional properties [7-9]. The liver reticuloendothelial sys-
tem and lung macrophages have a common site responsi-
ble for binding lactoferrin and other basic proteins of
elastase type. Treatment of cells with DNase significantly
decreases the interaction of lactoferrin with mononuclear
cells and neutrophils; therefore, DNA is suggested to be
the common cellular receptor. The ability of lactoferrin to
penetrate into the nucleus [10, 11] and activate transcrip-
tion is especially interesting; DNA sequences with
increased affinity for lactoferrin have been found [11].
Some lactoferrin fractions with different affinities for
Blue Sepharose display features of ribonuclease [12].
Biological features and specific behavior of the protein in
in vitro and in vivo systems have been analyzed in more
detail in reviews [13, 14].
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We have earlier shown that, in addition to DNase II,
human milk contains IgG sIgA-antibodies (abzymes)
capable of effective degrading DNA and RNA [15-19].
When searching for other alternative milk nucleases
unlike DNase II and abzymes, we found that DNase
activity is associated with lactoferrin of human milk. The
present work shows that the DNase activity is an intrinsic
property of the protein, and specific activators of this
activity have been found.

MATERIALS AND METHODS

Ribo- and deoxyribooligonucleotides, homogenous
by data of ion-exchange and reverse-phase chromatogra-
phy, were synthesized as described in [20].

Isolation of lactoferrin from milk. Milk was taken
from healthy donors 0.5-3 months after the beginning of
lactation. To isolate lactoferrin, the milk was centrifuged
to remove the upper lipid fraction and cell precipitate, and
the solution was applied onto a column (20 x 1 cm) with
DEAE-cellulose. The fraction of proteins without affinity
for the sorbent was collected and applied onto a column
(10 x 1 cm) with heparin-Sepharose. The sorbent was
washed with 20 mM Tris-HCI buffer (pH 7.5), then with
the same buffer supplemented with 1% Triton X-100, and
then with Triton-free buffer until the absorption at
280 nm disappeared. Lactoferrin was eluted with linear
gradient of NaCl concentrations from 0 to 1 M in 20 mM
Tris-HCIl buffer. The lactoferrin peak was located by elec-
trophoresis of the fractions. The isolated preparation of
lactoferrin (LF) was additionally purified on a column
(20 x 1 cm) with anti-lactoferrin-Sepharose pre-equili-
brated with 20 mM Tris-HCI buffer (pH 7.5). After the
preparation was applied onto the column, the sorbent was
washed with 20 mM Tris-HCI buffer (pH 7.5) until the
disappearance of optical density at 280 nm. The elution
was performed with 50 mM Gly-HCI buffer (pH 2.6). The
isolated protein fractions were neutralized with 1 M Tris-
HCIl buffer (pH 7.5) The activity of lactoferrin was deter-
mined in hydrolysis of plasmid DNA using 2 pl of the elu-
ate per 20 pl of the reaction mixture (see below). During
all stages of the purification the homogeneity of LF prepa-
rations was tested by electrophoresis in 12% polyacry-
lamide gel containing 0.1% SDS as described in [21], and
the proteins were stained with silver as described in [22].

Chromatography of lactoferrin on Blue Sepharose.
Earlier, in work [12], lactoferrin preparations were sepa-
rated by chromatography on Blue Sepharose into several
subfractions, and one of them displayed RNase activity.
We used this approach with some modifications.
Homogenous preparations of LF were chromatographed
on a column (1.5 x 0.5 cm) with Blue Sepharose equili-
brated with 20 mM NaOAc buffer (pH 4.0). Before appli-
cation, the pH of the lactoferrin solution was adjusted to
4.0 with 1 M NaOAc. The proteins were eluted first with
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20 mM Tris-HCI buffer (pH 7.5) and then with a linear
gradient of NaCl concentrations from 0 to 1 M in the
same buffer. The fractions were dialyzed against 20 mM
Tris-HCI buffer (pH 7.5) and tested for the DNase activ-
ity (1-3 ul of the solution per 20 ul of the reaction mix-
ture, see below).

Conditions of DNA hydrolysis. Conditions of DNA
hydrolysis catalyzed by lactoferrin were optimized by
varying the pH of the mixture and concentrations of the
components mentioned below. The DNase activity of
lactoferrin preparations was tested under optimal condi-
tions at 37°C. The reaction mixture (10-20 pl) contained
20 mM Tris-HCI buffer (pH 7.5), 5 mM MgCl,, 1 mM
EDTA, and 150 ng DNA of phage A (or plasmid
pBluescript DNA) or 10°° M oligonucleotide substrate.
The reaction was initiated by addition of 0.05-0.1 pg
lactoferrin. The reaction mixture was incubated for 2-4 h
at 37°C. Accumulation of 5'-[**P]oligonucleotide hydrol-
ysis products was tested by electrophoresis in 20% poly-
acrylamide gel containing 7 M urea, or by TLC on
Kieselgel 60 F,s4 plates (Merck, Germany) in the system
dioxane—NH,OH—water (5 : 1 : 4) with subsequent
radioautography. Products of phage A DNA hydrolysis
were analyzed by electrophoresis in 1% agarose gel fol-
lowed by staining of DNA with ethidium bromide [23].

All kinetic measurements were performed on linear
portions of the reaction rate dependences on time and
lactoferrin concentration. The radioactivity of hydrolysis
products (in pieces of gel or on TLC plates) was deter-
mined by the Chernkov’s method with a Minibeta count-
er (LKB, Sweden). Values of K, and V,,, were deter-
mined with a computer program by methods of nonlinear
regression and diagrams as described in [24]. Errors in the
determination of parameters were no more than 10-30%.

Testing of lactoferrin activity in gel. The DNase
activity of lactoferrin was in situ determined by SDS-
PAGE in 12% polyacrylamide gel containing polymer-
ized DNA from calf thymus (20 pg/ml) [15, 16]. The gel
was washed with 4 M urea for 1 h and then 10 times with
water. To renature the lactoferrin activity, the gel was
incubated for 16 h at 37°C in buffer (20 mM Tris-HCI
(pH 7.5), 5 mM MgCl,, 1 mM EDTA) and stained with
ethidium bromide. The gel region containing the cleaved
DNA was revealed as a black spot on a homogenous fluo-
rescent background. The protein bands were identified by
staining the gel with Coomassie R-250.

Affinity modification of lactoferrin. 2',3'-Dialdehyde
derivatives of ATP (oxATP) and oligonucleotide
[d(pT)e]r(pU) (T,U,,) were synthesized as described in
[25]. The reaction mixture (10 pl) for affinity modifica-
tion of lactoferrin with these analogs contained 20 mM
Tris-HCI buffer (pH 7.5), 10 pM o-[**P]oxATP or
[*P]TyU,,, and 3-7 pg lactoferrin. The mixture was incu-
bated for 30 min at 25°C; to reduce the resulting Schiff
base, 1 pl of 0.01 M sodium borohydride in 50 mM
NaOH was added, and the mixture was incubated again
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for 30 min. The labeled lactoferrin was detected by SDS-
PAGE of the protein in 12% polyacrylamide gel with sub-
sequent radioautography of the gel.

Limited proteolysis of lactoferrin with trypsin.
Proteolysis of lactoferrin modified with oxATP or ToU,,
was performed as described in [26]. The reaction mixture
(10 pl) contained 0.1 M Tris-HCI buffer (pH 8.2), 25 mM
CaCl,, 10-15 pg lactoferrin, and 0.1-0.15 pg trypsin. The
mixtures were incubated for 4 h at 37°C and analyzed as
described above (12% polyacrylamide gel).

Limited proteolysis of lactoferrin with cyanogen bro-
mide. Proteolysis of the affinity-labeled lactoferrin at
methionine residues was performed as described in [27].
The reaction mixture (10 pl) contained 25 mM HCI,
0.1% SDS, and 10-15 pg lactoferrin. The mixture was
supplemented with 1.5 pul of 0.1 M BrCN in acetonitrile,
incubated for 3-5 min at 20°C, boiled for 30-40 sec, and
analyzed as described above (12% polyacrylamide gel).

Determination of cytotoxicity of lactoferrin.
Cytotoxicity of the protein was determined using the
model cell line mouse L-929 fibroblasts and human
tumor cells HL-60. The cells were plated onto DMEM
medium supplemented with 5% calf serum and grown in
a CO,-incubator until a monolayer was produced. Then
the cells were treated with mitomycin (1 pg/ml) for 5 h,
washed, and the medium was replaced with the same
medium but containing lactoferrin (1077-107% M). As the
control, inducer of cell death tumor necrosis factor
(TNF-a) was used in the concentration of 10~ M. The
cells were grown in a CO,-incubator for 12-48 h. The
number of dead cells was determined every 12 h by stain-
ing with Trypan Blue [28]. Cytotoxicity of lactoferrin was
determined by comparison to the level of natural cell
death. Each experiment was repeated at least thrice.

Fragmentation of DNA and analysis of cell apoptosis.
The above-mentioned cells were incubated for 12-24 h in
the presence of various subfractions of lactoferrin (10-
100 nM, Fig. 1) as described above, then subjected to lysis
according to [29], centrifuged at 20,000g, and the super-
natant was extracted with phenol-chloroform mixture
[29]. The resulting solution of DNA was used for analysis
of its fragmentation by electrophoresis in 1.2% agarose
gel and staining with ethidium bromide [23].

Apoptosis of the cells incubated in the absence or in
the presence of lactoferrin was analyzed using a standard
Annexin-V-Fluorescein kit for testing cell apoptosis
according to instruction of the producer (Boehringer
Mannheim, Germany).

DNA of phage A, DNA of plasmid pBR 322
(SibEnzyme, Russia), DNA of calf thymus (Sigma,
USA), polynucleotide kinase of phage T4 (Fermentas,
Lithuania), Triton X-100 (Ferak, Germany), trypsin
(Merck, Germany), Tris and Blue Sepharose (Sigma,
USA), heparin-Sepharose (Pharmacia, Sweden),
Toyopearl HW-55 Fine (Toyo Soda, Japan) were used.
Other reagents were of special purity.
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RESULTS AND DISCUSSION

Isolation of lactoferrin. Lactoferrin was isolated from
human milk by consecutive chromatography of their pro-
teins on DEAE-cellulose, heparin-Sepharose, and anti-
lactoferrin-Sepharose (Figs. 1 and 2). Data on chro-
matography of lactoferrin on heparin-Sepharose are pre-
sented in Fig. 1a. Lactoferrin was eluted from this sorbent
as two peaks, but only protein of peak III (Fig. 1a) was
nearly homogenous (lane 2 in Fig. 1b). Just this peak of
lactoferrin was used for the further purification of the
protein on a sorbent with immobilized antibodies to it
(Fig. 2). At the last stage, homogenous preparations of
lactoferrin were chromatographed on Blue Sepharose
(Fig. 3a), which binds many enzymes possessing affinities
for DNA and nucleotides. By chromatography, lactofer-
rin was separated by affinity for Blue Sepharose into
three-or-four more or less pronounced protein peaks: I,
I1, II1, and IV (Fig. 3a). The first protein peak had neither
affinity for the sorbent nor catalytic activity. The fourth
peak of lactoferrin (IV), which displayed the maximum
affinity for Blue Sepharose, was also catalytically inactive.
The maximum DNase activity was found in the second
peak of the protein (II). The third protein peak (III) cor-
responded to two separate peaks of the DNA-hydrolyzing
activity. None of the DNAse-active lactoferrin fractions
contained a detectable amount of iron. The relative quan-
tity of the protein in the peaks (Fig. 3a) and their relative
DNA-hydrolyzing activities strongly depended on the
milk donor, but all lactoferrin preparations from ten
donors manifested all protein peaks and three peaks of the
DNase activity.

Electrophoresis of lactoferrin preparations (under
conditions of dissociation or non-dissociation) revealed
only a single protein band corresponding to the protein
monomer with molecular weight of ~80 kD (Figs. 1b and
2b).

High affinity of lactoferrin for DNA has been shown
earlier [13, 14, 30]. We found that the major part of the
protein preparations from any donor has increased affin-
ity for Blue Sepharose and lacks the catalytic activity
(Fig. 3a, peak IV). Only a minor part of the total pool of
human milk lactoferrin can hydrolyze DNA. And the
protein fraction with the DNase activity varied in differ-
ent preparations, but in ten samples of milk under study
this fraction was no more than 5-15% of the total amount
of lactoferrin.

To show that the DNase activity belonged to lacto-
ferrin and not to microcontaminations of concurrently
isolated enzymes, we controlled this by some severe tests
elaborated earlier for detection of the catalytic activity in
the case of catalytically active antibodies [13-19]. Even
very strong protein complexes are known to be destroyed
in acidic buffers [17-19]. Lactoferrin did not lose the
nuclease activity after its incubation in buffer with low pH
(pH 2.3) and gel filtration under conditions of “acidic
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Fig. 1. a) Chromatographic separation on heparin-Sepharose of milk protein fractions affinity-free for DEAE-cellulose: /) absorption of
the proteins at 280 nm; 2) relative DNA-hydrolyzing activity (maximum relative activity is taken as 100%). b) Electrophoretic separation
in the absence of 2-mercaptoethanol of proteins corresponding to the peaks in Fig. 1a: 7) fraction II; 2) fraction III. To the right, molecu-

lar weights of marker proteins are presented in kD.
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Fig. 2. a) Affinity chromatography of lactoferrin on anti-lactoferrin-Sepharose (lactoferrin corresponds to fraction I1I, Fig. 1a): /) absorp-
tion at 280 nm; 2) relative DNA-hydrolyzing activity (maximum activity is taken as 100%). b) SDS-PAGE of the lactoferrin homogeneity
in the presence of 2-mercaptoethanol: 2) protein corresponding to fraction III after heparin-Sepharose (see Fig. 1a); 3) lactoferrin after
chromatography on anti-LF-Sepharose; /) positions of marker proteins (to the left, their molecular weights in kD are shown).
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Fig. 3. a) Separation by chromatography on Blue Sepharose of
lactoferrin fraction preliminary purified on anti-lactoferrin-
Sepharose: /) absorption at 280 nm; 2) relative DNA-hydrolyz-
ing activity (maximum activity of fraction LF-1 is taken as
100%). b) Analysis of DNA-hydrolyzing activity of lactoferrin in
situ after SDS-electrophoresis of the protein in DNA-containing
polyacrylamide gel (under conditions of dissociation): /, 7) frac-
tion III after heparin-Sepharose (Fig. 1a); 2, §) fraction of lacto-
ferrin after isolation on anti-lactoferrin-Sepharose; 3, 9) fraction
LF-1; 4, 10) fraction LF-2; 5, 11) fraction LF-3; 6, 12) fraction
LF-4 after chromatography on Blue Sepharose; /-6) Coomassie-
stained gel; 7-12) gel after staining of DNA with ethidium bro-
mide (the film negative is presented, the DNase activity is dis-
played as a light band on the background of homogenously fluo-
rescent dark gel). To the right, molecular weights of marker pro-
teins in kD are shown.

shock” (Fig. 4). Also, the protein peak coincided with the
activity peak.

SDS-PAGE is one of the most severe methods for
dissociating protein complexes [17-19]. The testing of
enzymatic activity in the gel region corresponding to
location of an individual protein after electrophoresis
under the above-mentioned conditions is considered to
be a stringent and reliable proof of enzymatic function of
the protein [17-19]. To show the DNA-hydrolyzing activ-
ity of lactoferrin, we used SDS-PAGE in the presence of
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2-mercaptoethanol; the gel for electrophoresis contained
polymerized DNA. After the electrophoresis, activities of
the protein bands were restored by removal of SDS and
subsequent incubation of the gel in buffer for recovery of
the enzymatic activity as described in [31]. Figure 3b
shows that in the region of the protein corresponding to
lactoferrin (after various stages of purification) DNA is
hydrolyzed and not stained with ethidium bromide. The
staining of DNA in other regions of the gel results in a
homogenous fluorescence of the total surface of the gel.
Thus, the ability of lactoferrin for hydrolyzing DNA was
confirmed by one of the most reliable approaches.

DNA-hydrolyzing activity of lactoferrin. Then, to
characterize the DNase activity of lactoferrin, prepara-
tions corresponding to the lactoferrin fraction 1 (LF-1)
were used (Fig. 3a). The DNase activity of lactoferrin was
determined using high-molecular-weight DNAs (DNA of
phage A and of plasmid pBR 322 or pBluescript) and
oligonucleotides with various structure and length. The
optimum pH of the reaction mixture during hydrolysis of
polymeric double-stranded DNA was about 7.0-7.5 (Fig.
5a). During hydrolysis of single-stranded nucleotides, the
pH optimum is displaced to alkalinity.

It was said above that the lactoferrin fraction under
study did not contain iron. The saturation of the proteins
with iron ions followed by removal of their excess by gel
filtration did not change the enzymatic properties of the
lactoferrin, and this suggested that the hydrolytic func-
tion of the protein should be Fe-independent.
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Fig. 4. Profiles of absorption (/) and DNase activity (2) of lacto-
ferrin on its gel filtration on a column with Toyopearl HW-55
resin in 50 mM acidic glycine-HCI buffer (pH 2.3) containing
0.1 M NaCl. Previously to the gel filtration, lactoferrin was
preincubated for 1 h at 37°C in the same buffer supplemented
with 1 M NaCl. Above the arrows, the molecular weights of
marker proteins are shown in kD.
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While iron ions had no significant effect on the
lactoferrin activity, an increase in the concentration of
NaCl (to 100 mM) increased its activity (Fig. 5b).
Moreover, Mn>", Mg?", and to the lesser degree Ca’",
Cu?*, and Zn*' at the concentration of 5 mM activated
the hydrolysis of DNA-substrates (Fig. 5¢), and EDTA at
the concentration of 10 mM and higher inhibited the
reaction (data not presented). Oligonucleotides were
hydrolyzed under the influence of lactoferrin significant-
ly more slowly than DNA substrates. The lactoferrin-
dependent degradation of DNA of phage A and of plas-
mid DNAs occurred already after 20-30 min, whereas
effective hydrolysis of oligonucleotide occurred only after
incubation for 2-4 h.

The binding of lactoferrin to some DNA sequences,
such as GGCACTT(G/A)C (ON,), TAGA(A/G)GAT-
CAAA (ON,), and ACTACAGTCTACA (ON,), is specif-
ic [12]. To more completely characterize the DNase
function of the protein, we evaluated apparent thermody-
namic and kinetic parameters of hydrolysis with the
enzyme of d(pT),, and d(pA),4, and also of specific ON,,
ON,, and ON,. Note that the oligonucleotides were
hydrolyzed by two pathways depending on manifestation
by lactoferrin of the DNase and phosphatase activities.
The removal by lactoferrin of the 5’-terminal phosphate
of oligonucleotide made difficult the determination of K,
and k_, values which characterize the DNase activity of
the protein. But the separation of the hydrolysis products
by TLC allowed us to evaluate the contribution of each
activity to the lactoferrin-dependent hydrolysis of the
oligonucleotide. Values of K, determined for the removal
of the 5'-terminal phosphate were in the range of 60-
95 uM independently of composition or length of the
oligonucleotide. The relative efficiency of the phos-
phatase activity of the protein preparations varied from
donor to donor and was 20-80% of their total DNase
activity. To evaluate the direct DNA-hydrolyzing activity
of lactoferrin, preparations with the minimal phosphatase
activity (not higher than 30%) were chosen.

Note that K, values for the lactoferrin-dependent
hydrolysis of various oligonucleotides (3.5-9.8 uM)
insignificantly depended on their structure and length
and also were similar for the protein preparations from
different donors (the table presents data for three lacto-
ferrin preparations). Values of k., differed more marked-
ly (see table). Because all K, values were determined
under conditions of quasi-first order reaction, they did
not depend on content in the lactoferrin preparations of
its non-hydrolyzing subfraction, and, consequently, char-
acterized the true affinity of the oligonucleotide for the
DNase site of the protein.

Blue Sepharose has affinity for numerous DNA-
dependent proteins [32]. Because not only the DNAse-
active lactoferrin can bind to the sorbent (Fig. 3, peak
IV), fraction LF-1 separated on Blue Sepharose from the
major protein, in addition to catalytically active lactofer-
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Fig. 5. a) pH dependence of the relative activity of lactoferrin in
hydrolysis of double-stranded DNA of phage A (/) and of single-
stranded 5'-[*P]d(pT),, (2) and also in the removal of the 5'-ter-
minal phosphate from 5'-[*?P]d(pT),, (3) (phosphatase activity).
b) Effect of concentration of NaCl and bivalent metal ions on the
relative activity of lactoferrin in the hydrolysis of 5'-[*2P]d(pT),,.
¢) Lactoferrin activity in the absence (/) and in the presence of
5 mM metal ions: Mg?* (2), Mn?" (3), Ca?* (4), Cu** (5), Zn**
(6). The lactoferrin activity in the presence of 5 mM MgCl, (2 h
at 37°C) is taken as 100%.
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Kinetic and thermodynamic characteristics of hydrolysis of oligonucleotides with the lactoferrin subfraction LF-1 (see

Fig. 3)
Substrate K.*, uM kg x10°, min~! kea/ Ky x1073, M~"min™!
d(pT)10 56120 42.8 £10.0 7.6
d(pA)10 42415 6.4+2.0 1.5
PC)10 5.0+ 2.1 29.6 £9.1 5.9
d(pGpGpCpApCpTpTpApC) 72=%1.1 27.2+5.7 3.8
d(pTpApGpApApGpApTpCpApApA) 3.7+ 1.0 82+25 2.2
d(pApCpTpApCpApGpTpCpTpApCpA) 53+18 422+4.1 8.0

* Mean values for three lactoferrin preparations from different donors are presented.

rin isoenzymes, can also contain DNA-binding catalyti-
cally inactive protein molecules. Probably, we have only
partly “enriched” the LF-1 preparation with the DNA-
hydrolyzing subfraction. Therefore, the question of the
true values of k. for homogenous catalytically active
lactoferrin isoforms from milk of different donors is still
unclear.

It is interesting that K, values for hydrolysis of
oligonucleotides are an order of magnitude lower than
values determined for the removal of the 5'-terminal
phosphate. Considering significant changes in the rela-
tive specific DNase and phosphatase activities of lacto-
ferrin preparations from different donors, these results
are suggested to be caused by belonging of these functions
to different isoforms of the protein. The presence of two
active sites with different functions seems to be another
explanation. The multiplicity of DNA-specific sites in
the protein is supported by the presence of two anti-
cooperative sites responsible for binding DNA and
oligonucleotides [33]. Therefore, it is likely that the sec-
ond DNA-binding site of lactoferrin, which has about an
order of magnitude lower affinity for DNA, can also have
phosphatase activity. Nevertheless, significantly varied
ratios of the DNase and phosphatase activities in lacto-
ferrin preparations from different donors, as well as dis-
placement of the pH optimum of the phosphatase activi-
ty to acidity (Fig. 5a, pH 5.5-6.0) compared to the
DNase activity (7.0-8.5) is more consistent with the
assumption of the existence of different isoenzymes cat-
alyzing these two reactions.

Activation of lactoferrin by nucleotides. We have ear-
lier shown [34] that lactoferrin can bind ATP, and the
interaction with the nucleotide changes its affinity for
DNA and polysaccharides. With this in mind, we studied
the effect of nucleotides on hydrolysis of DNA. The
lactoferrin-dependent hydrolysis of DNA substrates was
activated with ATP or dATP, and this activation was sig-
nificantly stronger in the presence of NAD (Fig. 6a). To
elucidate how hydrolysis of DNA occurs in the presence
of ATP, we modified lactoferrin with an oligonucleotide

derivative (ToU,,), with the subsequent cleavage of the
modified protein.

A mild treatment of lactoferrin with trypsin results in
hydrolysis of the protein molecule between the residues
Lys283 and Ser284 into two N- and C-tryptic fragments
with molecular weights of 30 and 50 kD, respectively [35].
The partial hydrolysis with trypsin of the [*’P]T,U,,-
labeled lactoferrin results in these two polypeptides, but
only the 30-kD polypeptide is radiolabeled (Fig. 6b, lane
4). Consequently, the DNA-binding site of lactoferrin is
located in the N-terminal domain of the protein.
However, it has been earlier shown that the ATP-binding
site is located in the C-terminal half of the molecule [34].

The interaction and modification with ToU,, of the
DNase site of lactoferrin located in the N-terminal region
of the protein molecule are also confirmed by the lacto-
ferrin-dependent hydrolysis of this oligonucleotide and
inhibition of hydrolysis of DNA substrates (oligonu-
cleotides and DNA of phage A) on addition of T,U,, (data
not presented).

As the DNA- and ATP-binding sites are spatially
separated, it is suggested that the ATP activation of the
DNA hydrolysis should be allosteric.

Many DNA-hydrolyzing enzymes have protective
functions in pro- and eucaryotic cells [15]. To elucidate
the possible biological role of the DNase activity of
lactoferrin, we compared its activity in the hydrolysis of
DNA to activities of other DNases from human milk.
According to the literature, human milk contains a single
DNase with molecular weight of 42 kD, with catalytic
properties similar to those of DNase II from human
blood [36]. We also found in human milk only this clas-
sic DNase. Moreover, it has been recently shown that
milk of healthy donors contains DNA-hydrolyzing sub-
fractions of antibodies IgG (150 kD) and sIgA (360 kD)
[15-19].

The DNase activity of milk proteins was studied after
their separation (lipid-free milk plasma) by SDS-PAGE
in the DNA-containing polyacrylamide gel. Figure 7
shows that the maximum DNase activity belongs to the
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Fig. 6. a) Dependence of the relative DNA-hydrolyzing activity of lactoferrin in the hydrolysis of 5'-[**P]d(pT),, on concentration of effec-
tor nucleotides (the relative activity of lactoferrin in the absence of effectors is taken as 100%): NAD (1), dATP (2), ATP (3), control (4). In
the absence of lactoferrin no significant hydrolysis of oligonucleotides was noted before and after addition of the effectors (see the control).
b) Determination of location of the DNA-binding site of lactoferrin by modification of lactoferrin with the affinity reagent [*2P]T,U,, (I, 3)
and subsequent cleavage of lactoferrin-[2P]TyU,, with trypsin (2, 4). 1, 2) Coomassie-stained gel; 3, 4) radioautograph of the gel. To the

right, molecular weights of marker proteins in kD.

protein corresponding to lactoferrin by location in the gel
and staining with horseradish peroxidase conjugated with
anti-lactoferrin antibodies. Surprisingly, the DNase
activity corresponding to DNase II (42 kD) was detected
in only half of the 14 milk samples studied. The DNase
activity of IgG antibodies was found in all 14 milk prepa-
rations, but in all cases, it was significantly lower than the
activity of lactoferrin. According to the literature data and
results presented in Fig. 7 (lane /), human milk contains
a rather high concentration of lactoferrin. Our findings
suggested that lactoferrin should be the major DNase of
milk considering its total DNase activity. However, this
conclusion should be tested by more careful comparison
of the catalytic properties of lactoferrin and DNase II.

Lactoferrin is a protein of the acute phase and non-
specific human defense against various damages, includ-
ing bacterial and viral [13, 14]. Every kind of damage,
such as wounds or burns, activates synthesis of lactofer-
rin, and its concentration increases in human epithelial
secretions and barrier fluids and directly in the region of
damage. It has been mentioned above that the minor
lactoferrin fractions can hydrolyze RNA. The presence of
DNase and RNase activities in this protein seems to be
important for strengthening its protective functions not
only due to the binding but also to hydrolysis of nucleic
acids of viral and bacterial origin.
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1014

Cell apoptosis under the influence of lactoferrin.
Human milk for a newborn is the source not only of nutri-
ents but many antibacterial and antiviral agents. We have
studied the effects of different catalytically active lactofer-
rin isoforms on the growth of mouse fibroblasts 1.929 and
human promyelocytes HL-60. The major protein fraction
prepared by chromatography on Blue Sepharose (Fig. 3,
peak IV (LF-4)) had no catalytic activity and was not
cytotoxic. However, fraction LF-1 (Fig. 3, peak IT) which
had the maximum DNase activity also manifested a high
level of cytotoxicity, which was only ~1.5-1.7-fold lower
than the cytotoxicity level of the tumor necrosis factor
TNF-o (Fig. 8a). Other catalytically active lactoferrin
fractions (Fig. 3, peak III)—LF-2 and LF-3—also dis-
played cytotoxicity which was ~10-50% lower than that of
LF-1. The cytotoxicity levels of apo-lactoferrin and Fe-
lactoferrin were similar. Because fraction LF-4 was nei-
ther catalytic nor cytotoxic, it was suggested that the cyto-
toxic effect of fractions LF-1, LF-2, and LF-3 should be
associated with their DNase activity. The fragmentation
of DNA of tumor cells L929 and HL-60 became signifi-
cant when the cells were treated with fraction LF-1 at the
concentration of 100 nM for 12-24 h (Fig. 8b). And the
typical for apoptosis fragmentation of DNA to fragments
of oligonucleosome size was observed [37, 38].

At present, apoptosis induced by various compounds
can be reliably shown by morphological analysis of
changes in the cells using a standard test system for apop-

Cell death, %

Time, h

BABINA et al.

tosis, which includes staining the cells with annexin. The
cells treated with LF-1 bound to annexin V and displayed
apoptosis-specific morphologic changes (data not pre-
sented). This shows once more that lactoferrin induces
cell apoptosis.

For a long time lactoferrin attracted the attention of
many researchers. It is rather well studied from many
standpoints. This protein regulates concentrations of free
iron ions in the blood and secretions, binds different
DNAs (including specific ones), and can penetrate into
the cell nuclei and activate transcription [11]; a lactofer-
rin isoenzyme hydrolyzes RNA [12, 39].

The present work has shown for the first time that
human lactoferrin can also hydrolyze DNA and, thus, it
is a unique nuclease activated by ATP and NAD. Our
findings, combined with the literature data, suggest that
this protein exists in both iron-dependent and iron-inde-
pendent forms, different monomers and oligomers, and is
also present in the cells as a number of isoenzymes, and
all this provides its extremely wide polyfunctionality.
Lactoferrin is believed to be the protein second in signifi-
cance after lysozyme for nonspecific human defense
against viruses and bacteria. It seems that just the poly-
functionality of lactoferrin determines its biological role
as an effective nonspecific protector of cells.

This work was supported by Basic Research
Programs of the Presidium of the Russian Academy of

<+ Start

< 3000

Fig. 8. a) Death of strain L929 cells after incubation with 10 nM tumor necrosis factor (/), 100 nM LF-1 (2), LF-4 (3); 4) the natural cell
death in the absence of agents. b) Fragmentation of DNA of L929 cell chromatin under the influence of lactoferrin. The cells were not treat-
ed with the protein (control) (/) or were treated with fraction LF-4 (5 mg/ml) (2) or LF-1 (100 nM) from three different donors of milk
(3-5) for 18 h. DNA was separated in 1.2% agarose gel and stained with ethidium bromide. Lanes 7 and 2 show the absence of fragmenta-
tion, whereas addition of fraction LF-1 (lanes 3-5) results in formation of a “ladder” of DNA fragments.
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