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A protein which binds to either single-stranded or double-stranded deoxyribo-
nucleic acid (DNA) but not to ribonucleic acid has been isolated by osmotic shock
treatment of growing cells. This periplasmic protein differs from the principal
intracellular binding protein in its greater thermolability and by the absence of
salt-induced cooperativity in its interaction with single-stranded DNA. Certain
mutant strains of Haemophilus influenzae defective in the DNA uptake steps of
genetic transformation were found to be deficient in periplasmic DNA-binding
protein, suggesting that this protein participates in the uptake of DNA in
transformation.

Genetic transformation of bacteria requires
that the recipient cells interact with external
DNA molecules and transfer these external mol-
ecules across the cellular boundary in genetically
intact form. The ability to carry out DNA trans-
port is a transient property in most transform-
able species; cultures in which the capacity to
be transformed has developed or has been in-
duced are termed "competent" (10, 20).

Proteins which bind to DNA have been ob-
served in a number of transformable bacteria.
Wall-membrane complexes prepared from com-
petent Streptococcus sanguis bound more DNA
than did preparations from noncompetent cells,
and the binding was inhibited by antibody to
intact competent cells (3). A binding protein was
observed in wall-membrane complexes of S.
pneumoniae. Again, preparations from compe-
tent cells were more active in binding, but treat-
ment of preparations from noncompetent cells
with autolysin increased their activity to levels
characteristic of preparations from competent
cells (17). The pneumococcal binding protein
was readily solubilized by washing wall-mem-
brane preparations from competent cells; certain
properties of the reaction of this protein with
DNA, such as time and temperature dependence
of the interaction, suggest that simple binding is
not the only process occurring in the presence of
the protein (18). Membrane vesicle preparations
from both noncompetent and competent cul-
tures of Bacillus subtilis were found to bind
substantial quantities of DNA; there did appear
to be a high-affinity binding component which
was increased in preparations from competent

cells (6, 7). Competent cultures of B. subtilis
synthesized a soluble binding protein specific for
denatured DNA; this protein was missing in a
mutant defective in transformation and was also
absent in early sporulating cells (4).
Transformable Haemophilus influenzae can

interact with external DNA in a number of ways,
depending on the nature of the DNA and the
physiological state of the cells. Log-phase cells
can bind single-stranded DNA, but they do not
take it up and are not genetically transformed
by it. Competent cells can bind and be trans-
formed by double-stranded DNA; the effective
interaction of competent cells with single-
stranded DNA to yield transformants requires
pretreatment of the cells with EDTA at low pH
(11). A degree of competition between single-
and double-stranded DNAs in transformation of
competent H. influenzae has been observed (11,
12), and mutants unable to take up either native
or denatured DNA have been isolated (1), sug-
gesting that uptakes of single and of double
strands may share one or more components.
To understand how H. influenzae transports

DNA, we have begun to study the DNA-binding
proteins of this species and the possible associ-
ation of any of these proteins with the cell sur-
face. This paper reports the presence of a peri-
plasmic protein in log-phase cultures of H. influ-
enzae which can bind both single- and double-
stranded DNAs. After competence develop-
ment, this protein cannot be dissociated from
the cells by osmotic shock treatment. Some
properties of the periplasmic activity have been
compared to those of an intracellular binding
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lprotein preparation. 'I'he latter activity appears
to be similar to the DNA-unwinding or helix-
destabilizing protein described in Escherichia
(oli (for review, see reference 2). The pern-
plasmic activity is more sensitive to heat and
does not exhibit salt-dependent cooperativity in
interaction with single-stranded DNA. Since the
perip)lasmic DNA-binding protein is apparently
absent in a mutant defective in transformation,
it may be involved in some of the interactions of
D)NA with the cell surface which occur in the
process of transformation in this species. (A
lreliminary report of these findings has been
made [S. L. Sutrina and J. J. Scocca, Fed. Proc.
Fecl. Am. Soc. Exp. Biol., 37:1418, 1978].)

MATERIALS AND METHODS
H. influenzue Rd was grown as previously described

(16, ;26) to a density of 10 cells per ml. Mutant strains
of H. inluenzoe defective in the ability to take up
transfornming DNA (1) were the generouLs gift of S. H.
C oodgal. T'he l)rocedules for preparing and( assaying
Cultures with high competence for transformation
were those of Herriott et al. (5).
DNA from H. influenzae was labeled with :21) and

purified as described (16). Solutions of DNA were
diluted to ca. 50 pg/ml in 0.15 M NaCI and denaturedi
hY heating to 100(C for 5 mni, followed by quick
cooling. 1'rotein was determiined b-y the method of
Schaffncier and Weissmann (15). Cyclic phosphodies-
terase:3'-nucleotidase was assayed according to refer-
ence 14, with bis(p-nitrophenyl)phosphate as the sub-
strate.

OsIm1otic shock treatnment of cells was done accord-
ing to the procedure of Neu anid Heppel (9), as modi-
fied ( 14). Stage II treatmenit in the present experi-
rments used 5 mM MgClI in place of water.

Extracts containinig intracellular binding proteill
were prepared 1w suspending cells in a solution of 0.2
M potassium phosphate buffer, pH 7.4-0).13"' Brij 35
for :2) min at 28fC. After centrifugation, the superna-
taiut solution was partially purifie(d hy heating, and
detergent was removed by adsorption of the protein
to and elution from DNA-agarose (S. L. Sutrina and
.J. .J. Scocca, unlpublished data).
The assay used for the binding protein depends on

the retention of protein-I)NA complexes by nitrocel-
lulose filters under conditions which allow DNA alone
to pass through the f'ilters. For double-stranded DNA,
the conditions were essentially those of Riggs et al.
(13). Assay mixtures (2.2 ml) contained 10 mM T'ris
chloride (pH 7.4), 10 mM KCI, 0.1 mM EDTA, 10 mnM
nmaginesiunm acetate, ().1 nmM dithiothreitol, )1.)5 nmg of
bovine seruLm albumin per nml, 5'% dimethvl sulfoxide,
0.05 to 0.5 ptg of L2I']DNA per- mil, anl 0) to 1.0( ml of
shock fluid. Assay components were prewarmed to
2:3CC anid mixed, anid duplicate 1.0)-ml portions were
passedl through filters (Schleicher & Schuell type B-
85, soaked in a buffer containing 10 mM Tris chloride
[pH 7.41, 10 mM KCl, 0.1 mM EDTA, 1t) imM nmag-
nesiturmi acetate, and 5' dimnethyl sulfoxidle) under
negative pressure. Filters were washed ouIce with 0.5
nml of the buffer used to soak the filters, aind the filters
were dried and counted.

Assavs with single-strandedl DNA were (IoIne simi-
larly, except that denatured IDNA was added and the
concentrations of dimethyl sulfoxide in the assay,
washing, anid soaking soltutions were increased to 20"%
(8).
Blank values, obtained bhy oIittinIg shock fluid fromi

the reaction mixtures, have been subtiacted frormi all
values presented here. With single-stranded DNA, the
blank was between 1 aind 2';, of the inlput radioactivity.
With double-strandledl DNA, values between 5 and
20%'. were obtained; these values fluctuated from prep-
aratioin to preparation, anrl several treatmentis of both
tthe DNA an(d the filters faile(d to provide significant
inmprovemrent. Since preliminary, experiments showed
that double- anid single-stranide(l DNAs competed
equally well for binding hy the protein, we used single-
stranded DNA as the substrate for most routine as-
savs. In those experiments in which native DNA was
used as the substrate, we used preparations which
showed the lower backgroundi values.

Spot tests for screening of cells for defects in
transformation.
The methods to screeni cells for defects in transfor-

mation used w ere adapted from the procedures of
Weiss and Milcarek (21), which emplov microtitratioin
plates and multiprong trainsfer devices to facilitate the
handliig anid transfer of large nutmibers of colonies.
Appropriately (lilute(d suspensions of streptomycin-
susceptible bacteria were spread on the sturfaces of
complete brain heart infusion agar plates and grown
overnight at 37°C. Single colonies were picked and
inoculated into individuLal wells of microtitration
plates; each well containied 0.2 ml of complete brain
heart infusion medium. T'hese master plates were in-
cubated at :37 C for approximately 6 h, bh which time
the inoculated wells showed appreciable turbidity. To
each well, 0).2 ml of complete mie(dium containing :30%
glyvcerol was added; the contents were mixed, and the
plate was stored at -70°C until needced. For transfor-
mation, the cultures on the master plate were inocu-
lated into microtitratioin wells which coitaine(d 0.2 nml
of complete me(dium supplemented with 2 mM cyclic
:13,5'-AMP (23, 24) and 1(N) pg of DNA from a strep-
tiomvcin-resistant strain per ml. T'hese plates were
incubated overnight at 37,C. T'he cultures on these
transformation plates were then printed, 48 at a time,
onto the suLrfaces of four agar plates. One of these
contained complete growth medium, the second con-
taine(d braini heart infusion without the required
giowth sul)plements hemiin and NAD, anid the third
aindl fourth contained complete brain heart infusion
agar plus streptomycin sulfate at a concentration of
10(X pg/ml. TI'hese plates were then incubated overnight
at 37'C. Colonies of interest were selected according
to the following criteria: (i) coiufluent growth on com-
plete miledium, (ii) absence of growth on unsupple-
mienite(l braini heart infusion agar, and (iii) identical
patterns of growth oIn both plates containiing aniti-
biotic. T'he patterns of growth on the latter pair of
plates providled iniformationi as to the transformahility
of the origiinal clones. Fully transformable wild-type
clonies gave a zonie of confluent growth approximately
).5 cm in diamneter. A mutant )com-n58) with a level of
transformability of ca. 10%'i. that of the wild type
showedl growth of single colonies within the zone of
the original droplet. TI'hese patterns wvere highly repr-o-
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ducible and readily distinguishable from each other.
Approximately 200 colonies of a stock of the mutant
strain H. influenzae com-58 were screened in this
fashion; of these, one colony was found which showed
nearly confluent growth on streptomycin agar. The
response of this isolate to competence development in
liquid media showed that it had regained a level of
transformability approaching that of the wild type; we
designated this isolate com-58-R. In addition, two col-
onies were derived from strain com-58 which gave no
streptomycin-resistant colonies on screening; they
were designated com-58-A and com-58-B. These iso-
lates showed substantially reduced levels of transfor-
mation when tested under standard conditions (ap-
proximately 1% of that of the wild type and 10% of
that of the parent strain, com-58).

RESULTS

Osmotic shock treatment of gram-negative
bacteria causes the release of a limited group of
periplasmic proteins and enzymes (9); some of
the binding proteins released by this treatment
play a role in solute transport (22). H. influenzae
cultures treated in this way release ca. 1% of the
total cellular protein and 40 to 60% of the cyclic
phosphodiesterase:3'-nucleotidase into the stage
II supernatant solution (14). Assays of osmotic
shock fluids from log-phase H. influenzae for
the ability to bind DNA showed the presence of
substantial activity in the stage II (cold water)
supernatant fraction and negligible activity in
the stage I (Tris-EDTA-sucrose) fraction.
Some properties of the reaction between the

shock fluids and single-stranded DNA are shown
in Fig. 1. The extent of retention of DNA on
filters was a linear function of the amount of
shock fluid added (Fig. IA); little dependence of
binding activity on DNA concentration was ob-
servable in the linear portion of the assay curve.
The extent of binding was only slightly depend-
ent on temperature (Fig. 1B) and was quite
rapid, since maximal values were obtained when
samples were filtered immediately after mixing
(Fig. 1C). These findings indicate that the inter-
action between the binding activity and the
DNA is not due to enzymatic alteration of the
DNA which might increase its affinity for the
filters but that it is a binding reaction in the
strict sense.

Stability of binding activity. Treatment of
the active shock fluids with pronase (10 jig of
shock protein per jig of pronase) for 30 min at
37°C completely eliminated binding activity;
treatment with RNase A had no effect. The
binding activity was stable to 0.1 N HCI for 10
min at 0°C. Activity was stable to heating at
60°C for 60 min at neutral pH but was lost at
80°C with first-order kinetics (half-life, ca. 20
min). This inactivation at 80°C distinguished
the periplasmic binding protein from the major
intracellular DNA-binding protein, since the lat-
ter activity was completely stable to heating at
80°C for extended periods of time (unpublished
data).

Specificity of the interaction. Competition
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FIG. 1. Properties of the binding reaction. (A) Dependence of the retention of single-stranded DNA by
filters upon the quantity of osmotic shock fluid added. The symbols represent measurements made at two
concentrations of DNA: 0.01 (A) and 0.03 (-) pg/ml. The temperature was 250C. (B) Effect of incubation
temperature on the binding reaction. Shock fluid (0.5 ml) and the assay mixture (containing 0.05 ,ug of DNA
per ml) were brought to the indicated temperature separately and then mixed, filtered, and washed immedi-
ately. (C) Time course of the reaction. Reaction mixtures prepared as in (B) were incubated at 25°C for the
indicated times, filtered, and washed. All values are the averages of duplicate assays and have been corrected
for blank Lalues obtained by omitting shock fluid from the assay mixture.
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experiments between radioactive and nonradio-
active DNAs were conducted to determine if the
periplasmic binding activity exhibited any pref-
erence for double-stranded DNA of homologous
origin, since it has been shown that the interac-
tion between H. influenzae cells and DNA in
transformation is specific (16). The data from
these experiments were plotted according to the
method presented by Sisco and Snmith (19), and
the plots are presented in Fig. 2. Comparison of
the slope values shows that E. coli DNA was
only one-third as effective a competitor as was
DNA from H. influenzae, indicating that the
periplasmic protein exhibits an appreciable de-
gree of specificity. However, the specificity seen
here is an order of magnitude less than that seen
with intact transformable cells (16).
Competition experiments between native and

denatured DNA preparations from H. influ-
enzae indicated that the two types of L)NA were
bound approximately equally on a weight basis.
Addition of a 2.5-fold excess (by weight) of un-
labeled native DNA reduced the binding of de-
natured DNA to 34'c of the control value. Con-
versely, the presence of a 3-fold excess of unla-
beled denatured DNA reduced the binding of
native DNA to 22c' of the control value. How-
ever, competition plots of data of this type show
marked curvature. This curvature mav be due
to the production of more than two equivalents
of single strands per equivalent of double-
stranded DNA as a consequence of nicks in the
strands and also as a consequence of the pres-
ence of residual double-stranded material in the
denatured preparations. Better quantitative es-

y
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Fi(,. 2. Specificityv of binding protein for native
DNA preparations. The radjoactiue DNA was fromrl
H. influenzae (0.05 ,ug/lnl), and the competing IDNA
was from either H. influenzae (0) ot E. coli B (O).
Thc slope a'ith H. influenzae DNA was 1.0; with E.
coi I)NA, the slope iras 0.3.
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timates of the relative affinities of the binding
protein for single- and double-stranded DNAs
will require the use of DNA molecules of defined
structure (e.g., phage DNA).
Competition experiments with purified bulk

RNA from veast showed that a 10-fold excess of
RNA had no effect on the binding of either
single- or double-stranded DNA.

Effect of salts on binding reactions. As
indicated above, the periplasmic DNA-binding
protein is more thermolabile than the major
intracellular DNA-binding protein. Additional
evidence that these two proteins are distinct
entities was obtained in studies on the influence
of salts on the association between the binding
protein preparations and DNA. The periplasmic
activity showed hyperbolic saturation curves at
both low and high salt concentrations (Fig. 3).
In contrast, increasing the concentration of salt
in assays with the intracellular binding protein
led to markedly sigmoidal saturation curves. Hill
plots of these and other data gave a slope of 1.1
for the periplasmic binding protein independent
of ionic strength; the Hill slope for the intracel-
lular binding protein was a linear function of
ionic strength, with values of 1.) at 10 mM NaCl
and 2.5 at 300 mM NaCl.

Possible role in transformation. T'o assess
the protein's possible role in transfo)rmation, we
assayed a series of nmutants defective in DNA
uptake (1) for DNA-binding activity in shock
fluids. One mutant of this kind, com-58, showed
nmarkedly diminished levels of this protein in
shock fluids; cyclic phosphodiesterase was also
reduced in the shock fluids, but to a lesser extent
(Table 1). The quantity of protein solubilized
from this nmutant was within the range expected
for wild-type cells. Assays of the medium used
to grow the mutant failed to reveal the presence
of either the binding protein or the cyclic phos-
phodiesterase, suggesting that the lowered levels
of these components in shock fluids was not due
to r-elease of them into the growth medium.

Several derivatives of strain co'n-58 were iso-
lated on the basis of their altered transformation
properties by using the spot tests described in
Materials and Methods. A summary of the trans-
formation fre(luencies and the activities of the
periplasmic DNA-binding protein preparations
of these strains is presented in Table 2. 'I'here
was a striking quantitative correlation between
the transformabilities of these strains and the
levels of DNA-binding activity which could be
released from them by shock treatment. Strain
com-58-R, which has regained 80(' of the trans-
formability of wild-type strains, had ca. 75%/ of
the wild-type periplasmic DNA-binding activitv.
Strain comr-58-A, in which transformability is
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FIG. 3. Comparison of ionic strength effects on the
interactions ofperiplasmic and of intracellular bind-
ing protein preparations with single-stranded DNA.
Assays were conducted as described in the text except
that sodium acetate or NaCl was added to the final
concentrations indicated. Shock fluids were used as

isolated; detergent extracts were prepared by sus-

pending cells in a solution of 0.02M potassium phos-
phate buffer (pH 7.4)-0.13% Brij 35 for 20 min at 28°C
and centrifuging the suspension. The supernatant
solution was partially purified by heating and DNA-
cellulose chromatography (unpublished data). (Left)
Periplasmic activity; (right) intracellular activity.
Experiments contained 0.01 (, O), 0.25 (A), and 0.2
(A) M[Na-J.

more severely depressed than in the parent

strain com-58, showed virtually no detectable
DNA-binding activity in shock fluids.
The development of transformability had a

profound influence on the extent to which the
periplasmic DNA-binding protein was released
by shock treatment. The shock fluids from com-

petent cultures contained 6% of the DNA-bind-
ing activity, compared with log-phase cultures
(Table 3). The quantity of cyclic phosphodies-
terase released from competent cells was 36% of
the control value, and the quantity of protein
released was reduced by one-third. Again, the
culture supernatants were devoid of DNA-bind-
ing activity. Mixing of shock fluids from com-

petent cultures with active preparations did not
diminish the binding activity, indicating that no

inhibitor of the reaction was present in shock
fluids from competent cells. It appears that the
binding protein and other periplasmic proteins
were poorly released by osmotic shock treatment
of competent cells; this inacccessibility was more
pronounced for the binding protein than for a

hydrolytic periplasmic enzyme.

DISCUSSION
Three lines of evidence indicate that the per-

iplasmic DNA-binding protein is distinct from

the major intracellular DNA-binding protein.
First, the periplasmic activity is more heat labile.
Second, the periplasmic protein shows hyper-
bolic binding curves at all ionic strengths tested,
whereas the intracellular binding protein ex-

hibits marked cooperativity in binding as the
ionic strength is increased. Third, a mutant
strain of H. influenzae lacks the periplasmic
activity but retains normal levels of the intra-
cellular activity. Taken together, these findings
indicate that the periplasmic DNA-binding ac-

tivity is not the result of leakage of the intracel-
lular binding protein from the cells but rather
represents a novel type of DNA-binding protein
located at the cell periphery.
The finding of a DNA-binding protein associ-

ated with the cell surface raises the attractive
possibility that this protein may play a role in
the uptake of DNA in genetic transformation.
Evidence in favor of this possibility is based

TABLE 1. Release ofperiplasmic constituents from
mutants of H. influenzae defective in DNA uptake'

Activity ('Y of wild type)

Strain Protein ([Lg/ Cyclic10'cells) DNA hind- phosphodi-
ing esterase

com-2 5 93 123
com-6 4 91 113
com-51 15 101 105
com-58 8 9 29
com-62 14 75 138
com-68 10 76 96

Stage II supernatant fractions were prepared and
assayed as described in the text.

TABLE 2. Transformation frequencies and actiuity
ofperiplasmic DNA -binding protein in derivatives

of H. influenzae com-58

DNA-binding
Strain Transformation activity ((',)Stralfrequency () of wild type)

Wild type 1.0 100
com-58 0.15 11
com-58-R 0.8 73
com-58-A 0.009 <5

TABLF 3. Effect of competence development on
release of componqnts by osmotic shock"

Activity (U/10'2 cells)

Celltype Cyclic ~Protein (mg/Cell type I)NA bind- Cyclic 1012 cells)
ing phospho-

diesterase

Log phase 11 4 14 7 0.8 0.3
Competent 0.7 ± 0.7 5 ± 2 0.6 ± 0.2

" Results given are the means ± standard deviations
for eight consecutive experiments.
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largely on genetic data. As shown here, a mutant
strain defective in the uptake of DNA has mark-
edlv diminished levels of the binding protein.
Further, derivatives of this mutant strain show
a good quantitative correlation between the de-
gree of transformability and the quantity of ac-
tive DNA-binding protein in shock fractions.
These results indicate that the binding protein
must be present in the periplasmic space of log-
phase cells for these cells to develop competence.

T'wo difficulties exist in assigning a precise
role in transformation to this binding protein.
The first is the difficulty in demonstrating its
presence and location in conmpetent cells. This
may be due in p)art to the general resistance of
competent cells to osmotic shock, but it may
also be a consequence of a firmer association of
the binding protein with the cell membrane.
Proteins which are soluble in growing cells and
membrane bound in competent cells have been
identified in previous work from this laboratory
(25), and the DNA-binding protein may be one
of these.
The second difficulty is the reduced degree of

specificity in the interaction between the peri-
plasmic binding protein and DNA compared
with that seen with intact cells. Since the inter-
action between the cells and transforming DNA
is slpecific, a binding protein involved in the
process would also be expected to show specific-
ity. It is possible, however, that the specificity of
the overall uptake process will only be reflected
in the complete uptake apparatus, but not in the
isolated constituents. Alternatively, the binding
protein may participate in the formation of a
DNA-protein conmplex distinct from that which
is responsible for the specific interaction be-
tween transforming I)NA and conmpetent cells.
Further clarification of these points will be as-
sisted by the purification of the binding protein
and the production of antibody specifically di-
rected against it. These studies are in progress.
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