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Interaction of DNA-binding protein HU from Bacil-
lus stearothermophilus (HUBst) with coliphage T2
DNA was investigated by means of a single-duplex
DNA chain visualization method using fluorescence
microscopy. Fluorescence microscopic images of co-
liphage T2 DNA molecules were observed as a function
of HUBst concentration. The average fluorescence im-
age size of T2 DNA decreased with increase in HUBst
concentration to a size comparable to that of a DNA
globule induced by polyethylene glycol (PEG) and
multivalent cation (MVC). The change to globule-like
DNA proceeded gradually and monotonously, in con-
trast to the coil-globule transition of DNA induced by
PEG and MVC. The histogram of the fluorescence im-
age length was essentially a single-modal one through-
out the process of conformational change. These re-
sults indicate that the process of shrinking of DNA
from a random coil to a globule-like one is not of a
transitional nature. The interaction of HUBst with
DNA and the mechanism of shrinkage are concluded
to be different from those of PEG-induced and MVC-
induced coil-globule transition of DNA. © 2002 Elsevier
Science

Key Words: HU from Bacillus stearothermophilus;
coliphage T2 DNA; collapse of DNA molecules; fluo-
rescence microscope; histogram; noncooperative phe-
nomenon.

It is well known that a double-stranded DNA mole-
cule, if extended, must have a macroscopic length. In a
biological system, such DNA molecules of macroscopic
length are capsulized into micron-sized nuclei in bio-
logical cells or nano-sized capsides of bacterial viruses.
In the case of eukaryotes, histone, a DNA-binding pro-
tein, behaves as a spindle of the double-stranded DNA
molecule to construct a nucleosome and then a chro-
mosome, which are compact formed structures of DNA
molecules to be capsulized in the nucleus. In the case
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of prokaryotes, nucleosome-like structures of DNA
threads have also been reported (1). HU and HU-like
proteins, a group of histone-like DNA-binding proteins,
are thought to be involved in the formation of those
nucleosome-like structures (2). Structural models of
HU-DNA interaction based on the results of X-ray crys-
tallographic and NMR spectroscopic studies have been
proposed (3-5). An HU dimer unit grips the DNA mol-
ecule by their “arms,” and adjacent units are combined
together by a hydrophobic interaction, and then the
DNA molecule is bent. This model suggests that a
certain amount of HU, the conformation of a DNA
molecule would be as tightly packed as that in capsides
of bacterial viruses. However, there has been no evi-
dence of HU-induced collapse of DNA molecules. It is
also known that the conformation of DNA molecules in
an aqueous buffer solution becomes compact following
the addition of neutral polymers, such as polyethylene
glycol (PEG), or multivalent cations (MVC), such as
hexamine cobalt, spermine, and spermidine (6-10).
The process of the conformational change has been
shown to be a cooperative, first-order phase transition
that is believed to be identical to the coil-globule tran-
sition of synthetic polymers (11, 12).

The aim of this study was to determine whether HU
proteins actually make a DNA molecule compact and to
determine whether any changes in DNA conformation
are transition-like changes like the coil-globule tran-
sition induced by PEG and MVC. In this study, HU
protein of Bacillus stearothermophilus (HUBst), which
consists of two identical monomers of 90 amino resi-
dues and has a total molecular weight of 19.5 kDa, was
used (2, 13). By the interaction with HUBst, DNA
molecules will be bent and manifest a change in con-
formation. Conformational change, or collapse, of DNA
molecules was observed using fluorescence microscopic
images. Fluorescence microscopy has been used for the
study of conformational change of DNA molecules and
for analysis of the dynamics of single DNA molecules in
solution (8, 9). In those studies, it was shown that long
DNA macromolecules with sizes of several tens of mi-
crometers can be visualized by means of fluorescence
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microscopy even in a dilute solution. In the present
study, using fluorescence microscopy, the size distribu-
tion of DNA molecules as a function of HUBst concen-
tration was investigated.

EXPERIMENTAL PROCEDURES

Materials. HU protein was obtained from Bacillus stearother-
mophilus (HUBst) and purified. The methods of protein isolation and
purification were identical to those described by Dijk et al. (13). In
this study, coliphage T2 DNA, which was purchased from Sigma
Chemicals Co., Ltd. was used as a DNA sample. The molecular
weight of T2 DNA is 1.10 X 10° Da, corresponding to 160 kb and a
contour length of about 50 um. Since the critical concentration for a
dilute solution of T2-phage DNA has been reported to be 12.9 ug/ml
(10, 14), all of the measurements were performed using 5 ug/ml of
DNA aqueous solution containing 0.2 M NacCl. For this DNA concen-
tration, in order for all of the binding sites to be occupied by HUBSst,
5.31 X 107" M HUBst-dimers is needed stoichiometrically (satura-
tion binding, SB). The value of 9 bp units of the binding site size per
HUBst-dimer was used in the calculation. In this paper, HUBst-
dimer concentration, [HUBst],, was used as the DNA-binding pro-
tein concentration. The maximum HUBst-dimer concentration used
in this experiment was 9.3 X 107 M. For fluorescence microscopic
observation, 4',6-diamidino-2-phenylindole (DAPI) (5 ng/ml), a fluo-
rescent dye, and 2-mercaptoethanol (2ME), an antioxidant, were
used. To prevent adhesion of DNA molecules to the glassware, which
would affect the quantitative measurement, all of the glass vessels
and the cover glass plates used for the microscopic observation were
coated with silicon resin.

Methods. A fluorescence microscopic image of a DNA-HUBst
complex was obtained using a Nikon Optiphoto 2 fluorescence mi-
croscope with an oil-immersed X 100 objective lens. An exciting
beam of 365 nm for DAPI was irradiated, and 400 nm of fluorescent
light was observed. The fluorescence image was detected by a
Hamamatsu C3077-02 CCD camera and recorded by a video system.
The size of the fluorescence DNA image was measured on a video
display as a function of [HUBSst],. Since a longer axis length of the
fluorescent image of the DNA-HUBst complex was considered to
represent chain extensibility (15), the longer axis length L was
measured as the DNA size. L was measured for 1000 molecules at
each [HUBst],. Histograms of L at all [HUBst], s were drawn. All of
the experiments were performed at 293 K.

Competition of HU-DNA interaction with dye binding to DNA.
From structural investigations, it was revealed that the arms of the
HU-dimer when binding to a DNA molecule are buried within minor
grooves of the DNA molecule (16), and that HU binds to DNA
nonpreferentially with respect to the base sequence. On the other
hand, the fluorescent dye DAPI used in this study has been shown to
bind to DNA molecule also at the minor groove, though preferentially
to AT-rich regions (17, 18). To check the influence of DAPI binding to
DNA on the HU-DNA interaction, preliminary fluorescence micro-
scopic experiments were performed for sample solutions prepared in
the two ways: (A) 2ME and 5 pg/ml of DAPI were added to 5 ug/ml
of DNA aqueous solution (with 0.2 M NaCl) and the mixed solution
was stirred for 5 min, and then, HUBst aqueous solution (with 0.2 M
NaCl) was added to the mixed solution of DNA + DAPI (with 2ME);
and (B) HUBst aqueous solution (with 0.2 M NaCl) was added to 5
wg/ml of DNA aqueous solution (with 0.2 M NaCl) and the mixed
solution was stirred for 5 min, and then, 5 pg/ml of DAPI and 2ME
were added to the mixed solution of DNA + HUBst. In both solu-
tions, the final concentration of HUBst-dimer was 9.3 X 1077 M.
Fluorescence microscopic images of the DNA-HUBst complex pre-
pared in these two ways were both qualitatively (image size) and
quantitatively (size distribution) indistinguishable from each other.
Since a DAPI molecule needs a binding site on DNA of the size of 3
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FIG. 1. Fluorescent microscopic images of DNA without HU (a)
and with 9.3 X 107 M HU dimer units.

bp units, 5 wg/ml of DAPI solution contains DAPI molecules far
excess of a saturation binding to 5ug/ml of DNA in the sample
solution. On the basis of results of preliminary experiments, it was
concluded that the DAPI-DNA binding does not affect the essential
feature of fluorescence microscopy of DNA-HUBSst titration. In this
study, the sample solution was prepared by the first method de-
scribed above.

RESULTS AND DISCUSSION
Time Required for Equilibrium Binding

Figure 1 shows fluorescence microscopic images of
DNA with no HUBst (a) and with HUBst-dimer at a
concentration of 9.3 X 107" M (b). A few microns of
DNA coil in image (a) becomes an object of about 0.5
wm in image (b) by adding 9.3 X 10~" M HUBst-dimer.
Image (b) was taken at about 60 min after the addition
of the HUBst solution to the DNA + DAPI (2ME)
mixed solution. In this paper, the longer axis length, L,
of the fluorescence microscopic image was measured as
a parameter representing the size of the DNA-HUBst
complex. Fluorescence microscopic images of DNA mol-
ecule are known to be affected by the blurring. The
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FIG. 2.

Histograms for the longer axes of fluorescent microscopic images of DNA at 5 min, (b) 20 min, and (c) 50 min after addition of

9.3 X 10" M [HUBSt], to an aqueous solution of DNA with 0.2 M NacCl.

actual size of a random coil DNA has been reported to
be ~0.3 um smaller than that observed by fluorescence
microscopy (19).

Figure 2 shows development with time of the histo-
gram of the longer axis length L of fluorescence images
of DNA at (a) 5 min, (b) 20 min, and (c) 50 min after the
addition of 9.3 X 10~ M HUBst-dimer solution. In Fig.
2a, the histogram has a remarkably longer length-side
foot. After 20 min, the foot observed in Fig. 2a had
disappeared from the histogram, and the histogram is
essentially the same as that in Fig. 2c, indicating that
at least 20 min are needed for observation of the equi-
librium state of DNA-HU complex. The histograms
shown below are constructed for the fluorescence mi-
croscopic data taken at more than 60 min after the
addition of HUBst.

Histograms of the Longer Axis of Fluorescence Images
of DNA Molecules

Figure 3 shows histograms of the longer axis length
of fluorescence microscopic images of DNA mole-
cules at indicated HUBst-dimer concentrations. A very
broad Gaussian-like distribution with an average
value of about 3 um in the case of no addition of HUBst
(Fig. 3a) became a sharp one with an average value of

0.7 wm following the addition of 9.3 X 10" M (maxi-
mum concentration) of HUBst dimers (Fig. 3c). The
single-modal nature of the histogram was not affected
by the class width of the histogram. It is clear that
HUBst proteins induce a conformational change of
DNA from an extended random coil to a compact form
of a size comparable to that of the globular state in-
duced by PEG and MVC (10, 19). In the coil-globule
transition of DNA observed by PEG and MVC titration,
the size distribution of DNA molecules in the transition
region was bimodal, indicating the first-order transi-
tion nature (20). The single modal nature of the histo-
gram suggests that the conformational change ob-
served here does not have such a transition nature.
The binding of HU to DNA has been reported to be
noncooperative (21-25). The nontransition nature of
the condensing process of DNA revealed here is con-
sidered to be related to the noncooperativity of the HU
binding to DNA.

In Fig. 4, distribution profiles of DNA-HU complex
size are plotted at indicated [HUBSst],s. The distribu-
tion profile was calculated on the basis of the histo-
gram. At small [HUBst]ys, height (frequency) of the
distribution profile is almost unchanged with the pro-
tein concentration but the fluorescent image size at the
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FIG. 3. Typical histograms at three different HU concentrations: (a) without HU, (b) 5.6 X 107 M, and (c) 9.3 X 10 " M [HUBst]os.

peak of the distribution profile remarkably decreased
with elongating the large-size-side foot. At large
[HUBst] s, intensity of the profile increases conspicu-
ously, and the fluorescent image size at the peak of the
profile only slightly decreased with decreasing the
large-size-side foot. These changes in the distribution
profile suggest that the HU binding and DNA conden-
sation process at high protein concentrations is differ-
ent from those at low HU concentrations.

Figure 5 shows the average size of the DNA-HUBst
complex, < L >, plotted against HUBst dimer concen-
tration. Vertical lines at data points for < L > are the
standard deviation. The horizontal line in the figure
indicates the size of globular DNA induced by PEG and
MVC (10, 15). Yoshikawa determined the radius of
gyration of PEG-induced globular DNA to be ~50 nm
on the basis of the Stokes—Einstein law from the trans-
lational diffusion constant of PEG-globule (19). It is
likely that the radius of gyration of the globule-like
DNA-HUBst complex observed here is also similar to
this value, though empirical confirmation is needed.
The vertical dashed line indicates the [HUBst], value
at saturation binding (SB). Up to [HUBst], of SB,

< L > gradually decreased with HU concentration and
the standard deviation value (the length of the hori-
zontal bar at each datum point) slightly increased. At
HU concentrations larger than SB, < L > leveled off
and the standard deviation begun to decrease. The
process of conformational change does not have char-
acteristics that indicate coil-globule transition. The
results suggest that the conformational change of DNA
induced by HUBSst is different from those induced by
PEG and MVC.

In Fig. 6, three statistical sizes of HU-DNA complex
are shown as a function of protein concentration: the
mode value, L., the maximum value, L,,., and the
minimum value, L,;,. The horizontal solid line and the
vertical dashed line represent the size of globular DNA
induced by PEG and SB concentration of HU, respec-
tively, as in Fig. 5. The curve in the figure represents
the average size. The mode value gradually decreases
with an increase in [HUBst], along with a decrease in
the average size. In the region of [HUBst],s larger
than 2 X 107" M, [HUBSst], dependence of L, is al-
most leveled off at the value of 0.5 um. In this region,
the actual L, is considered to be less than 0.5 um. It
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FIG. 4. Distribution functions of the longer axis of a fluorescent
microscopic image of DNA for 0 [HUBst], (—), 1.9 X 107" M (- - -),
56 X 10" M (--), 75 X 10" M (---),and 9.3 X 10" M (—)
[HUBSst]ps.

is difficult, however, to evaluate a size of the object of
less than 0.5 um by an optical microscope because of
the spatial resolution limit. On the other hand, L, is
almost constant up to SB, and for [HUBst]ys larger
than SB, it begins to decrease. Figure 7 shows the
standard deviation and the skewness of the histogram
plotted as a function of [HUBst],. The standard devi-
ation slightly increases up to SB, and for [HUBst]s
over SB it decreases remarkably. The skewness in-
creases monotonously up to SB and at SB it levels off
then decreases to 0. As explained before, the histo-
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FIG. 5. Average of longer axis length plotted against [HUBst].
The horizontal solid line indicates the fluorescent microscopic image
size of globular DNA induced by PEG and MVC. The vertical dashed
line indicates the [HUBst],, value at which all of the DNA sites in the
sample solution can be occupied by HU proteins (saturation binding).
In the calculation HU-dimer unit was assumed to occupy 9 bp units
on a DNA molecule.
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FIG. 6. Maximum value, L., (—), minimum value L, (—), and
mode value, L., (X), of a fluorescent microscopic image size of glob-
ular DNA plotted against [HUBst],. The meanings of the horizontal
solid line and vertical dashed line are the same as those in Fig. 5. The
average value of the fluorescent microscopic image size of DNA is
plotted by a solid curve.

grams shown in Fig. 3 are those of the equilibrium
state. Thus, the skewness is not a transient feature of
the HU binding and DNA condensation process.

In Fig. 4, it was concluded that the HU binding and
DNA condensation process at high protein concentra-
tions was different from those at low HU concentra-
tions. From the dependence on [HUBSst];, of parameters
relating to the size of DNA-HU complex, such as
< L >, Lpao Lmin, SD, and the skewness, it is revealed
that the suggested change in the quality of the HU
binding and DNA condensation process in Fig. 4 occurs
in the vicinity of SB. In the absence of HU, DNA
molecules are regarded as the random coil just as syn-
thetic polymers in the good solvent. In this state, it is
well known that DNA molecules have a broad size
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FIG. 7. Standard deviation (O) and skewness (@) of the histo-
gram plotted against [HUBst],. The vertical dashed line indicates
the saturation binding value.
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distribution (20). In the presence of a small amount of
HU, some DNA molecules would be partly bent by the
bound HU proteins, while some would remain un-
changed. In that case, it is expected that up to SB the
average size of DNA molecules would decrease and SD
and the skewness would increase with HU concentra-
tion. This expectation was confirmed in this study as
shown in Figs. 4 and 7. Furthermore, in the solution of
HU concentrations larger than SB, both shrunken and
still intact DNA molecules must be affected by HU
molecules. In Figs. 4 and 5, the decrease in the average
size leveled off and the intensity of the distribution
peak increased with decreases in larger size-side foot.
These findings indicate that DNA that has shrunken
would have less susceptibility to further binding of HU
proteins, probably because of a steric hindrance.

CONCLUSIONS

It is clearly observed that T2 DNA molecules become
compact due to interaction with HUBSst protein molecules
to a size comparable to that of PEG- or MVC-induced
globular DNA. The average size of fluorescence micro-
scopic images of DNA gradually decreased with increase
in HUBst concentration. The histograms of HU-bound
DNA at all HU concentrations were essentially single-
modal. These results indicate that the change in confor-
mation of DNA induced by HUBSst binding is a nontran-
sitional one, unlike those of DNA-PEG or DNA-MVC
interactions. Analysis of the histogram revealed that the
compacting process at [HUBst],s larger than SB is dif-
ferent from that at smaller [HUBst]s.
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