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Heating competent Azotobacter vinelandii at 37 or 42°C resulted in a total loss
of competence with no loss of viability. The transformation process was relatively
insensitive to heating at either temperature once DNase-resistant DNA binding
was nearly complete. Although competent and 42°C-treated cells bound equiva-
lent amounts of [32P]DNA in a DNase-resistant state, no donor DNA marker (nij)
or radioactivity was detected in the envelope-free cell lysate of heated cells,
suggesting that DNA transport across the cell envelope was a heat-sensitive
event. Competence was reacquired in a 42°C-treated culture after 2 h of
incubation at 30°C by a process which required RNA and protein syntheses. The
release of a surface glycoprotein, required for competence, from cells treated at
42°C occurred in an insufficient amount to account for the total loss of compe-
tence. Recovery of competence in 420C-treatedcells and further transformation of
competent cells were prevented by the exposure of cells to saturating amounts of
transforming DNA. Further DNase-resistant DNA binding, however, still oc-
curred, suggesting that there were two types of receptors for DNase-resistant
DNA binding to competent A. vinelandii. DNase-resistant DNA binding was
dependent on magnesium ions, and at least one receptor type did not discriminate
against heterologous DNA.

Competence for bacterial transformation des-
ignates a physiological state in which cells are
able to bind exogenous DNA and transport it
across the cell envelope. Competeace defined as
the ability of cells to bind DNA in a DNase-
resistant state (21) is not applicable to Azotobac-
ter vinelandii, as both transformable and non-
transformable cells share equally in this ability
(this study). One approach to the study of the
physiological aspects of Azotobacter compe-
tence is to determine the basis for treatments
which are detrimental to competence (29). It has
been shown that heating competent A. vinelandii
at 37 or 42°C reduces competence (32). An
envelope glycoprotein with an apparent molecu-
lar weight of 60,000 (60K), which is required for
competence (29), is removed from the cells by
washing with distilled water at 38TC (34). We
report here that 60K glycoprotein removal is
primarily effected by washing cells with distilled
water and that the amount released upon heating
cells in buffer is insufficient to account for
competence loss at 37 to 42°C.
The treatment of competent Haemophilus in-

fluenzae at 42°C results in a reduction in the
ability of cells to bind DNA in a DNase-resistant
state (1). Heating competent Streptococcus
pneumoniae at 35 to 400C has the same effect,
and this ability is regenerated at 30°C by a

process requiring protein synthesis (18). Similar-
ly, heating competent Streptococcus sanguis
(Challis) at 48°C for 20 min decreases the ability
of cells to irreversibly bind DNA (33) and also
reduces their ability to discriminate against het-
erospecifiic DNA and low-efficiency homospeci-
fic markers (9). Competent Bacillus subtilis is
unable to bind DNA in a DNase-resistant state
after brief heating at 50°C (25), and donor mark-
er survival is also sensitive to heating (25, 26).
The results of this investigation indicate that
competent A. vinelandii heated at 42°C for 20
min is unable to transport donorDNA across the
cell envelope but is fully capable of binding
DNA in a DNase-resistant state. The survival
and expression of newly transported donor
DNA marker are insensitive to heating at 420C.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The trans-

formation recipient A. vinelandii OP strain UW1 (Nif
capsule-) and the parental strain UW (Nif+ capsule-)
were provided by W. Brill (University of Wisconsin,
Madison). A. vinelandii ATCC 12837 strains 113 (Nif+
rifampin resistant) and 114 (Nif+ streptomycin resist-
ant) and the diazotrophs Azotobacter chroococcum
ATCC 7486, Azotobacterpaspali ATCC 23368, Azoto-
bacter beierinckii ATCC 19360, Azomonas macrocy-
togenes ATCC 12335, Azomonas insignis, Beijerinckia
indica ATCC 12523, Rhizobium meliloti 17A, Rhizobi-
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um trifolii CC1O, Klebsiella pneumoniae ATCC 13883,
and Clostridium pasteurianum NCIB 9486 were used
as sources of donor nif DNA. C. pasteurianum was
grown underanaierobic conditions at 37°C on modified
Burk medium containing 2% sucrose and 2 Fg biotin
per liter. K. pneumoniae was grown at 37°C on nutri-
ent agar (Difco Laboratories, Detroit, Mich.) contain-
ing 1% glucose. Rhizobium species were grown on
yeast extract agar, containing 1% glucose, at 30°C. A.
paspali and A. beijerinckii were grown at 30°C on N-
free Burk medium containing 1% sucrose as the C
source. Other Nif' strains were grown at 30°C on N-
free Burk medium (30). Strain UW1 was grown on
Burk medium containing 1.1 g of ammonium acetate
per liter. Liquid cultures were shaken at 170 rpm in a
water bath Gyrotory shaker (model G-76; New Bruns-
wick Scientific Co., New Brunswick, N.J.).
Crude lysate DNA preparation. Crude lysate DNA

was prepared by suspending cells from slant cultures
in 15 mM saline-15 mM sodium citrate buffer, pH 7.0
(SSC), containing 0.05% sodium dodecyl sulfate, and
heating at 60°C for 60 min (30). Heating was extended
for up to 6 h for organisms other than A. vinelandii. In
some cases, DNA was partially purified by phenol
extraction, RNase treatment, and removal of oligori-
bonucleotides and capsular material as described by
Marmur (24). DNA concentration was estimated using
a modified (14) Burton assay (4).
Transformation assay. Competence for genetic

transformation was induced in strain UW1 by 18 to 22
h of growth in Fe-limited Burk medium as described
previously (31). Except where noted, competent cells
were transformed in Burk buffer, pH 7.2, containing 8
mM MgSO4 (transformation assay buffer, [32]), with
10 ,ug of crude lysate DNA per 108 cells. This amount
of DNA was approximately 10 times that required to
saturate the cells. Simnilarly, (32P]DNA was used at
two to three times the saturating concentration. The
reaction was stopped by the addition of DNase I (final
concentration, 4 Ag/ml) and incubation at 30°C for 5
min.

Cells to be transformed a second time with addition-
al DNA were centrifuged and suspended in 1 volume
of transformation assay bt;ffer and then treated with
trypsin, to degrade residual DNase, followed by tryp-
sin inhibitQr (final concentrations, 4 ,u.g/ml), each for
10 min at 30°C. The cells were collected again, resus-
pended in transformation assay buffer, and exposed to
the second DNAN species. Competence and compe-
tence recovery in 420C-treated cells were not sensitive
to trypsin at this concentration.

Nif+ transformants were detected by plating cells
directly on N-free Burk medium. Rifampin-resistant
and streptomycin-resistant transformants required 20
h of incubation in Burk medium for phenotypic fre-
quency stabilization (32) before plating on selective
Burk medium containing 20 ,ug of rifampin or strepto-
mycin per ml. Transformation frequency was calculat-
ed as the number of transformants detected per total
number of viable cels plated on selective medium. All
determinations were made at least; twice.

Prepiration of sterile culture supernatant. It was
often necessary'to remove competent cells from their
original growth medium after a specific treatment and
resuspend them for subsequent incubation. Resus-
pending competent cells in fresh Fe-limited Burk me-
dium resulted in lower levels of competence and

poorer competence recovery than resuspending com-
petent cells in filter-sterilized, original growth super-
natant (unpublished data). In all instances, either
competent culture supernatant or 42°C-treated compe-
tent culture supematant served equally well as a
resuspension medium.

Concentration of culture supernatants and distilled
water washes of competent cells. Culture supernatant
fluids were concentrated for the analysis of glycopro-
tein released by competent cells and Ca-limited com-
petent cells as described previously (29). Distilled
water washes of competent cells performed at either
30 or 42°C also were concentrated as previously de-
scribed (29).

Electrophoresis. Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis was carried out by the
method of Laemmli (20) under the conditions de-
scribed previously (29). Proteins were stained as de-
scribed by Fairbanks et al. (13) with Coomassie blue
R250 in isopropanol-acetic acid.
Time of expression of nitrogenase activity in newly

transfornied cells. Cells from a competent culture of
strain UW1 were washed twice by centrifugation,
using 0.5 volume of Fe-limited, N-free Burk medium
to remove excess ammonia, and were resuspended to
the original volume in filter-sterilized culture superna-
tant obtained from strain UW grown for 20 h in Fe-
limited, N-free Burk medium. A 5-ml amount of this
cell suspension was dispensed into each of 12 10-ml
Erlenmeyer flasks, and the cultures were incubated at
30°C for 4 h to starve the competent cells for nitrogen.
The cultures were then transferred to centrifuge tubes
containing 1.5 ml of strain 113 crude lysate DNA (60
,ug of DNA per ml) and 18 ml of transformation assay
buffer. After 20 min of incubation at 30°C, the reaction
was stopped with 1.0 ml of 100-,g/ml DNase I. The
cells were harvested by centrifugation, suspended in 5
ml of Fe-limited, N-free Burk medium, and incubated
in 10-ml Erlenneyer flasks at 30CC for the expression
of nitrogenase activity. At 20-mii intervals, beginning
immediately, flasks were sealed with serum stoppers
and nitrogenase activity was measured by the acety-
lene-ethylene redaution assay (16) as previously de-
scribed (28). Portions of each culture were plated to
determine the viable number and frequency of Nif+
transformants. Nitogenase specific activity was cal-
culated as nanomoles of ethylene formed per hour per
108 Nif+ transformants.
Recovery of donor DNA from transformed cels.

Transformation assays were set up in five pairs of 15-
ml conical centrifuge tubes, each containing 3.0 ml of
transformation assay buffer and 50 ,ug of strain 113
crude lysate DNA. One tube of each pair received 0.5
ml of competent strain UW1 culture, and the other
received 0.5 ml of the same culture treated at 420C.
After 1, 10, and 30 min of incubation at 30°C, DNA
binding was stopped by the addition of 1 ml of 20-Rg/
ml DNase I, and each pair of tubes was placed on ice.
DNase was digested with trypsin as described above,
except that incubations were for 2 min at 220C, a
temperature at which transformation occurs very
poorly (32). The cells were collected by centrifugation
at 4°C, and crude lysates were prepared. Cell enve-
lopes were removed by centrifugation at 20,000 rpm
for 60 min, and the supernatant was decanted and
stored at 4°C. DNA binding in the remaining two pairs
of tubes was stopped after 30 min. DNase was inacti-
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vated as described above, using 5-min incubation
periods at 30°C. The cells were collected by centrifu-
gation, suspended in 0.5 ml of sterile culture superna-
tant, and incubated with shaking at 30°C in 10-ml
Erlenmeyer flasks. Envelope-free cell lysates were
prepared from these samples 60 and 90 min after the
initiation of transformation.
The envelope-free cell lysates were assayed for nif

transforming activity by mixing each 0.5 ml of lysate
with 1 ml of freshly prepared strain UW1 competent
cell suspension in 6 ml of transformation assay buffer.
The reaction was stopped after 20 min of incubation at
30°C by the addition of 1.0 ml of 20-,ug/ml DNase I. As
the number of Nif+ transformants was expected to be
small, the recipient cells were concentrated 7.5-fold
before plating on selective medium.

Preparation of purified [32P]DNA. Crude lysate
DNA was prepared from strain UW1 grown for 2 days
in modified Burk medium containing 1 mM phosphate
buffer, pH 7.2, and 2.5 mCi of 32P (55% of which
became incorporated). The crude lysate was treated
with proteinase K and further purified as previously
described (24). [32P]DNA was purified free of residual
contaminating 32P-labeled oligoribonucleotides by 4.5
h of electrophoresis at 50 V in 0.5% agarose-20 mM
Tris-2 mM EDTA-50 mM sodium acetate (pH 7.8)
(TEA) gels. [32P]DNA detected by autoradiography
with Kodak X-Omat X-ray ifim was extracted by gel
dissolution in KI and DNA binding to hydroxylapatite
(Bio-Gel HTP, Bio-Rad Laboratories, Mississauga,
Ontario, Canada) (37). The hydroxylapatite-[32P]DNA
was washed free of agarose and KI as described
previously (37), except that it was not formed into a
column as better recoveries of [32P]DNA were ob-
tained by batch treatment. Treatment with 1 M sodium
phosphate-1 mM EDTA released 20 to 30% of
[32P]DNA, which was dialyzed twice in 48 h against 4
liters of SSC at 4°C. Samples concentrated by dialysis
against polyethylene glycol (PEG 20,000) were ana-
lyzed by agarose gel electrophoresis. All radioactivity
detected by autoradiography was present in high-
molecular-weight DNA. Treatment of the sample with
DNase I rendered 98% of the radioactivity soluble in
cold 10%o trichloroacetic acid. The specific activity of
the [32P]DNA preparation varied with different batch-
es and the age of the preparation. Nonradioactive
purified DNA also was prepared by this method.
(32P]DNA binding and uptake. Cells from a compe-

tent strain UW1 culture -and from a 42°C-treated,
formerly competent culture were concentrated 10-fold
into 0.5 ml of sterile competent culture supernatant
and mixed with 3 ml of transformation assay buffer
containing 0.5 ml of [32P]DNA. After 10 min of incuba-
tion, the cells were pelleted and washed once by
centrifugation with 4 ml of transformation assay buff-
er, suspended in the same, and treated with DNase I
for 5 min. The amount of unabsorbed (32P]DNA and
the amount of radioactivity released by DNase treat-
ment of cells were determined by adding 4 ml of
aqueous sample to 6 ml of Monophase 40 liquid
scintillation fluor (Packard Instrument Co., Inc.,
Downers Grove, Ill.) and measuring radioactivity with
a Searle model 6880 liquid scintillation counter. Resid-
ual DNase in the transformed cell suspension was
digested with trypsin, which' in turn was inactivated
with trypsin inhibitor as described above. The cell
pellet was suspended in 4 ml of sterile culture superna-

tant. A crude lysate (total volume, 4 ml) prepared from
0.5 ml of this suspension was used to determine the
amount of [32P]DNA bound to cells in a DNase-
resistant state. The remaining 3.5 ml of cell suspension
was shaken for 2 h in a 10-ml Erlenmeyer flask to allow
completion of the transformation process. 32P released
into the culture supernatant was measured. The loca-
tion of bound [32P]DNA was analyzed further after
spheroplasts were formed by suspending cells in 3.5 ml
of 50 mM Tris-50 mM EDTA-10% (wt/vol) sucrose,
pH 8.0, and incubating for 60 min at 300C with 100 F.g
of lysozyme per ml. Pelleted spheroplasts were lysed
by twice suspending them in 5 ml of distilled water.
The lysates were pooled and centrifuged at 5,000 rpm
for 10 min to collect unbroken cells which, typically,
were absent. The lysate was then centrifuged at 20,000
rpm for 70 min to obtain the spheroplast membranes,
and the radioactivity in this pellet and in the superna-
tant was measured.
The spheroplast lysate was analyzed to determine

whether all radioactivity was present as high-molecu-
lar-weight DNA. DNA and RNA, precipitated by
adding 10 ml of lysate to 30 ml of 95% ethanol and
placing at -20°C for 24 h, were collected by centrifu-
gation at 4,000 rpm for 60 min, and the amount of
soluble 32P remaining in the supernatant was mea-
sured. The ethanol-precipitable material was subjected
to electrophoresis on a 0.4% agarose-TEA gel for 10.5
at 20 V. Lambda cI857 DNA was used as a molecular
weight indicator. The gel was stained with ethidium
bromide, and DNA and RNA bands were detected by
fluorescence (35). 32P-labeled material was detected
by autoradiography for 9 days at -70°C as described
earlier but with du Pont Cronex Lightning-Plus intensi-
fying screens.

Chemicals. All fine chemicals were reagent grade,
and most were obtained from Fisher Scientific Co.,
Edmonton, Alberta, Canada, except for enzymes and
trypsin inhibitor, which were from Sigma Chemical
Co., St. Louis, Mo. Agarose was supplied by Mandel
Scientific Co., Calgary, Alberta, Canada. Carrier-free
[32P]phosphoric acid in aqueous solution was supplied
by Amersham Corp., Arlington Heights, Ill. Acrylam-
ide and N,N'-methylenebisacrylamide were from
Eastman Kodak Co., Rochester, N.Y. All other elec-
trophoresis chemicals were obtained from Bio-Rad
Laboratories.

RESULTS
Loss of competence at elevated temperatures

and competence recovery. Holding a competent
culture of A. vinelandii at 37 or 42°C resulted in
an exponential loss of competence (Fig. 1).
Although competence loss at 37°C occurred at a
slower rate after a lag of 20 min, both treatments
resulted in a complete phenotypic loss ofcompe-
tence. The treatment of cells at either tempera-
ture had no effect on viability, and holding
competent cells at 30°C had no effect on compe-
tence.
Transformable cells were regenerated in 42°C-

treated culture by incubation at 30°C (Fig. 2).
The maximum level of competence attained was
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TREATMENT TIME (MIN)
FIG. 1. Loss of competence at elevated tempera-

tures. A competent strain UW1 culture was held at
30°C (A), 37C (0), or 42°C (0). At intervals, samples
of the cells were removed, equilibrated to 30°C, and
assayed for transformation frequency (closed sym-
bols) and viable number (open symbols).

not always as high as that before heating. This
probably reflected the normal decay of compe-
tence which occurs after an extended period of
incubation in Fe-limited medium (31). There was
no change in the number of viable cells during
the period of competence recovery. The recov-
ery of competence appeared to require RNA and
protein syntheses because recovery was delayed
when cells were treated with rifampin or chlor-
amphenicol (Fig. 2). Rifampin and chloramphen-
icol at these concentrations had no effect on the
maintenance of competence in an unheated cul-
ture.

It has been reported that a 60K envelope
glycoprotein required for competence (29) was
completely removed from A. vinelandii by wash-
ing with distilled water at 38°C but not at 33°C
(34). It was possible, therefore, that synthesis of
the 60K glycoprotein was the step necessary for
competence recovery in 42°C-treated cells. Al-
though the culture supernatant of the 42°C-
treated competent culture contained somewhat
more 60K glycoprotein (Fig. 3, lane 4) than did
the competent culture supernatant (Fig. 3, lane
3), it was much less than was removed by
washing competent cells with distilled water at
30°C (lane 2). Washing cells with distilled water
resulted in a fivefold reduction in competence
(transformation frequency, 2.4 x 10-4), whereas
42°C-treated cells were noncompetent. Cells
pregrown in Ca-limited competence medium de-
veloped a very low level of competence (trans-
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FIG. 2. Recovery of competence in 42°C-treated
cultures. A culture of competent strain UW1 (Nif+
transformation frequency, 1.7 x 10-3) was held at
42°C for 25 min to eliminate competence. Samples of
the 42°C-treated culture were incubated with chloram-
phenicol (final concentration, 25 ,ug/ml) (0), rifampin
(final concentration, 1 ,ug/ml) (A), or no further addi-
tions (0). After 30 min of incubation at 30°C, the cells
were harvested by centrifugation and suspended in the
original volume of original competent culture superna-
tant. Incubation was continued, and at intervals sam-
ples were removed for transformation assay.

formation frequency, 1.8 X 10-6) and released a
similar large amount of glycoprotein into the
culture supernatant (Fig. 3, lane 1). Although
60K glycoprotein loss has been correlated with
competence loss (29), clearly, glycoprotein re-
lease from 42°C-treated competent cells was
insufficient to account for the complete loss of
competence observed. These data also indicated
that the release of glycoprotein from cells was
mediated primarily by washing with distilled
water and not by treatment at 42°C.

Effect of elevated temperatures on transformed
cels. Competent cells exposed to a 10-fold ex-
cess of donor DNA became nearly saturated
with DNA bound in a DNase-resistant form after
5 to 10 min (Fig. 4). DNase-resistant DNA
binding was prevented by adding DNase 1 s but
not 2 s after adding DNA. Shifting cells to 37°C
during this period of rapid DNase-resistant DNA
binding had little or no effect on the transforma-
tion frequency, whereas heating at 37°C after
this time produced a slight, but consistently
observed, enhancement. Shifting the transfor-
mation assay to 42°C after DNase-resistant
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FIG. 3. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis of culture supernatants and 30°C dis-
tilled water washes of competent cells. All samples
were concentrated to a standard volume per 108 cells
per ml in the original culture, and 50 ,l of each was
added to the gel. Lanes 1, 3, and 4 contained qoncen-
trated culture supernatants from strain UW1 (1) grown
in Ca- and Fe-limited Burk medium, (3) grown in Fe-
limited Burk medium, and (4) pregrown in Fe-limited
Burk medium and treated at 42°C for 25 min. Lane 2
contained concentrated 300C distilled water washes of
competent cells. The molecular weight standards
phosphorylase a (94,000), bovine immunoglobulin
(50,000), and ovalbumin (43,000) were used to deter-
mine the molecular weights shown.

DNA binding produced only a small, but con-
sistent, decrease in transformation frequency.
The failure to detect transformants in 42°C-

treated, formerly competent cells could not be
attributed to a temperature-sensitive event in the
subsequent steps of the transformation process.
Newly acquired nitrogenase genes in trans-
formed, nitrogen-starved strain UW1 were ex-
pressed 60 to 80 min after the addition of trans-
forming DNA (Fig. 5A). Neither the survival of
the donor DNA nif marker in the recipient cell
nor the expression of the nifgenes (Fig. 5B) was
particularly sensitive to heating at 42°C.

Recovery of nif marker from recipient cells.
Donor (nij) activity was recovered from trans-
formed envelope-free cell lysates 1 min after
mixing donor DNA with the strain UW1 recipi-
ent (transformation frequency, 5.8 x 10-6). The
Nif+ transforming activity of the competent cell

10' 'L0 O5
TIME OF

10 15 20 25 30
DNASE ADDITION (MIN)

FIG. 4. Treatment of competent cells at 30, 37, or
42°C after DNase-resistant DNA binding. At zero
time, crude lysate DNA was mixed with strain UW1 to
initiate transformation at 30°C. At intervals thereafter,
DNase I was added, and the assay mixtures were
immediately transferred to preheated tubes at 30°C
(A), 37°C (0), or 42°C ( 0) and held at this temperature
for 30 min before plating on selective medium.

lysates increased with time during the 30-min
exposure of cells to donor DNA and during 60
min of further incubation after the addition of
DNase (maximum frequency, 2.4 x 10-4). The
second recipient was transformed at a frequency
of 3.5 x 10-2 when exposed to a similar concen-
tration of original donor DNA. No Nif+ donor
activity was recovered from similarly prepared
42°C-treated cell lysates. These results suggest-
ed that DN-A uptake was the heat-sensitive
event.

Binding and uptake of [32PJDNA. Competent
cells, pretreated at 42°C, bound equivalent
amounts of [32P]DNA as unheated competent
cells (P = 0.05). Two-thirds of the [32P]DNA
bound to either cell type was insensitive to
DNase. The fate of this DNA after incubation of
the cells for a period sufficient to allow uptake
and integration of DNA was determined (Table
1). During the 2-h incubation period after the
termination of DNase-resistant DNA binding,
both cell types released similar amounts of ra-
dioactivity, 95% of which was soluble in cold 8%
trichloroacetic acid. Approximately 17% of the
radioactivity bound to competent cells was
transported into the cell cytoplasm, but there
was essentially no [32P]DNA uptake in 42°C-

VOL. 155, 1983 163



164 DORAN AND PAGE

IL 1

0

4 O

0

z

w

I- 1

O I II l 1 1 _ 115wLw11 _11, I! L l

.0 -

s5

.0

0O 1 2 3 4 0 1 2 3 4

HOURS INCUBATION TIME OF HEATING (HOURS)

FIG. 5. Effect of 42°C heating on nifmarker survival and nifexpression in transformed cells. Strain UW1 was
assayed for nitrogenase activity at 20-min intervals after the addition of Nif' DNA to a competent (Nif'
transformation frequency, 1.6 x 10-2), N-starved culture (A). Similar N-starved cells were incubated for 20 min
with donor DNA and then shifted to 42°C for 30 min at 20-min intervals. After treatment at 42°C, the cells were
transferred to 30°C to give a total incubation of 5 h before nitrogenase activity was measured (B).

treated cells. The very small amount of radioac-
tivity which appeared in the cytosol fraction of
42°C-treated cells was quite possibly washed
from the spheroplast membranes when they
were removed by centrifugation. A greater pro-
portion of the [3 PIDNA remained bound to the
42°C-treated cell envelope, consistent with a
failure to transport DNA into these cells. All of
the 32P-labeled material in the cytosol of the
transformed cells was ethanol precipitable. The
chromosomal and [32P]DNA in osmotically
lysed spheroplasts migrated as a tight band
(molecular weight > 1.7 x 107) during electro-
phoresis in agarose. These results were consist-
ent with the hypothesis that 42°C-treated cells
were unable to transport DNA across the cell
envelope.
DNA binding to competent and noncompetent

cells. It could not be determined whether cells
which were competent before 42°C treatment

were the same cells which reacquired compe-
tence during subsequent incubation. Competent
A. vinelandii cells which were exposed to satu-
rating strain 113 (Rif') DNA before 42°C treat-
ment were not transformed to streptomycin
resistatice with DNA from strain 114 at any time
during the 8-h postheating incubation at 30°C.
Exposure of 42°C-treated cells to saturating Rifr
DNA prevented subsequent transformation by
Strr DNA, and Rifr transformants were not
detected during the 8-h incubation. Competent
cells exposed to an excess of strain 113 DNA
also could not be transformed subsequently with
strain 114 DNA, even 8 h after the first exposure
to strain 113 DNA.

In each of the three cases outlined above,
preexposure of cells to an excess of purified
DNA did not prevent these cells from binding a
second [32P1DNA in a DNase-resistant state.
Approximately equivalent amounts of [32P]DNA

TABLE 1. Binding and uptake of [32P]DNAa
DNase-resistant 32p 32P released 32p released upon 32p bound to

Recipient bound during 2-h spheroplast spheroplast 32p in cell cytosol
cellsb incubation formation membranes

cpmc % cpm % cpm % cpm % cpm

Competent 3,280 (t215)d 1oo 197 (±35) 6.0 2,309 (±473) 70.4 212 (±29) 6.4 562 (±120) 17.2
42°C treated 2,945 (±510) 100 136 (±18) 4.6 2,002 (±128) 68.0 780 (±23) 26.5 26.7 ( ±3.0) 0.95

a The procedure is described in the text.
b Competent cells were transformed to Nif' at a frequency of 4.9 x 10-2. No competent cells were detected in

the 42°C-treated culture.
c Measurements of radioactivity are counts per minute per 108 cells.
d Standard deviation.
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were bound after the first and second exposure
of competent cells to DNA. Precompetent strain
UW1 grown in Fe-limited Burk medium for 4, 8,
and 12 h (31) bound as much [32P]DNA in a
DNase-resistant state (1.2 x 105 cpm per 108
cells) as did the competent population which
was present after 16 and 24 h of incubation.
[32P]DNA also was bound in a DNase-resistant
state by noncompetent cells (31) prepared by
growth in Fe-sufficient Burk medium (9.1 x 104
cpm per 108 cells) or in Fe-limited Burk medium
containing glutamate as the sole N source (5.9 x
105 cpm per 108 cells). The ability of A. vinelan-
dii to bind DNA in a DNase-resistant state was,
therefore, not a competence-specific character-
istic. DNase-resistant DNA binding was depen-
dent on magnesium ions. Competent cells which
had been washed free of excess magnesium ions
and exposed to DNA in the absence of magne-
sium ions bound less than 1.0 x 102 cpm of
[32P]DNA per 108 cells, and no transformants
were generated.

Heterologous DNA competition. Competent
strain UWI was transformed to Nif+ at a high
frequency with saturating DNA from A. vinelan-
dii strains 113 (frequency, 1.0 x 10-2), 114
(frequency, 2.5 x 10-2), or UW (frequency, 8.4
X 10-3). Transformation with saturating concen-
trations ofDNA prepared from A. chroococcum
and A. paspali resulted in frequencies of 4.0 x
10-3 and 2.2 x 10-3, respectively. Strain UW1
was transformed at a very low frequency by
saturating DNA from A. beijerinckii (frequenc6y,
3.2 x 10-s), B. indica (frequency, 1.5 x 10- ),
R. meliloti (frequency, 1.4 x 10-6), and R.
trifolii (frequency, 3.3 x 10-6). Strain UW1 was
not transformed by DNA isolated from the dis-
tantly related bacteria A. insignis and A. macro-
cytogenes or the unrelated bacteria K. pneumo-
niae and C. pasteurianum.

Several of the homologous and heterologous
DNA species were partially purified and tested
for their ability to compete with strain 113 DNA.
Competing DNA was mixed with an equivalent
amount (1 ,ug per 108 cells) of strain 113 DNA,
and the frequency of Rif' marker transforma-
tion was assayed. Nontransforming A. macrocy-
togenes DNA and very poorly transforming B.
indica DNA decreased the Rif' transformation
frequency by 50 to 52%. The ability of these two
DNA species to block transformation was not
altered significantly when recipient cells were
exposed to the heterologous DNA 20 min before
they were exposed to strain 113 DNA. DNA
from A. beyerinckii, A. paspali, and A. vinelan-
dii strain 114 similarly decreased transformation
by strain 113 DNA by 55, 59, and 67%, respec-
tively. Although the ability of these related DNA
species to compete with strain 113 DNA did not
correlate precisely with their ability to transform

strain UW1, the relative order was the same.
These DNA species blocked transformation
more efficiently when cells were exposed to
blocking DNA before the addition of strain 113
DNA, and the relative order of blocking ability
remained unchanged. Treatment of cells with
DNase after exposure to heterologous or ho-
mologous DNA and before the addition of strain
113 DNA did not alter the blocking ability of the
competing DNA species. Blocking by these
DNA species also was dependent on magnesium
ions.

Bacteriophage 4W-14 DNA bound in a DN-
ase-resistant state to competent A. vinelandii
blocked transformation by an equivalent amount
(1 ,ug) of strain 113 homologous DNA more
effectively than any other heterologous DNA,
including heterospecific DNA species. Under
these conditions, 4.W-14 DNA produced a 64%
decrease in the Rif' transformation frequency.
The ability of 4W-14 DNA to block transforma-
tion by homologous DNA was concentration
dependent, such that transformation of strain
UW1 was completely blocked by exposing 108
cells to greater than 50 ,ug of 4W-14 DNA.

DISCUSSION
Genetic tranformation of A. vinelandii was

notably similar to that of H. influenzae. DNase-
resistant DNA binding to both organisms dem-
onstrated a brief lag (from 1 to 3 s), was saturat-
ed after 5 to 10 min of exposure to excess DNA
(11, 39), and occurred outside the cytoplasmic
membrane (10, 17). In both transformation sys-
tems, DNA uptake was not accompanied by the
release of an equivalent amount of acid-soluble
deoxyribonucleotides from the cell surface (40).
Therefore, a nuclease such as that active in
gram-positive transformation systems (19, 27),
which generates single-stranded DNA during
uptake, does not have an equivalent role in A.
vinelandii transformation. Single-stranded DNA
probably is not an acceptable donor in this
system because heat-denatured A. vinelandii
DNA (60 Lg ofDNA per ml of SSC at 100°C for
25 min) is 1,200-fold less active in transforma-
tion than native DNA (data not shown). Since
biologically active donor DNA was recovered
from transformed A. vinelandii as early as 1 min
after the DNA addition, it is likely that the donor
DNA is transported in a double-stranded form,
typical of gram-negative transformation systems
(1, 2, 38).

In contrast to other heat-sensitive transforma-
tion systems (9, 25, 26, 33), the major effect of
heating competent A. vinelandii was limited to a
single period before the completion of DNase-
resistant DNA binding. Despite this, heat-treat-
ed, formerly competent cells were not impaired
in their ability to bind DNA in a DNase-resistant
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state. The small, but consistently observed, en-
hancement of transformability at 37°C that oc-
curred concurrently with the completion of
DNase-resistant DNA binding indicated that
DNase-resistant DNA binding and the heat-
sensitive step were closely linked temporally.
DNase-resistant DNA binding clearly preceded
the heat-sensitive step in the transformation
process. The significant observation was that
little or no radioactivity and no biologically
active donor DNA marker were recovered from
the cytoplasm of 42°C-treated cells which had
bound saturating amounts of [32PJDNA in a
DNase-resistant state. The data support the hy-
pothesis that the heat-sensitive event was in-
volved in DNA transport across the cell enve-
lope. The existence of a DNA uptake protein (7,
41) which is particularly heat labile may explain
the need for protein synthesis during compe-
tence recovery. The nature of the heat-sensitive
event in A. vinelandii transformation may be
unique. In other heat-sensitive transformation
systems, the loss of transformability is almost
totally attributable to a loss of the ability to bind
DNA on the cell surface in a DNase-resistant
state (1, 9, 25, 33).

Similar to Neisseria gonorrhoeae (12), A.
vinelandii cells exposed to homologous DNA
were unable to be transformed by a second DNA
species. A surprising observation was that these
cells were capable of further DNase-resistant
DNA binding. These results suggest that there
may be two types ofDNA binding to competent
A. vinelandii, both of which convey resistance
to DNase. We propose that DNA receptors of
type 1 are responsible for the possibly less
specific form of DNase-resistant DNA binding,
which may be preliminary to DNA binding for
transformation but which occurs in the absence
of transformation and that type 2 receptors are
those which, bind transforming DNA during the
initial stages of the transformation process.
These two DNA receptor types are therefore
somewhat analogous to those described for N.
gonorrhoeae (12). Both types of DNA binding
receptors are heat stable as 420C-treated cells
participated in both types of DNase-resistant
DNA binding. Furthermore, 42°C-treated cells
failed to transport DNA, indicating that both
types of receptors must be located in the cell
envelope. The existence of type 1 receptors may
explain the phenomenon of DNase-resistant
DNA binding to noncompetent cells, a charac-
teristic apparently unique to A. vinelandii. Obvi-
ously, whether noncompetent cells possess a
type 2 receptor cannot be determined until such
a receptor has been physically identified.
Competent A. vinelandii cells discriminate

against transformation by heterologous DNA, a
characteristic unique to gram-negative orga-

nisms which are naturally grown to competence
(5, 12, 15, 36). A possible exception to this rule
was the anomalous behavior of (W-14 DNA, a
DNA species which also is exceptionally com-
petitive in the B. subtilis transformation system
(24). When competent A. vinelandii cells are
generated by the artificial system used to pro-
duce competent Escherichia coli cells (6), how-
ever, they show the same lack of discrimination
against heterologous DNA as does E. coli (3, 8).
Competent A. vinelandii demonstrated a cer-

tain lack of discrimination against binding heter-
ologous DNA in a DNase-resistant state, which
may be explained by the existence of type 1
receptors. The ability of heterologous nontrans-
forming DNA to inhibit transformation by ho-
mologous DNA was proportional to the concen-
tration of the two competing DNA species but
was not enhanced by the prior exposure of cells
to blocking DNA, unlike the case with compet-
ing transforming DNA. These results suggest
either that DNA binding to type 1 receptors was
preliminary to binding to type 2 receptors or that
DNA binding to type 1 receptors hindered trans-
forming DNA binding to type 2 receptors.

It is possible that type 2 receptors were re-
sponsible for discrimination against heterolo-
gous DNA other than 4W-14 DNA, preventing
or limiting its uptake. Thus, type 2 receptors
would resemble the surface receptors of compe-
tent H. influenzae (10, 11, 17) and N. gonorrhoe-
ae (12), which recognize specific uptake se-
quences on transforming DNA. These sequence-
specific receptors are reputed to bind and
transport one molecule of DNA each, but A.
vinelandii doubly transformed by unlinked
markers is often observed (unpublished data),
suggesting that there are several type 2 receptors
per competent cell. The lag before the loss of
transformation competence during 37°C treat-
ment suggests that there are also several copies
of a heat-labile DNA uptake site per competent
cell.
The lack of transformants in a 42°C-treated

culture, containing prebound homologous DNA,
after incubation for a period sufficient to other-
wise allow competence recovery suggests that
DNA uptake may have to occur concomitantly
with DNA binding to type 2 receptors. The rapid
recovery of donor DNA marker (nif) from com-
petent cells demonstrated that DNA transport
was occurring very soon after DNase-resistant
DNA binding. DNA binding to type 2 receptors
may alter the receptor, preventing it from be-
coming properly associated with the DNA up-
take mechanism at a later time. Type 2 recep-
tors, therefore, may be synthesized only once in
the competence cycle, or if they are synthesized
during competence recovery, they may be inac-
tivated by DNA prebound to the cell.
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