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limited. Therefore, we studied the fate of Escherichia coli DNA following phagocytosis of E. coli by polymorphonuclear
and mononuclear leukocytes. [3H]thymidine-labeled, unencapsulated E. coli PC2166 and E. coli 048K1 were incubated in
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was not degraded. To further analyze the capacity of mononuclear leukocytes to degrade E. coli DNA, chromosomal and
plasmid DNA was isolated from ingested bacteria and subjected to agarose gel-electrophoresis. Only chromosomal DNA
was degraded after phagocytosis. Plasmid DNA of E. coli carrying a gene coding for ampicillin resistance remained intact
for a 2-h period after ingestion, and was still able to transform recipient E. coli cells after this period. Although we
observed no DNA degradation during phagocytosis by polymorphonuclear leukocytes, lysates of both polymorphonuclear
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bstract. Phagocytosis and killing by poly-
morphonuclear and mononuclear leukocytes are impor-
tant host resistance factors against invading microorgan-
isms. Evidence showing that killing is rapidly followed
by degradation of bacterial components is limited. There-
fore, we studied the fate of Escherichia coli DNA following
phagocytosis of E. coli by polymorphonuclear and mono-
nuclear leukocytes. [*H]thymidine-labeled, unencapsu-
lated E. coli PC2166 and E. coli 048K 1 were incubated
in serum, washed, and added to leukocytes. Uptake and
killing of the bacteria and degradation of DNA were mea-
sured. Although phagocytosis and killing by mononuclear
leukocytes was less efficient than that by polymorpho-
nuclear leukocytes, only mononuclear leukocytes were
able to degrade E. coli PC2166 DNA. Within 2 h, 60%
of the radioactivity added to mononuclear leukocytes was
released into the supernate, of which 40% was acid soluble.
DNA of E. coli 048K1 was not degraded. To further
analyze the capacity of mononuclear leukocytes to degrade
E. coli DNA, chromosomal and plasmid DNA was iso-
lated from ingested bacteria and subjected to agarose gel-
electrophoresis. Only chromosomal DNA was degraded
after phagocytosis. Plasmid DNA of E. coli carrying a
gene coding for ampicillin resistance remained intact for
a 2-h period after ingestion, and was still able to transform
recipient E. coli cells after this period.
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Although we observed no DNA degradation during
phagocytosis by polymorphonuclear leukocytes, lysates
of both polymorphonuclear and mononuclear leukocytes
contained acid-DNase activity with a pH optimum of
4.9. However, the DNase activity of mononuclear leu-
kocytes was 20 times higher than that of polymorpho-
nuclear leukocytes. No difference was observed between
DNase activity from polymorphonuclear and mononu-
clear leukocytes from a chronic granulomatous disease
patient with DNase activity from control polymorpho-
nuclear and mononuclear leukocytes.

Introduction

The bacteriolytic activity of serum and the phagocytic capacity
by polymorphonuclear (PMN)' and mononuclear leukocytes
(MN) are important host-resistance factors against invading mi-
croorganisms (1-4). Many bacteria become opsonized in serum
and are recognized by phagocytic cells (4-8). After ingestion,
most of the microorganisms are rapidly killed by the oxygen-
dependent and oxygen-independent antimicrobial systems of
the phagocytes (9-13).

Destruction of some but not all bacteria can be observed
within intact leukocytes or during exposure of the bacteria to
leukocyte lysates (14-19). Cohn (18), Patriarca et al. (20), and
Elsbach et al. (19) found that during phagocytosis, ~50% of
radiolabeled bacterial protein, RNA, and peptidoglycan is con-
verted into acid-soluble products, compared with only 10% hy-
drolysis of the phospholipids. Not much is known about deg-
radation of DNA by PMN and MN. Elsbach et al. (19) did not
observe any degradation of Escherichia coli DNA after ingestion

1. Abbreviations used in this paper: CGD, chronic granulomatous disease;
cfu, colony-forming unit; Gel-HBSS, Hank’s balanced salt solution with
gelatin; MN, mononuclear leukocyte; PMN, polymorphonuclear leu-
kocyte; TCA, trichloroacetic acid.
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of E. coli by rabbit PMN. Using 3H-labeled DNA-anti-DNA
complexes, Lamers (21) found that degradation of phagocytized
DNA-anti-DNA complexes occurred only in MN but not
in PMN.

Despite the absence of significant breakdown of bacterial
DNA in PMN, it is possible that bacterial DNA is denaturated
after ingestion and digested to large fragments that are still acid-
precipitable. Therefore, we studied the fate of chromosomal and
plasmid DNA following phagocytosis of E. coli strains by mea-
suring the size of DNA breakdown products and by studying
the effect of PMN and MN on the capacity of E. coli DNA to
transform E. coli acceptor cells. We found that bacterial chro-
mosomal DNA was only degraded by MN. Neither PMN nor
MN degraded plasmid DNA. Although the amount of acid
DNase was only ~1/20 of that of MN, acid DNase was also
detectable in PMN.

To evaluate whether toxic oxygen species (produced during
the respiratory burst of the phagocytes) also contribute to the
degradation of DNA, we studied the fate of bacterial DNA after
phagocytosis of E. coli PC2166 (RSF 1030) by PMN and MN
isolated from a patient with chronic granulomatous disease
(CGD). No difference in the rate of degradation of DNA by
MN from healthy donors and by those isolated from a patient
with CGD was observed.

Methods

Bacteria. E. coli K12 PC2166 (RSF 1030), harbouring a plasmid coding
for ampicillin resistance (5.5 X 10° mol wt), E. coli K12-C600, E. coli
AM 1095 (Rec*, Leu~), and the encapsulated E. coli 0.48:K 1 (a clinical
isolate) were used. K antigen was determined by the hemagglutination
inhibition technique of Glynn and Howard (22). K1 antigen was also
detected by countercurrent immunoelectrophoresis (23) with menin-
gococcal group b antiserum (The Wellcome Research Laboratories,
Beckenham, Kent, England) as reference antiserum.

Radioactive labeling. E. coli PC2166 (RSF 1030) and E. coli 048:K 1
were inoculated from a blood-agar plate into 5 ml of Mueller-Hinton
broth (Difco Laboratories Inc., Detroit, MI) containing 0.02 mCi thy-
midine-methyl-*H (5 Ci/mmol, sp act; The Radiochemical Centre,
Amersham, Buckinghamshire, England) and 1.25 mg of deoxyadenosine
(British Drug House Chemicals Ltd., Poole, Dorset, England). After 18
h of incubation at 37°C, the bacteria were washed three times with
phosphate-buffered saline (PBS; pH 7.4) and adjusted to a final con-
centration of 10° colony-forming units (cfu) per milliliter with a Klett-
Summerson photoelectric colorimeter that was standardized by a pour-
plate method (24).

Serum. Serum from 10 healthy donors was pooled and stored in
small portions at —70°C. For opsonization of E. coli 048:K 1, rabbit
hyperimmune serum was used. This serum was prepared as follows: E.
coli 048:K1 was grown overnight at 37°C in Mueller-Hinton broth
(Difco Laboratories Inc.) washed in PBS, and adjusted to a concentration
of 10'° cfu/ml PBS. E. coli 048:K1 was treated with formalin to keep
the K antigen intact (25). This vaccine was stored at —70°C and thawed
just before use. New Zealand rabbits (4-6 kg) were subjected to the
following immunization schedule: day 1, 0.1 ml of vaccine intravenously;
day 4, 0.2 mli.v.; day 7, 0.3 ml i.v.; day 11, 0.3 ml i.v.; day 14, 0.4 ml
i.v.; day 30, 0.5 ml i.v. 1 wk after the last injection the rabbits were

bled by heart puncture; serum was collected and stored in 1-ml volumes
at —70°C until use. Normal rabbit serum was collected from five normal,
nonimmunized rabbits, pooled, and stored at —70°C.

Sera samples were thawed shortly before use and diluted in Hank’s
balanced salt solution containing 0.1% gelatin (Gel-HBSS). Antiserum
titers were measured by tube agglutination (26) and by an enzyme-
linked immunosorbent assay modified from Rissing et al. (27) with a
formalin-killed E. coli 048:K 1 suspension containing 2.5 X 108 bacteria
as antigen.

Leukocytes. PMN and MN from healthy donors and from a patient
with CGD were isolated by a modification of the method developed by
Boyum (28), as described elsewhere (24). Briefly, 100 ml of venous blood
from healthy donors was drawn into heparinized syringes (10 U of
heparin per milliliter of blood) and settled by gravity in 3 ml of 6%
dextran (70,000 mol wt; Pharmacia Fine Chemicals AB, Uppsala,
Sweden) in normal saline/10 ml of blood. The leukocyte-rich plasma
was withdrawn, centrifuged at 160 g for 10 min, and the pellet was
resuspended in Eagle’s minimal essential medium and layered on a
Ficoll-Paque (Pharmacia Fine Chemicals AB). After centrifugation at
160 g for 35 min, the MN and PMN were removed separately, washed
twice in Gel-HBSS, counted, and differentiated. The final leukocyte
pellets were adjusted to a concentration of 10’ PMN/ml (the percentage
of monocytes in this suspension was always <3%) and 10" MN/ml (the
percentage of lymphocytes in this suspension was always <10%).

Opsonization of E. coli strains. Bacteria were preopsonized by in-
cubating 10° cfu/ml in 2.5% (vol/vol) pooled human serum or 20% (vol/
vol) rabbit hyperimmune serum for 30 min at 37°C. Serum was removed
by centrifugation (15 min at 1,600 g), and the bacteria were then re-
suspended in Gel-HBSS to a final concentration of 5 X 108 cfu/ml.

Measurement of bacterial uptake and killing by PMN and MN leu-
kocytes. Phagocytosis and killing of bacteria by PMN and MN were
studied using methods previously described (24). Briefly, 0.3 ml of the
suspension of opsonized bacteria (5 X 10® bacteria/ml) was added to
0.3 ml of the PMN or MN suspension (107 cells/ml) in each of eight
polypropylene vials (Biovials, Beckman Instruments Inc., Fullerton, CA).
The mixtures were incubated in a shaking waterbath at 37°C. After 5
min, phagocytosis was stopped in all vials by adding 3 ml of ice-cold
PBS to each of the vials. All vials (except vial 1) were centrifuged at
160 g for 5 min, and the leukocyte pellets were washed three times with
ice-cold PBS to remove non-leukocyte-associated bacteria. Vial 1 was
used to measure the total radioactivity added. This vial was centrifuged
at 1,600 g for 15 min and the bacteria and leukocyte pellet was resus-
pended in 2.5 ml of scintillation liquid (toluene-containing fluoralloy
TLA, Beckman Instruments Inc., and 20% Bio-Solv, Beckman Instru-
ments Inc.). Radioactivity was measured in a Mark II (Nuclear-Chicago
Corp., Des Plaines, IL) liquid scintillation counter. The final leukocyte
pellet of vial 2 was solubilized in 2.5 ml of scintillation liquid, and the
leukocytes associated radioactivity (percentage of uptake after 5 min)
was measured. The percentage of uptake was expressed according to
the following formula: percentage of uptake = [(cpm in washed phagocytic
pellet, 160 g)/(total cpm)] X 100. The pellets in the remaining vials (3-
8) were suspended in 0.3 ml of Gel-HBSS and incubated at 37°C for
0, 15, 30, 60, 120, and 180 min, respectively. After the indicated time
intervals, 0.7 ml of cold, sterile, distilled water was added to the vials
to disrupt the leukocytes. Samples (100 ul) from these suspensions were
taken to determine the number of viable leukocyte-associated bacteria
with a standard pour-plate technique with brain heart infusion agar
(Oxoid Ltd., Basingstoke, Hampshire, England). After 18 h of incubation
at 37°C, the number of colonies present in the mixture were counted.

The results are expressed in number of viable intracellular bacteria at
the indicated time intervals.
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Release of radioactivity from bacteria phagocytized by PMN and
MN leukocytes. To study the release of bacterial DNA during the process
of phagocytosis, the remaining mixture in vials 3-8 (900 wul/vial) was
used. To measure the release of radioactivity from phagocytized bacteria
(as an indication of bacterial degradation), the mixtures were centrifuged
at 12,000 g for 5 min, the pellets and supernates were separated and
resuspended in scintillation liquid, and the percentage of radioactivity
released at the different time intervals was calculated.

In some experiments, 500 ul of bovine pancrease DNase 1 (British
Drug House Chemicals, Ltd.) in final concentration of 0.5 mg/ml in
0.1 M potassium acetate buffer (pH 4.9) or bovine spleen DNase 11
(Serva, Feinbiochemica Gmbh & Co., Heidelberg, Federal Republic of
Germany) in final concentration of 0.05 mg/ml in 0.1 M potassium
acetate buffer (pH 4.9) was added to vials 3-8. After 15 min of incubation,
the mixtures were centrifuged at 12,000 g for 15 min, the pellets and
supernates were resuspended in scintillation liquid, and the percentage
of radioactivity released was calculated.

Trichloroacetic acid (TCA) procedure. Since oligonucleotides con-
taining more than 16 nucleotides are precipitable by TCA (29), the
extent of degradation of DNA was measured with TCA. In a separate
experiment, an equal volume (1 ml) of cold 10% TCA was added to
vials 3-8 after disruption of leukocytes by distilled water. After 30 min
at 4°C, 0.2 ml of 1% bovine serum albumin (BSA) was added as a
carrier. The precipitate was centrifuged for 15 min at 1,900 g, and the
pellets and supernates were resuspended separately in scintillation liquid.
The percentage of acid-insoluble and acid-soluble radioactivity was cal-
culated in the pellets and supernates, respectively.

Isolation of chromosomal and plasmid DNA from bacteria phago-
cytized by PMN and MN leukocytes. In each of six biovials, 1 ml of
the suspension of opsonized bacteria (5 X 10® cfu) was added to 1 ml
of PMN or MN suspensions (107 cells). After 5 min of incubation at
37°C in a shaking waterbath, the vials were centrifuged and the pellets
washed as described under measurement of bacterial uptake. The final
pellets were resuspended in 1 ml of Gel-HBSS and further incubated
at 37°C for 0, 15, 30, 60, 120, and 180 min, respectively; after these
time intervals plasmid and chromosomal DNA were isolated from the
phagocytized bacteria.

Plasmid isolation. Plasmid DNA was isolated with the rapid alkaline-
extraction procedure described by Birnboim and Doly (30). After dis-
ruption by cold distilled water of leukocytes containing phagocytized
bacteria, the suspensions were centrifuged at 12,000 g for 15 min, and
the pellets were resuspended into 2 ml of cold PBS and transferred to
Eppendorf tubes (Eppendorf Geritebau GmbH, Hamburg, Federal Re-
public of Germany). To weaken the cell wall of the bacteria in these
mixtures, cold reagent I (2 mg of lysozyme per milliliter (Fluka AG,
Chem Fabrik, Buchs, Sankt Gallen, Switzerland), 50 mM glucose, 10
mM EDTA, and 20 mM Tris-HCl (pH 8.0)) was added, and the mixtures
were incubated for 30 min at 0°C. Complete cellular lysis was accom-
plished by the addition of cold reagent II (1% sodium dodecyl sulfate
and 0.2 N NaOH). After 5 min, cold reagent III (3 M sodium acetate,
pH 4.8) was added, and the mixture was incubated for an additional
60 min at 0°C. After centrifugation at 5,000 g for 15 min at 0°C, the
chromosomal DNA, proteins, and high molecular weight RNA had been
precipitated. Radioactivity associated with chromosomal DNA was
measured in the sediment. The supernate, containing plasmid DNA,
was first treated with cold ethanol at —20°C for 30 min and then cen-
trifuged at 5,000 g for 15 min at 0°C. The sediment was dissolved in
0.1 M sodium acetate-0.05 M Tris-HCL (pH 8) and precipitated in cold
ethanol for 30 min. After centrifugation, the pellet, containing plasmid
DNA was dissolved in 100 gl of distilled water.
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Isolation of chromosomal DNA. After the indicated incubation times,
bacterial chromosomal DNA was isolated from vials 3-8 after disruption
of leukocytes by distilled water, according to the method of Cosloy and
Oishi (31).

Transformation by chromosomal DNA. E. coli AM 1095 (Rec* Leu™)
was transformed by chromosomal DNA isolated from E. coli PC2166
after phagocytosis of this strain by PMN and MN in vials 3-8. The
procedure used was a modification of the method described by Reynders
et al. (32).

Briefly, the recipient cells were grown overnight in phosphate-buffered
minimal salt medium at 37°C. The culture was diluted 20 times with
fresh prewarmed minimal medium and grown to an absorbance of 0.30
at 650 nm. The cells were harvested by centrifugation and washed once
in 20 ml of 10 mM NaCl at 0°C and resuspended in 4 ml of 20 mM
N-2-hydroxyethylpiperazine-N'-2 ethane sulfonic acid per NaOH buffer,
pH 6.0 at 0°C. The recipient cells (0.3 ml) were mixed with 0.1 ml of
donor DNA (final concentration 40-50 ug/ml) and 0.1 ml of a solution
containing 150 mM CaCl, and 130 mM MgCl,. The transformation
mixture (0.5 ml) was incubated for 10 min at 0°C, followed by 6 min
at 42°C and 60 min at 0°C. Aliquots of 0.1 ml were diluted with 30
mM CaCl, + 26 mM MgCl,. Appropriate dilutions were placed on
selective plates containing 1.7 X 10~* M KH,PO,, 1072 M CaCl,, and
1072 M MgCl,. Leu* transformants were selected.

Transformation by plasmid DNA. Transformation by plasmid DNA
isolated from E. coli PC2166 (RSF 1030) after various incubation times
with PMN or MN was studied according to a modification of the method
described by Cosloy and Oishi (31). E. coli K12-C600, used as an acceptor
strain, was grown overnight at 37°C in L-broth (1% trypton, 0.5% yeast
extract, and 0.5% NaCl in distilled water). 4 ml of this culture was
transferred to 76 ml of L-broth and incubated at 37°C for 90 min under
aeration. After this time, the bacteria were adjusted to a final concen-
tration of 10° cfu/ml. The culture was chilled and centrifuged in plastic
tubes at 0°C for at least 1 min at 4,500 g. The pellet was washed in 20
ml of cold 10 mM NaCl. Care was taken that all subsequent manipu-
lations were performed at 0°C. After centrifugation at 4,500 g for 1
min, the cells were resuspended in 10 ml of 75 mM CaCl, dissolved in
10 mM N-2-hydroxyethyl-piperazine-N'-2 ethane sulfonic acid—NaOH
buffer pH 6.0. In this way, competent cells were obtained ready for the
transformation procedure. Then 0.3 ml of competent cells were mixed
gently in glass tubes with 0.1 ml of plasmid DNA, isolated from vials
3-8 (see under Isolation of plasmid DNA). After 45 min of incubation
at 0°C, the mixtures were treated for 6 min at 42°C and afterwards
chilled at 0°C for 30 min.

A mixture of competent cells and plasmid DNA was diluted 10
times in L-broth and incubated for 60-120 min at 37°C under aeration.
After centrifugation at 2,000 g for 10 min, the cell pellet was dissolved
in 1 ml of L-broth, and 0.2 ml of the samples was plated on solid media
containing ampicillin (40 ug/ml). Competent E. coli K12-C600 without
DNA added served as a control. After 18 h of growth at 37°C, viable
colonies (cfu) were counted and the frequency of transformants per
viable recipient cells was calculated. To make sure that a linear rela-
tionship existed between DNA and the number of transformants also
1:2, diluted plasmid DNA suspensions were used.

Preparation of crude cell extracts and lysosomal granules containing
acid DNases from PMN and MN leukocytes. Crude cell extracts and
lysosomal granules were prepared according to methods modified from
Beaufay et al. (33), Bornstein et al. (34), and Lamers et al. (21). PMN
or MN (107 cells/ml) were suspended into 1 ml of ice-cold 0.15 M KCl
solution (pH 7.0) containing | mM EDTA, and sonicated six times for
20 s in a Branson sonifier. After centrifugation at 12,000 g for 20 min,
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insoluble debris was removed and the supernate (fraction I) was studied
for activity of acid DNases. The pellet was resuspended in KCI-EDTA
solution and sonicated. The suspension was then centrifuged at 12,000
g for 20 min, and the supernate (fraction II) was also studied for DNase
activity. The amount of protein in cell extracts was determined by the
method of Lowry et al. (35).

Lysosomal granules were prepared by suspending 10’ PMN or MN
into 1 ml of isotonic sucrose (0.23 M sucrose, 10 mM potassium acetate,
pH 5.0). The suspension was homogenized in a potter homogenizer on
ice. After sonication, the suspension was centrifuged for 5 min at 400
g and the pellet was washed once with 1 ml of isotonic sucrose and
centrifuged again. The pellet was then resuspended in 0.15 M KCl, 0.1
mM EDTA (pH 7.0), and sonicated three times for 15 s (nuclear fraction).
The supernate fractions were combined and centrifuged at 27,000 g for
30 min. The pellet from this centrifugation, which was resuspended in
KCI-EDTA and sonicated, contained the lysosomal fraction; the su-
pernate contained the cytosol. The nuclear, lysosomal, and cytosol frac-
tion were tested separately for DNases activity.

Activity of acid DNases from PMN and MN. The activity of acid
DNases in leukocyte fractions (fractions I and II, nuclear, lysosomal,
and cytosol fraction) was studied by incubation of these fractions with
chromosomal or with plasmid DNA isolated from E. coli PC2166 (RSF
1030). The reaction mixture in volume of 50 ul contained 3 ug of
plasmid DNA or 2 ug of chromosomal DNA, 0.1-20 ul of leukocyte
fractions (prepared from 107 PMN or MN), BSA (in a final concentration
of 0.1 mg/ml), 0.5 mM MgCl,, and | mM B-mercaptoethanol, 0.1 M
potassium acetate buffer (pH 4.8). The final pH of the mixture was 5.0.
The same procedure was followed at pH 7.0 and 9.0 (instead of 0.1 M
potassium acetate buffer, 0.1 M Tris-HCI buffer was used). After in-
cubation for 60 min at 37°C, samples (50 ul) were subjected to 0.6%
agarose-gel electrophoresis. Plasmid DNA treated with the leukocyte
fractions for 0, 5, 30, and 60 min was tested for transforming activity.

Agarose-gel electrophoresis. After incubation of leukocyte fractions
prepared from PMN or MN with the plasmid or chromosomal DNA,
samples were subjected to agarose-gel electrophoresis. Electrophoresis
was carried out in horizontal slab gels (gel dimensions 14.5 mm X 27
mm X 3 mm with 16 slots), containing 0.6% agarose (agarose type IV;
Sigma Chemical Co., St. Louis, MO) dissolved in electrophoresis buffer
(40 mM Tris, 20 mM sodium acetate 3 H,0O, and 2 mM EDTA adjusted
to pH 7.8 with acetic acid). Both agarose and electrophoresis buffer
contained ethidium bromide in a final concentration of 2 ug/ml. This
plasmid and chromosomal DNA was electrophoresed either for 4 h at
30 mA or overnight at 12 mA. Gels were photographed under ultraviolet
light (360 nm) using Polaroid type film (Kodak 667; Eastman Kodak
Co., Rochester, NY) with an orange 22 filter (Eastman Kodak Co.).

Electron microscopy. 1 ml of opsonized E. coli PC2166 (RSF 1030)
and E. coli 048:K1 were incubated with 1 ml of PMN at 37°C for 5
min. Phagocytosis was stopped by adding ice-cold PBS. Vials were cen-
trifuged at 160 g for 5 min, and pellets were washed three times with
cold PBS, suspended in 0.3 ml of gel-HBSS, and incubated for 5 and
60 min. The PMN-bacteria interactions were terminated by mixing the
suspensions with an equal volume of 0.5% glutaraldehyde in PBS at
0°C. The mixtures were spun at 600 g for 5 min. The supernates were
removed and the pellets resuspended in 0.75 ml of human plasma (0°C)
and were again spun at 600 g for 5 min. The supernates were removed
and pellets overlaid with additional glutaraldehyde buffer fixative (3%
glutaraldehyde, 2% formaldehyde, and 0.1% acroleine in 0.1 M phosphate
buffer, pH 7.0 at 0°C) for 60 min. The pellets were then washed twice
with 0.1 M phosphate buffer at 0°C and stored in this same buffer
overnight at 4°C. Further processing for electron microscopy included

postfixation for 60 min in 2 ml of 1% osmium tetraoxide in phosphate
buffer. Pellets were then dehydrated in a graded series of ethanol washes
and propylene oxide. The pellets were embedded in epon and cut with
an LKB ultratome III (LKB Instruments, Inc., Stockholm, Sweden)
equipped with a diamond knife. Sections were stained with 4% ura-
nylacetate and lead citrate and were examined in a Carl Zeiss 109 electron
microscope (Carl Zeiss, Oberkochen/Wiirttemberg, Federal Republic of
Germany).

Results

Phagocytosis and killing of E. coli PC2166 (RSF 1030) and E.
coli 048:K1 by PMN and MN. Because no significant opsoni-
zation occurred in normal serum, the encapsulated E. coli
048:K 1 was opsonized in 20% hyperimmune rabbit serum (this
serum concentration did not effect viability of the bacteria); the
unencapsulated E. coli strain PC2166 (RSF 1030) was opsonized
in 2.5% human pooled serum. These opsonized bacteria were
incubated with PMN or MN and the uptake of the bacteria by
the leukocytes was measured. After 5 min of incubation, 70-
80% of the E. coli PC2166 (RSF 1030) and 50-60% of the E.
coli 048:K 1 was taken up by PMN, compared with 50-60% of
the E. coli PC2166 (RSF 1030) and 40-50% of the E. coli
048:K1 by MN (data not shown).

In the next experiment, PMN or MN were incubated for 5
min with opsonized bacteria, and the phagocytes were then
washed free of nonassociated bacteria and further incubated.
The number of viable bacteria within the phagocytes was mea-
sured at indicated time points (Fig. 1). The rate of killing of
the bacteria by PMN and MN was fast during the first 5 min,
and >99% of the bacteria were killed. The unencapsulated E.
coli was killed more readily than the encapsulated strain. Killing
by PMN was more efficient than that by MN.

Release of radioactivity from [°H thymidine-labeled bacteria
after phagocytosis by PMN and MN. To measure degradation
of bacterial DNA within phagocytes, bacteria and PMN or
MN were incubated for 5 min, washed and further incubated
for 30, 60, 120, and 240 min. After these time intervals, PMN
and MN were lysed in distilled water. Over 90% of the radio-
activity could be pelleted after centrifugation of disrupted PMN

3

Figure 1. Killing of E. coli
9 PC2166 (RSF 1030) and E.
coli 048:K1 by PMN and
AMN MN. E. coli PC2166 (RSF
+E.COLI 048:KI 1030) opsonized in 2.5%
human pooled serum (0),
and E. coli 048:K1 opson-
ized in 20% rabbit antise-
1 rum (A) were incubated
with PMN or MN at 37°C
for 5 min. The leukocytes
were washed free of bacteria not associated with phagocytes. The
PMN and MN with associated bacteria were further incubated for 0,
30, 60, and 180 min. After the indicated times, the leukocytes were
disrupted and the number of viable leukocyte-associated bacteria was
determined by a pour-plate technique.
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with phagocytized bacteria at 12,000 g for 15 min. This shows
that in PMN the great majority of the radioactivity remained
bacteria-associated and that in PMN no substantial disruption
of the bacterial DNA occurred (Fig. 2 A). In contrast, when
MN were lysed after phagocytosis of the unencapsulated E. coli
strain PC2166 (RSF 1030), 50-60% of the radioactivity was
released from the bacterial DNA into the medium after 2-3 h
of incubation and could not be pelleted after centrifugation.
About 30-40% of the released radioactivity was TCA soluble.
However, when MN had phagocytized the encapsulated E. coli
bacteria, no release of radioactivity was observed (Fig. 2 A).
From these experiments one might conclude that MN con-
tain DNases that can degrade DNA of unencapsulated and not
of encapsulated strains. However, it is also possible that when
encapsulated bacteria are phagocytized, the K antigen of these
bacteria prevent the DNases from reaching the DNA, and that
in PMN, DNases are not able to reach DNA from either kind
of bacteria. Therefore, pancreas DNase I or bovine spleen DNase
II was added to the PMN and MN lysate after these cells had
phagocytized E. coli PC2166 (RSF 1030) or E. coli 048:K 1 (Fig.
2 B). When these enzymes were added to the PMN lysate, a
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Figure 2. (A) Release of
radioactivity from
[*H]thymidine-labeled E.
coli PC2166 and E. coli
048:K1 phagocytized by
PMN and MN. Opsonized
E. coli PC2166 (o) and E.
coli 048:K1 (A) were incu-
bated with PMN or MN at
37°C. After 5 min, the leu-
kocytes were washed free of
bacteria not associated with
phagocytes. The PMN and
S MN with associated bacte-
yd ria were further incubated
2 for 0, 30, 60, and 180 min.
After the indicated times
the leukocytes were dis-
rupted and centrifuged at
12,000 g for 15 min. The
pellets and the supernates
were individually resuspended in scintillation liquid, and the percent-
age of radioactivity released into the supernate was calculated. Num-
bers in brackets indicate percentage of TCA-soluble radioactivity. (B)
Release of radioactivity from [*H]thymidine-labeled E. coli PC2166
(RSF 1030) and E. coli 048:K1 phagocytized by PMN and MN after
addition of bovine pancreas DNase. Opsonized E. coli PC2166 (0)
and E. coli 048:K1 (A) were incubated with PMN or MN at 37°C.
After 5 min, the leukocytes were washed free of bacteria not asso-
ciated with phagocytes and further incubated for 0, 5, 30, 60, and
180 min. At indicated time intervals, the leukocytes were disrupted
and bovine pancreas DNase was added (final concentration 0.5 mg/
ml in 0.1 M potassium-acetate buffer, pH 4.9). After 15 min of incu-
bation, radioactivity released into the supernatant was measured.
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Figure 3. Frequency of transformation of competent E. coli K12-
C600 by plasmid DNA isolated after various time intervals of phago-
cytosis of E. coli PC2166 (RSF 1030) by PMN and by MN. Opson-
ized E. coli PC2166 (RSF 1030) was incubated with PMN and MN
at 37°C for 5 min; the leukocytes were washed free of bacteria not
associated with phagocytes and further incubated for 0, 30, 60 and
120 min. At indicated time intervals, plasmid DNA was isolated
from the bacteria within phagocytes. Competent E. coli K12-C600
was transformed by isolated plasmids and the frequency of transfor-
mants per viable recipient cells was calculated. Plasmid DNA isolated
from E. coli PC2166 (RSF 1030) not exposed to MN or PMN served
as a control (C).

rapid increase in released radioactivity was observed when
unencapsulated E. coli bacteria had been phagocytized. A slower
increase in release of radioactivity was observed when MNs
were used. A maximum of 70-80% of the radioactivity was
released; with PMN, this value was reached after 30-60 min;
with MN, this level was reached after 180 min. In contrast, no
increase in amount of released radioactivity was measured when
pancreas DNase I or bovine spleen DNase II was added to a
lysate of PMN or MN that had phagocytized encapsulated E.
coli 048:K 1. These results show that when PMN have phago-
cytized unencapsulated bacteria, bacterial DNA is not protected
against the action of DNases because exogenous enzymes are
able to degrade the bacterial DNA. The results also suggest that
(a) PMN do not contain DNase or only in very low amounts,
and (b) the cell envelope of E. coli 048:K1 prevents the break-
down of DNA by the DNase of MN. The latter observation
was confirmed by electron microscopy (data not shown).

Effect of PMN and MN on biological activity of chromosomal
and plasmid DNA. The questions remain whether degradation
of bacterial DNA by MN also affects the ability of bacterial
DNA to transform acceptor bacteria, and whether the absence
of any detectable degradation in PMN also means that DNA
from bacteria phagocytized by PMN retains its biological func-
tion. Therefore, PMN and MN were incubated with E. coli
strains PC2166 (RSF 1030) for 5 min, washed free of uningested
bacteria, and further incubated. At different time intervals, plas-
mid DNA was isolated from the bacteria within the PMN or
MN, and the number of transformants was measured when the
fractions were incubated with the competent recipient E. coli
K 12-C600. Virtually no decrease was seen in the number of
transformants induced by plasmid DNA isolated at different
time points from bacteria within PMN or MN (Fig. 3). There
was a 50% decrease in the number of transformants when diluted
(1:2) plasmid DNA was-used (data not shown).
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Figure 4. DNase activity of cell lysates prepared from MN and PMN.
Chromosomal and plasmid DNA isolated from E. coli PC2166 (RSF
1030) were incubated with different volumes of cell lysates prepared
from MN and PMN (10 cells/ml) for 60 min at 37°C. The final pH
of the mixture was 5.0. After this incubation, samples of 50 ul were
subjected to 0.6% agarose-gel electrophoresis. (1) control DNA; (2-7)
DNA incubated with lysate from MN (volumes: 0.1, 0.5, 1, 5, 10,
and 20 ul); (8) control DNA; (9-14) DNA incubated with lysate
from PMN (the same volumes were used as in the experiment with
lysate from MN).

Also, chromosomal DNA was isolated from bacteria that
had been phagocytized by PMN or MN, and the number of
transformants was measured after incubation of this DNA with
recipient cells. With chromosomal DNA isolated from bacteria
phagocytized by PMN for 1 h, 432 transformants were seen,
compared with only 14 transformants with chromosomal DNA
isolated from bacteria phagocytized by MN (Table I).

Partial isolation of acid DNases from PMN and MN. To
evaluate whether acid DNases are responsible for the degradation
of DNA during phagocytosis by MN, cell fractions were prepared
from MN and for comparison from PMN (1 ml of lysate prepared
from 107 MN contained 0.278 mg of protein, and 1 ml of lysate
prepared from 107 PMN contained 0.162 mg of protein). These
fractions were incubated with chromosomal and plasmid DNA

Table I. Transformation by Chromosomal DNA Isolated from
E. Coli PC2166 (RSF 1030) after Phagocytosis by PMN and MN

No. of transformants by chromosomal
DNA isolated from E. coli PC2166
(RSF 1030) ingested by

Incubation time (min)

with PMN or MN PMN MN
0 480/460 350/370
5 450/438 330/312
60 417/432 14/12

Opsonized E. coli was incubated with PMN or MN at 37°C. After 5
min PMN and MN were washed free of bacteria not associated with
the phagocytes. The PMN and MN with associated bacteria were fur-
ther incubated for 60 min. E. coli AM 1095 (Rec* Leu™) was trans-
formed by chromosomal DNA isolated after the indicated times and
the number of transformants (two experiments) was measured.
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Figure 5. Transformability of plasmid DNA after treatment for var-
ious time intervals with leukocyte lysates prepared from PMN and
MN. 3 ug of plasmid DNA isolated from E. coli PC2166 (RSF 1030)
was incubated for 0, 5, 30, and 60 min with 1 or 5 ul (of PMN ly-
sate, 1 ml contained 0.162 mg protein) and 1 or 5 ul of MN lysate
(1 ml contained 0.278 mg of protein). After the indicated incubation
times, the plasmids were used to transform competent acceptor
bacteria.

of E. coli. After this incubation, degradation of DNA was mea-
sured by agarose-gel electrophoresis and by determining the
ability of the DNA to transform recipient cells. Surprisingly, in
the lysates from both PMN and MN, acid DNase activity was
found. However, the activity in lysates from MN was at least
15-20-fold higher (Fig. 4). Similar results were obtained when
lysate-treated plasmid DNA was used to transform recipient
cells (Fig. 5). The DNase activity was evident only when the
pH of the reaction mixture was between 4.9-5. At pH 7 and
pH 9, the DNase had lost their ability to degrade plasmid and
chromosomal DNA, and no effect on DNA was observed by
gel electrophoresis.

Degradation of bacterial DNA by PMN and MN from a
patient with CGD. To study any possible difference in degra-

wn
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Figure 6. Release of
radioactivity from
[*H]thymidine-labeled E.
coli PC2166 (RSF 1030) af-
ter phagocytosis by PMN
and MN isolated from a
healthy donor and from a
patient with CGD. Opson-
ized E. coli PC2166 (RSF
1030) were incubated with
PMN and MN. After 5
min, the leukocytes were
washed free of bacteria not
associated with phagocytes and further incubated for 0, 30, 60, and
90 min. After indicated times, the phagocytosis mixtures were centri-
fuged at 12,000 g for 15 min. The pellets and the supernates were
individually resuspended in scintillation liquid, and the percentage of
radioactivity released into the supernate was calculated.
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dation of bacterial DNA during phagocytosis by PMN and MN
isolated from healthy donors and from a patient with CGD,
PMN and MN from these individuals were lysed in distilled
water after phagocytosis of radiolabeled E. coli PC2166 (RSF
1030). The lysates were centrifuged at 12,000 g for 15 min and
the amount of radioactivity in the medium was measured. There
was no difference in the rate of release of radioactivity between
PMN or MN from healthy donors and these from CGD patients
(Fig. 6). After 90 min of phagocytosis by PMN ~ 10%, and after
90 min of phagocytosis by MN ~40%, of the radioactivity had
been released into the medium.

Discussion

Sufficiently opsonized E. coli bacteria are rapidly phagocytized
and killed by PMN and MN. It is often assumed that most
microorganisms are digested after killing and that bacterial
components are rapidly degraded by the extensive granule-as-
sociated armament of degradative enzymes (36-39). However,
evidence showing that molecular degradation of ingested mi-
croorganisms is an integral part of the function of phagocytes
in host defense is limited. Only few studies have been published
with biochemical evidence of microbial degradation during and
after phagocytosis (18-20). Using [*?P] or [*C]glucose-labeled
E. coli strains Cohn (18) showed release of acid soluble radio-
activity during ingestion by both PMN and macrophages, in-
dicating that protein, RNA, and peptidoglycan were degraded.
RNA was degraded more rapidly than DNA. Patriarca et al.
(20) and Elsbach et al. (19), using E. coli with specifically labeled
constituents without serum added, found a comparable deg-
radation by rabbit PMN. This reaction reached a plateau after
1 h, at which time ~50% of the labeled bacterial protein, RNA,
and peptidoglycan had been converted into acid soluble products;
~10% of the “C fatty acid-labeled phospholipids had been
hydrolyzed, and no degradation of DNA was observed.

We studied phagocytosis by human PMN or MN of E. coli
strains with different structures of their cell envelopes. All bacteria
were incubated in serum before adding to the phagocytes. In
the mixtures of PMN or MN and opsonized bacteria, no free
serum was present. In this standardized system we showed that,
although phagocytosis and killing by human MN was less ef-
ficient than that of human PMN, MN and not PMN were able
to rapidly degrade bacterial DNA. However, only DNA from
an unencapsulated strain was degraded by the MN. When an
encapsulated strain was ingested by MN, no appreciable deg-
radation of DNA was observed. One could ask whether our
assay with radiolabeled bacteria really shows ingestion of en-
capsulated bacteria and not merely attachment to the phagocyte
membrane, and argue that the absence of ingestion might be
the reason of the inefficient DNA degradation. However, using
electron microscopy, we have found that nearly all MN-asso-
ciated bacteria are internalized by the MN (data to be published).
Moreover, most of the MN-associated bacteria were killed, in-
dicating that these bacteria were subject to the bactericidal ac-

tivity of the MN. It is more likely, therefore, that the K antigen
of the encapsulated E. coli protected the bacterial DNA from
attack by the MN enzymes. This is also indicated by the fact
that addition of pancreas DNase to a lysate of MN with en-
capsulated bacteria did not induce release of DNA fragments.
Presumably, K antigen of encapsulated E. coli strains is resistant
against the digestive forces of the MN, so that exogenous DNase
cannot penetrate into the cytoplasma to degrade bacterial DNA.
Electronmicroscopically, it was shown that indeed, encapsulated
bacteria were much more resistant against digestion by phago-
cytes than the unencapsulated strains.

About 40% of DNA from the unencapsulated E. coli strains
was degraded to acid-soluble fragments that are smaller in size
than 10-16 nucleotides (29). Interestingly, no degradation of
plasmid DNA was observed. Therefore, all the DNA fragments
observed must have been breakdown product of chromosomal
DNA. Plasmids isolated from bacteria ingested by PMN or MN
were still able to transform competent recipient bacteria. This
indicates that the genes located on the plasmid and responsible
for antimicrobial resistance remained intact over a long period,
despite the facts that the bacteria harboring the plasmids were
ingested and killed by PMN or MN and that chromosomal
DNA was degraded by MN. Similar results were seen when
serum-sensitive bacteria were incubated in serum in the absence
of phagocytes (39a).

DNase activity in MN has also been shown by Lamers et
al. (21), Eschenbach (40, 41), and Bornstein et al. (34). Lamers
et al. (21) observed degradation of DNA-anti-DNA complexes
in MN but not in PMN. These authors reported that human
PMN does not contain DNases, whereas human MN does. We
confirmed the observation that DNA was not degraded by PMN.
Nevertheless, we detected some DNase activity in lysates
of PMN.

DNA was only degraded when the pH was between 4.9 and
5.0. No breakdown of DNA was observed when the pH was
7.0 or 9.0. When it is assumed that breakdown of bacterial DNA
occurs in the phagosomes of the MN, the pH in the vacuoles
must be ~5.0. Although unlikely, it remains possible that while
the pH in the phagosomes of MN is ~4.9-5.0, the pH in the
phagosomes of PMN is above 5.0, which would render the acid
DNases inactive. Since the rate of breakdown of bacterial DNA
by MN obtained from a patient with CGD was exactly the same
as that by normal control MN, it is likely that also in the
phagosome of CGD MN, the pH is ~5.0. Because PMN and
MN from CGD patients are not able to mount a respiratory
burst, and no toxic oxygen species are produced (42, 43), our
findings also imply that these toxic oxygen species do not con-
tribute to the rate of degradation of DNA. Further studies on
the effect of oxygen species on DNA are needed to clarify the
mechanism of DNA degradation.

Friedlander (44) has reported that DNA release could be
used as a direct measure of microbial killing by phagocytes. He
incubated peripheral blood leukocytes with ['“C]thymidine-la-
beled Salmonella typhimurium in presence of homologous
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serum, and it appeared that after 2-4 h, 32-59% of the radio-
activity was released and 63-75% was released after 18 h. In-
activated leukocytes (heated to 56°C for 20 min) released <5%
of the radioactivity. Friedlander concluded that the release of
radioactivity paralleled phagocytosis and killing of bacteria by
peripheral blood leukocytes. He suggested to measure release
of radioactivity as an assay for phagocytic cell function. Because
we observed only digestion of DNA by MN, Friedlander’s find-
ings are partially in contrast to ours. It is possible that S. ty-
phimurium is susceptible to the low activity of DNase present
in PMN, but it is more likely that in a mixture of PMN and
MN, MN:s are responsible for the release of DNA and that his
method can only be used as a measure of bacterial killing by
MN or only when certain bacteria are used.

The relevance of our findings is not known. In any event,
it means that while bacteria ingested by MN and PMN are
rapidly killed, and chromosomal DNA is degraded by MN,
plasmid with genes responsible for drug-resistance remain bio-
logically intact. Whether the presence in the host of these plas-
mids contributes to the increase in strains that are resistant to
antimicrobial agents remains to be proven.
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