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identity. Thus, the presence of cmnm5U in mitochondrial 
tRNAs reading two-codon families ending in a purine seems 
to be an evolutionarily conserved mechanism to prevent mis- 
reading of pyrimidine as the third position of codon. 
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ABSTRACT: We studied internal molecular motions in Bacillus subtilis phage SPOl D N A  using the 
time-resolved fluorescence polarization anisotropy (FPA) of intercalated ethidium. The  torsional flexibility 
of this (hydroxymethy1)uracil-containing D N A  is very similar to that of naturally occurring thymine- 
containing DNAs, as judged from fits of the time-resolved FPA decay to an elastic D N A  model. Binding 
of transcription factor 1 (TFI) ,  a type I1 procaryotic D N A  binding protein encoded by the phage S P O I ,  
enhances the ITA,  indicating a substantial decrease in the average DNA torsional flexibility in the DNA-TF1 
complex. The FPA increase is correlated with a reduced ethidium binding affinity. The effects can be noticed 
a t  TF1 binding ratios less than 1 TF1  dimer/500 D N A  base pairs, and the measured torsional rigidity a t  
high TF1 binding ratios (1 TF1 dimer/ 15-20 D N A  base pairs) is about 7 times greater than in the absence 
of TF1. On the basis of a discussion of various mechanisms for the observed effect we argue that it is due 
to protein-induced D N A  bending a t  low binding densities although other explanations are also possible. 
This interpretation might have implications for understanding the biological function of TFI . 

x e  type I1 DNA binding proteins (DBPII)' are a family 
of small (monomer MW is: 10000) basic procaryotic proteins 
(Drlica & Rouviere-Yaniv, 1987) that have a high degree of 
sequence homology. DBPII have been shown to induce DNA 
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bending and compaction, and it has been inferred that this 
might be one of the mechanisms by which they function bio- 
logically. For instance, the DBPII from Escherichia coli (the 
HU protein) share some common properties with eukaryotic 

Abbreviations: DBPII, type I1 DNA binding proteins; IHF, inte- 
gration host factor; TFl ,  transcription factor 1; hmUra, (hydroxy- 
methy1)uracil; FPA, fluorescence polarization anisotropy; bp, base pair; 
ARF, amplitude reduction factor; EDTA, ethylenediaminetetraacetic 
acid. 
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histones, e.g., the ability to induce DNA compaction and to 
restrain negative supercoils [Drlica & Rouviere-Yaniv (1 987) 
and references cited therein]. The structure of the HU from 
Bacillus stearothermophilus has been solved by X-ray crys- 
tallography, and a model of the HU-DNA complex in which 
two extended "loops" of the HU dimer bind the DNA was 
proposed on the basis of this structure. It was also suggested 
how bound HU dimers might interact to bend the DNA 
(Tanaka et al., 1984). Another DBPII, the E .  coli integration 
host factor (IHF), affects gene expression and DNA repli- 
cation by binding to specific sequences in the genome (Drlica 
& Rouviere-Yaniv, 1987). It has been demonstrated that IHF 
induces DNA bending at specific sites, in analogy with the 
proposed action of the HU protein (Stenzel et al., 1987; 
Robertson & Nash, 1988). 

The transcription factor 1 (TFl)  is the DBPII encoded by 
the Bacillus subtilis phage SPO1, whose DNA contains 
(hydroxymethy1)uracil (hmUra) instead of thymine (Wilson 
& Geiduschek, 1969; Johnson & Geiduschek, 1972; Greene 
et al., 1984). At low binding ratios, TF1 occupies a limited 
number of specific sites on the SPOl genome. These sites are 
hmUra-specific as well as sequence-specific, and they involve 
occupancy of a core site a t  low TF1 concentrations, with 
binding to adjacent DNA as the protein concentration in- 
creases (Greene & Geiduschek, 1985a,b). There is no common 
consensus sequence for the strongest binding sites, and it has 
been suggested that the local DNA conformation and/or 
susceptibility to bending might determine the sequence-specific 
binding, so that the initial TFl complex, and adjacently bound 
TFI proteins, might induce DNA bending and supercoiling 
(Greene & Geiduschek, 1985b). 

In this study we use time-resolved and steady-state 
fluorescence polarization anisotropy (FPA) of intercalated 
ethidium to examine the torsional flexibility in hmUra-con- 
taining SPOl DNA and changes in the apparent flexibility 
induced by TFl  binding. The FPA of intercalated dyes is a 
sensitive measure of DNA motions on a nanosecond timescale 
(Wahl et al., 1970; Millar et al., 1982; Thomas & Schurr, 
1983; Hard et al., 1989a). The time-resolved FPA decay can 
be fitted to an elastic model of DNA with the DNA torsional 
rigidity (a) as the only adjustable parameter (Allison & 
Schurr, 1979; Barkley & Zimm, 1979; Schurr, 1984). The 
"wavelength" of the predominant mode of torsional DNA 
motions, occurring on the nanosecond timescale, is in the order 
of =IO0 base pairs (Millar et al., 1982). The FPA is therefore 
very sensitive to changes in the DNA conformation that would 
interrupt these long-range cooperative motions, and this has 
been demonstrated for DNA in nucleosomes (Schurr & 
Schurr, 1985) and chromatin fibers (Ashikawa et al., 1983; 
Hard et al., 1988), and for the effect of covalently bound 
cis-diamminedichloroplatinum(I1) (Millar et al., 1988). 
Similarly, we would expect DNA bending in TF1-SPOl DNA 
complexes to result in an apparent increase in the measured 
DNA torsional rigidity. On the other hand, if TF1 binding 
does not affect the FPA of intercalated ethidium, then this 
could be taken as strong evidence that TF1 does not induce 
DNA bending. 

MATERIALS A N D  METHODS 
Materials. TFl  protein and phage SPOl DNA, purified 

according to previously published procedures (Hard et al., 
1989b), were kindly provided by M. H. Sayre at  the Center 
for Molecular Biology at UCSD. Stock solutions of DNA and 
TF1 were dialyzed against the experimental buffer (50 mM 
NaCI, 10 mM Tris-HCI, and 2 mM Na,EDTA at pH 7) and 
kept frozen (-20 "C) when not in use. The high molecular 
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weight SPOl DNA (145 kbp) was pipetted carefully to 
minimize shearing. Ethidium bromide was obtained from 
Sigma Chemical Co. and dissolved in buffer without further 
purification. DNA-dye samples were prepared by adding 
DNA stock solutions to a prediluted ethidium solution. 
Dye/DNA base pair ratios were kept low (CO.01) to avoid 
effects of energy transfer or other artifacts on the measured 
FPA. Titrations of DNA-dye samples with TFl  were carried 
out by first dividing a DNA-dye sample in two equal volumes 
and then adding TF1 stock solution to one of the samples and 
an equal volume of buffer to the other. The TF1-containing 
solution was then titrated on the non-TF1 solution. DNA and 
ethidium concentrations were, in this way, kept constant during 
the titrations. All experiments were carried out at room 
temperature (22-23 "C). 

Fluorescence Measurements and Data Analysis. Steady- 
state fluorescence was measured on an Aminco SPF-500 
spectrofluorometer with Polaroid sheet polarizers in the ex- 
citation and emission paths. The steady-state FPA, denoted 
( r ) ,  was calculated from 

where the subscripts refer to vertical and horizontal posi- 
tionings of the excitation and emission polarizers, respectively, 
and G = Z HV/IHH corrects for polarizing effects in the emission 
monochromator and detector. The denominator in eq 1 is 
proportional to the fluorescence intensity. 

Time-resolved fluorescence intensity decays were measured 
in the laboratory and Prof. Doug Magde at UCSD, using a 
time-correlated photon-counting instrument that has recently 
been described elsewhere (Skibsted et al., 1987). For ethidium 
excitation we used the 514.5-nm line of an actively mode- 
locked Spectra Physics Ar' laser. The excitation light was 
passed through a Coherent cavity dumper to obtain a con- 
venient pulse repetition rate ( ~ 2 . 5  MHz). The polarized 
components of the ethidium fluorescence decay were selected 
by using a Polaroid sheet polarizer oriented parallel or per- 
pendicular to the polarization of the excitation beam. The 
emission was then passed through a Specs monochromator set 
at 600 nm (5-nm band-pass), and time-resolved decays were 
collected on a multichannel analyzer (1024 channels with 80 
ps/channel) and transferred to a computer (Sun-3) for further 
analysis. The instrument response function to be used in the 
deconvolution (full width at half-maximum e750 ps) was 
recorded from the Raman scattering (at 625 nm) of a sample 
of pure water (no emission polarizer). Residual background 
light scattering was collected from blank DNA and DNA/ 
protein samples and subtracted from the ethidium fluorescence 
decays before fitting the data. The steady-state FPA of the 
samples (measured on the Aminco) was used to correct for 
polarizing effects in the monochromator and photomultiplier 
tube. This was done by calculating the total number of counts 
for the two polarized components and calculating the cor- 
rection factor G as 

i 

where Zli(i) and I , ( i )  denote the number of counts in channel 
i for the parallel and perpendicular polarizations (corre- 
sponding to Zvv and ZVH in eq 1) and ( r )  is the measured (and 
corrected steady-state FPA. The truncation errors in the 
integration were estimated to result in a total error of <1% 
in G (for the sample with the longest average fluorescence 



Reduced DNA Flexibility in Complexes with TFI 

lifetime). The observed time-resolved intensity and FPA 
decays [Iob(?) and rob(?)] were calculated in analogy with eq 
1.  

The best-fit intensity decay I (?)  was deconvoluted from the 
observed decay and the instrument response function e(?) 
according to 

lobs(?) = L‘e(t-2’) I(?? dt’ (3) 

and a nonlinear least-squares fitting program based on the 
Marquardt algorithm (Press et al., 1986). The best-fit theo- 
retical expression for I ( ? )  was then used to deconvolute and 
fit an expression for the theoretical FPA decay r ( t )  according 
to 

J‘e(t-t’) r( t ’ )  I(?’)  dt’ 

Lfe ( t -1 ’ )  I(?’) dt’ 
rob&) = (4) 

The fits were judged from reduced X: values and plots of 
weighted residuals (OConnor & Phillips, 1984). All estimated 
standard deviations were calculated as described by Wahl 
(1979). 

Fluorescence Polarization of DNA Complexes. A general 
expression for the FPA, r ( t ) ,  of a chromophore bound to a 
deformable macromolecule with a mean local cylindrical 
symmetry (DNA) has been given by Schurr (1984): 
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(5) 

where ARF is an (experimentally determined) amplitude re- 
duction factor due to rapid restricted dye wobbling (Magde 
et al., 1983; Schurr, 1984; Shibata et al., 1985), the /3, factors 
depend on the binding site geometry (eq 8), and the correlation 
functions G,(t) and F,(t) reflect molecular motions about the 
DNA long axis and an axis perpendicular to the DNA long 
axis, respectively. Analytical expressions for the “torsion” 
correlation function, G,(t) ,  of an elastic filament have been 
derived by Barkley and Zimm (1979) and by Allison and 
Schurr (1979). Previous experiments with ethidium bound 
to high molecular weight DNAs have shown that the inter- 
mediate zone approximation 

n=O 

~ , ( t )  = exp(-nZCfi) (6) 
accurately describes the FPA decay at  times longer than -1 
ns, where rapid uncorrelated motions can be neglected, and 
at  times shorter than 70-120 ns, where end effects can be 
neglected (Thomas et al., 1980; Shibata et al., 1985). The 
constant C is related to the torsional rigidity constant a as 

C = k e T / d & y  (7) 
where kB is the Boltzmann constant, Tis  the temperature, and 
y is the friction factor for rotation of a base pair [y = 6.4 X 

erg s (Wu et al., 1987)l. In this analysis we assume that 
F,(t) = 1 for t < 60 ns, because the effect of DNA bending 
motions on a nanosecond time scale can be neglected (Elias 
& Eden, 1981; Hagerman, 1981; Shibata et al., 1985). 

The (3, factors in eq 5 ,  which depend on the angle between 
the absorption and emission transition moment (for the SI - 
So transition in ethidium) and the helix axis (e), are given by 

Bo = 0.1(3 COS’ 8 - 1)2 @a) 

8, = 0.3(sin 28)2 (8b) 
P2 = 0.3 sin4 8 (8c) 

The ethidium binding site geometry has been estimated to 8 
= 71° from linear dichroism (LD) measurements of oriented 

0.1 0 1 
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O O ‘  1 0  20 30 40 50 
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FIGURE 1 :  Time-resolved FPA decays of ethidium bound to SPOl 
DNA in the absence and presence of TF1 [50 pM (bp) DNA, 0.5 
pM ethidium, and no TFl or 5 pM TFl dimers in 50 mM NaCI, 10 
mM Tris-HCI, and 2 mM Na2EDTA at pH 71. Solid lines represent 
fits to eq 5 and 6 (best-fit parameters are given in Table I )  and the 
dashed line is the instrument response function (lamp pulse). 

Table I: Fluorescence Intensity and FPA Decay Parameters for 
Ethidium-SPOI DNA Samples“ 

Intensity 
sample lifetime (ns) amplitude (%) x $  

no TFl 2.6 f 2.0 8 f 4  1.86 

with TFlb 2.3 f 0.3 1 1  * 1 1.65 
22.6 f 0.2 

22.4 f 0.1 

92 f 4 

89 f 1 
FPA 

samole ARF c (ns-’/*) a (ere. x 10’2)c x,2 
no TFI 0.85 f 0.01 0.049 f 0.002 3.5 f 0.3 1.84 
with TFlb 0.86 f 0.01 0.0178 f 0.002 27 f 1 1.62 

“50 pM (bp) SPOl DNA and 0.5 pM ethidium in 50 mM NaC1, IO 
mM Tris-HCI, and 2 mM Na2EDTA at pH 7. bAs above with 5.0 pM 
(dimers) TFI. ‘Calculated from eq 7 by assuming that y = 6.4 X 

erg s (Wu et al., 1987). 

DNA samples (Hogan et al., 1979). Due to some uncertainty 
in this determination we caution against overinterpretation of 
the absolute value of a when this parameter is obtained from 
fits of eq 6 and 7. On the other hand, relative changes in a 
are still relevant, provided that the ethidium binding site ge- 
ometry has not changed. 

RESULTS 
The time-resolved FPA decays of ethidium bound to SPOl 

DNA with and without TF1 are shown in Figure 1 and the 
best-fit parameters for the corresponding fluorescence intensity 
and FPA decays are listed in Table I. The fluorescence 
intensity decays are double exponential due to emission from 
free and bound ethidium. The fluorescence lifetime of bound 
ethidium is 22.5 ns, in agreement with other fluorescence 
studies of DNA-ethidium complexes (Thomas et al., 1980; 
Millar et al., 1982; Thomas & Schurr, 1983). The fluores- 
cence lifetime of free ethidium is not determined with great 
accuracy (in these experiments) because it is short (-2 ns), 
and because the total fraction of the emission due to this 
component is small (-1%). The amplitude of the free dye 
emission is somewhat larger in the TFI-containing sample, 
indicating that some dye is displaced upon TF1 binding. This 
effect is demonstrated more clearly in the steady-state 
fluorescence titrations described below. A fit of the time- 
resolved FPA to eq 5 and 6 yields a torsional rigidity constant 
a = 3.5 X 10-l2 erg. This value is identical with those pre- 
viously obtained with calf thymus DNA (Millar et al., 1982) 
and phage 429 DNA (Thomas & Schurr, 1983) (3.5 X lo-’* 
and 3.6 X erg, respectively) when the same model and 
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FIGURE 2: Fitted value of the torsional parameter C (eq 6 and 7 ) ,  
as a function of the time span of the FPA decay (measured from the 
excitation pulse maximum) that is used in the fit. Squares and circles 
represent fits to FPA decays of ethidium bound to SPOl DNA in 
the absence and presence of bound TFl, respectively. Error bars are 
estimated standard deviations. 
ethidium binding site geometry is assumed. The measured 
torsional rigidity is also independent of the fitted time span 
(0-8 to 0-58 ns) as shown in Figure 2, and this indicates that 
the DNA flexibility is uniform over a range of several hundred 
base pairs (Allison & Schurr, 1979; Thomas & Schurr, 1983), 
i.e., there are no frequently occuring flexible ”joints” in the 
SPOl  DNA. 

However, the time-resolved FPA is dramatically affected 
by TFI  binding (Figure 1). A fit of the FPA decay for the 
TFI-SPOI complex (at a binding density of =1 TF1 di- 
mer/15-20 DNA bp) yields a torsional regidity that is about 
7 times larger ( a  = 27 X lo-]* erg, assuming that y is con- 
stant) than in free SPOl  DNA. The fit is good, as judged 
from X: = 1.6 and a plot of the weighted residuals (not 
shown), indicating that the “intermediate zone approximation” 
of the elastic DNA model still provides an accurate description 
of the FPA decay. [This notion is also supported by the fact 
that the measured torsional rigidity is independent of the fitted 
time span (Figure 2) . ]  Note, however that the reduced flex- 
ibility is not necessarily caused by a larger a but that it might 
also result from larger “effective” friction factor (y), or a 
combination of these effects (see eq 7).  It may also be argued 
that the larger fraction of free ethidium in the TFl-containing 
sample might influence the fit, but the effect of low concen- 
trations of free dye is expected to be small (it can be neglected 
at t > 5 ns) (Millar et al., 1982). It should also be noted that 
the neglect of a larger fraction of free dye results in an un- 
derestimate rather than an overestimate of the torsional rig- 
idity. The observed decrease in the measured DNA flexibility 
in TFI-SPOI DNA complexes might be caused by several 
mechanisms, and these are discussed below. 

Panels A and B of Figure 3 show the effect of increasing 
TFI  concentrations on the steady-state ethidium FPA and 
fluorescence intensity, respectively, in a sample containing 22 
FM (bp) SPOl DNA. The results are presented both as plots 
against the total TFI dimer concentration (inserts) and verus 
the binding density Y .  The binding density was estimated on 
the basis of a previously described titration, performed at the 
same DNA and buffer conditions, where the quenching of TF1 
(Tyr94) fluorescence was used as an indicator of the fraction 
of bound TFI (Hard et a]., 1989b). It is evident that the 
ethidium FPA and fluorescence intensity is affected a t  very 
low TF1 binding densitites (<1 TFI dimer/500 DNA bp). 
The FPA increases approximately linearly with the binding 

Time-span [nanoseconds] 

B 

* * * * * *  

* . . .  . - - 

0 0 1 2 3 4 5  
TF1 comntram w1 dmmd 

0 0.01 0.02 0.03 0.04 0.05 0.06 
Binding ratio (TF1 dimers/DNA bp) 

FIGURE 3: (A) Effect of TFI concentration on the steady-state FPA 
of ethidium bound to SPOl DNA [22 MM (bp) DNA and 0.2 fiM 
ethidium in 50 mM NaCI, 10 mM Tris-HCI, and 2 mM Na2EDTA 
at pH 71. The FPA is plotted against the TFI concentration (insert) 
and against the TFl/DNA binding ratio, where the concentration 
of bound protein is obtained from previously described fluorescence 
titrations (Hard et al., 1989b). Error bars represent estimated standard 
deviations, and circles represent FPA values corrected for contributions 
from free dye, as explained in the text. (B) Effect of TFI concentration 
on the ethidium fluorescence intensity. [The data in (A) and (B) refer 
to the same titration.] 

density up to v = 0.02 and is thereafter only weakly dependent 
on the binding density. A similar behavior can be observed 
for the total fluorescence intensity, which decreases with the 
TFI binding density for v < 0.02 and is independent of v a t  
v > 0.02. A decrease in fluorescence intensity indicates a 
larger fraction of free dye, Le., a lower ethidium binding af- 
finity in the presence of bound TFI. It is interesting to note 
that the FPA increase and fluorescence intensity decrease are 
“correlated” in the sense that both are almost independent of 
the TFI binding density a t  Y > 0.02. 

The steady-state FPA is more sensitive to the fraction of 
free dye than is the time-resolved FPA decay. In our case, 
where the fraction of free dye is larger in the presence of bound 
TF1, this effect leads to an underestimate of the F’PA of bound 
ethidium a t  high binding densities, compared to the corre- 
sponding error in the FPA in the absence of bound TFl  . The 
data in Figure 3A were corrected for this effect, by assuming 
that the ethidium binding constant is (approximately) lo6 M-’ 
in the absence of TFI (Waring, 1965), and assuming that the 
fraction of free dye in the presence of TF1 can be calculated 
from the fluorescence intensity, as described elsewhere (Hard 
et al., 1988). It is evident from Figure 3A that these cor- 
rections are of little importance to the qualitative behavior of 
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the steady-state FPA as a function of the TF1 binding density. 

DISCUSSION 
We have used the time-resolved and steady-state fluores- 

cence polarization of intercalated ethidium to examine the 
flexibility of SPOl DNA with and without bound TF1. In 
the absence of TFl  we find that the fitted measured rigidity 
of hmUra-containing SPOl DNA is the same as in other, 
naturally occurring, T-containing DNAs. The results suggest 
that any structural differences between T- and hmUra-con- 
taining DNAs do not manifest themselves in the dynamics on 
a nanosecond time scale and that the torsional flexibility of 
SPOl DNA is uniform over several hundred base pairs. 

We find that the binding of the TFI protein to SPOl DNA 
reduces the ethidium binding affinity and also results in a 
substantial decrease in the apparent DNA flexibility. The 
effect is observable at low concentrations of bound TFl  (<1 
TFI dimer/500 DNA bp), corresponding to less than 300 TF1 
dimers per SPOl DNA molecule (145 kbp). The results 
further suggest that, for binding densities > 1 TFl  dimer/50 
DNA bp, the TFI causes no additional change in the mobility 
or binding of the intercalated dye. The measured DNA tor- 
sional rigidity at high TF1 binding densities appears to be 
about 7 times larger than in the absence of TF1, In fact, the 
time-resolved FPA decays only moderately within 50 ns at high 
TFl  binding densities, a behavior that is reminiscent of that 
observed in chromatin fibers (Ashikawa et al., 1983). We also 
note that the flexibility at high TFI binding densities, though 
restricted, still can be fitted to a model that is derived for a 
continuous DNA filament, i.e., a model that does not allow 
for any “singularities” in the form of joints or sharp kinks. 

An increase in the FPA of intercalated ethidium can ob- 
viously be attributed to a TF1-induced reduction of the DNA 
torsional flexibility, but other possible explanations should not 
be ruled out without consideration. For instance, TFl  might 
instead induce a change in the (local) ethidium binding site 
geometry, resulting in an apparent decrease in the molecular 
flexibility. This could arise because the anisotropic nature of 
DNA torsional motions causes the FPA to be very sensitive 
to the dye binding site geometry, as discussed in our earlier 
work (Hard & Kearns, 1986; Hard, 1987) (see also eq 8). 
However, the observed fluorescence lifetime of bound ethidium, 
as well as the dye wobbling motions (reflected in the ARF), 
does not change at high TF1 binding densities (Table I), and 
this argues against a structural change in the DNA-ethidium 
complex. 

A more trivial explanation of the FPA increase is that the 
addition of T F l  causes SPOl DNA to form macroscopic 
aggregates in which internal DNA motions are suppressed. 
The effect of TFl  would in this case be similar to the effect 
of polyamines that are known to condense and precipitate 
DNA (Gosule & Schellman, 1978). However, we do not 
consider this mechanism likely, for two reasons. First, we 
observe the described effects a t  relatively low DNA concen- 
trations (22 pM DNA bp), where intermolecular aggregation 
should be disfavored. Second, we are unable to observe any 
static light scattering indicating aggregation even at the highest 
T F l  and DNA concentrations used in this study. These ar- 
guments suggest that an altered ethidium binding site geometry 
and/or intermolecular aggregation are not likely to be the 
cause of the observed FPA increase and that the explanation 
therefore is a more restricted internal DNA flexibility in the 
DNA-TF1 complexes. 

A reduction of the DNA torsional mobility upon TFl  
binding might be due to one of the following mechanisms, or 
to a combination of them: 
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( i )  Introduction of ‘‘Stiff” Regions in the DNA. It seems 
reasonable that TFl  binding would affect the internal DNA 
dynamics within the DNA sequence that is directly involved 
in the binding. On the basis of previous determinations of the 
TF1 binding site density at the buffer conditions used here 
(Hard et al., 1989b) and molecular modeling on a graphics 
screen (V. Hsu, personal communication), one can estimate 
that one TF1 dimer might affect the internal DNA dynamics 
within a sequence of less than 20 bp. According to the elastic 
model of DNA motions, stiff DNA regions are expected to 
affect the average torsional flexibility if the lengths of these 
regions are comparable to the wavelength of the predominant 
torsional modes (.=lo0 bp) (Millar et al., 1982). Considering 
these numbers and that we observe an enhanced FPA at an 
average binding density of <1 TF1 dimer/500 DNA bp, it 
seems unlikely that stiff regions in an otherwise straight DNA 
could account for the observed effect, unless TFl  binding 
induces long-range structural changes in the DNA. This 
notion is also supported by a simple model calculation of the 
effects of enhanced regions of stiffness that are widely spaced 
within an otherwise “normal” DNA using the expression for 
the net torsional rigidity of heterogeneous elastic filament 
devised by Hogan and Austin (1987) (their eq 7). If one 
assumes that one TF1 dimer binds to 10 DNA base pairs and 
that the torsional rigidity (ay in eq 7)  within this region is 
7 times larger than the normal value, as measured at high TF1 
binding densities, then the expected increase in the net torsional 
rigidity constant at low binding densities (<1 TFl  dimer/500 
base pairs) is less than 2%! Such a small increase in the net 
torsional rigidity cannot account for the increase in steady-state 
FPA observed in Figure 3A (Fujimoto & Schurr, 1986). 

( i i )  Large Viscous “Drag” Effects Due to the Presence of 
Bound TFl .  Such effects seem unlikely to affect the FPA at 
low TFl binding ratios for the same reasons. (This is beacuse 
a small change in the friction factor, y, has the same effect 
on the observed FPA decay as a small change in the torsional 
rigidity constant, a,  as evident from eq 7.) 

(iii) Binding of Ethidium to Sites within or Close to a TF1 
Binding Site. If the dye has a higher affinity for DNA se- 
quences within, or in the vicinity of, initial TFI binding sites, 
then the observed FPA would no longer reflect the average 
dynamic properties of the DNA. If this were true, we might 
expect to observe an enhanced ethidium binding, whereas the 
opposite is observed. We note that the high-affinity sites for 
ethidium binding to chromatin fibers are located within 
“linker” DNA regions, Le., DNA sequences that are not 
covered with protein (Angerer & Moudrianakis, 1972; Kubista 
et al., 1985). If the binding of TF1 did not affect remote sides 
on the DNA, it would be difficult to see how low levels of TF1 
could displace the ethidium. 

( iu )  Introduction of “Bent” Regions in the SPOl DNA. 
DNA “bends” or “kinks” are expected to have a larger effect 
on the FPA than stiff regions in an otherwise (on the average) 
straight DNA. This is because a “bend” can be expected to 
disrupt the long-range DNA torsional motions predicted in 
the elastic DNA model, in a manner similar to the effect of 
“clamped ends” (Schurr & Schurr, 1985). On the other hand, 
it is evident that the intermediate zone approximation [eq 4 
and 5 (Allison & Schurr, 1979; Schurr, 1984)] for the time- 
resolved FPA decay still seems to be valid for TFI-SPO1 
complexes at high binding densities (Figure 1, Table I) ,  and 
this would not be the case if (nanosecond) torsional motions 
could not be sensed “across” sites of bound proteins located 
at an average distance of 20 bp from each other (Schurr & 
Schurr, 1985). Thus, it would seem that the observed effect 
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at low TFI binding densities, which suggests DNA bending, 
and the good fit of eq 7 at high binding densities, which in- 
dicate that the DNA still behaves as an elastic continuum, 
together imply that the DNA is forming a continuously bent 
superstructure, perhaps in the shape of a toroid or a superhelix. 
A TFl  -induced intramolecular condensation/compaction of 
SPOl  DNA into a chromatin-like structure would be con- 
sistent with the observed behavior of the structurally similar 
HU protein (Rouviere-Yaniv et al., 1979). Intramolecular 
condensation might also provide an explanation to the apparent 
“saturation” of the observed effects at  binding ratios >1 TF1 
dimer/50 DNA bp, because this binding ratio might reflect 
the minimum number of bound TF1 dimers needed to stabilize 
the condensed DNA. 

Regarding the displacement of bound ethidium, it is in- 
teresting to note that the ethidium binding affinity is expected 
to depend on the DNA torsional flexibility and that this effect 
provides an explanation as to why the decreases in ethidium 
binding and DNA flexibility seem to be correlated (Figure 3). 
The work required to unwind DNA to form a site for ethidium 
intercalation can be expected to be proportional to the torsional 
rigidity constant (Landau & Lifshitz, 1986), and this work 
enters as a positive enthalpy term in the thermodynamic ex- 
pression for the ethidium binding constant. One can therefore 
expect ethidium binding to torsionally constrained DNA to 
be weakened, and this effect has been observed for binding 
to supercoiled plasmids (Bauer & Vinograd, 1968, 1970) and 
for ethidium binding to chromatin fibers at various stages of 
intramolecular compaction (Hard et al., 1988); in addition, 
analogous effects have been observed for the binding of the 
phage 434 repressor protein (Hogan & Austin, 1987). 

In summary, we find that TFI binding results in an en- 
hanced FPA of intercalated ethidium, and we argue that this 
effect is due to a reduction of the average DNA torsional 
flexibility. We discuss several mechanisms by which TF1 
might cause torsional motions in DNA to become more re- 
stricted, including the introduction of stiff regions in DNA, 
viscous effects, ethidium binding in the vicinity of TF1 binding 
sites, T F  1 -induced DNA bending, and intramolecular DNA 
compaction at high TF l  binding densities. On the basis of 
the arguments given above, we favor a combination of the two 
latter mechanisms, by which TF l  binding introduces local 
DNA bending at low binding densities, followed by a more 
extensive intramolecular compaction of DNA at high binding 
densities. This interpretation supports the notion that one of 
the biological functions of T F l  might be to bend the DNA 
at specific sites. 
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ABSTRACT: The secondary structure of the calf thymus core histone octamer, (H2A-H2B-H3-H4),, and 
its two physiological subunits, the H2A-H2B dimer and (H3-H4), tetramer, was analyzed by O R D  
spectropolarimetry as a function of temperature and solvent ionic strength within the ranges of these 
experimental parameters where assembly of the core histone octamer exhibits pronounced sensitivity. While 
the secondary structure of the dimer is relatively stable from 0.1 to 2.0 M NaCl, the secondary structure 
of the tetramer exhibits complex changes over this range of NaCl concentrations. Both complexes exhibit 
only modest responses to temperature changes. O R D  spectra of very high and very low concentrations of 
stoichiometric mixtures of the core histones revealed no evidence of changes in the ordered structure of the 
histones as a result of the octamer assembly process a t  NaCl concentrations above 0.67 M, nor were 
time-dependent changes detected in the secondary structure of tetramer dissolved in low ionic strength solvent. 
The secondary structure of the chicken erythrocyte octamer dissolved in high concentrations of ammonium 
sulfate, including those of our crystallization conditions, was found to be essentially unchanged from that 
in 2 M NaCl when examined by both O R D  and C D  spectropolarimetry. The two well-defined cleaved 
products of the H2A-H2B dimer, cH2A-H2B and c H ~ A - c H ~ B ,  exhibited reduced amounts of ordered 
structure; in the case of the doubly cleaved moiety c H ~ A - c H ~ B ,  the reductions were so pronounced as  to 
suggest marked structural rearrangements. 

B e c a u s e  of their central role in the compaction and organ- 
ization of eukaryotic chromosomes, the inner or core histones 
(H2A, H2B, H3, and H4) have been the objects of structural 
studies for many years. [For a review of histone and nu- 
cleosome structure, see McGhee and Felsenfeld (1980).] The 
early work of Isenberg, Kelly, and others established that 
histones H2A and H2B exist as a stable dimeric complex over 
a broad range of solvent conditions; likewise, histones H3 and 
H4 have been shown to form the stable tetrameric complex 
(H3-H4)2 (D’Anna & Isenberg, 1974a,b; Kornberg & 
Thomas, 1974; Rubin & Moudrianakis, 1975; Roark et al., 
1974, 1976; Moss et al., 1976a,b). Although it has been 
recognized for over 15 years that two each of the inner histones 
comprise the octameric core of the nucleosomes (Kornberg, 
1974; Noll, 1974; Olins et al., 1976), several years elapsed 
before evidence was presented demonstrating octamer assembly 
from the stable dimer and tetramer complexes (Eickbush & 
Moudrianakis, 1978; Ruiz-Carillo & Jorcano, 1979; Jackson 
& Chalkley, 1981; Worcel et al., 1978; Earnshaw et al., 1982). 

From sedimentation equilibrium studies, Godfrey et al. 
( 1  980) have shown that core histone octamer assembly in 2 
M NaCl can be described by a two-step reversible process 
involving the two subunits and a hexamer intermediate: 
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H2A-H2B + (H3-H4)2 + H2A-H2B-(H3-H4)2 

H2A-H2B + H2A-H2B-(H3-H4)2 + 
(H2ApH2B-H 3-H4), 

Eickbush and Moudrianakis (1 978) explored the tempera- 
ture and solvent ionic strength dependencies of the core histone 
assembly system by gel filtration. These studies revealed that 
the subunit interactions which are strong in 2 and 4 M NaCl 
decrease markedly at lower salt concentrations. The tem- 
perature sensitivity of the system was also found to be un- 
usually pronounced. 

The question arises as to whether changes, if any, which can 
be detected in the secondary structure of the core octamer 
subunits as a function of temperature and solvent ionic strength 
correlate well with the sensitivity of the octamer assembly 
process to these experimental parameters. It is also of interest 
to know whether the assembly process itself is accompanied 
by any alteration in the secondary structure of the histones. 
A number of spectropolarimetric studies on the secondary 
structure of histones have been reported since the early work 
of Isenberg and his co-workers (D’Anna & Isenberg, 1974a-c; 
Moss et al., 1976a,b; Beaudette et al., 1981; Prevelige & 
Fasman, 1987; Park & Fasman, 1987; and references cited 
therein). These studies have examined histones under a variety 
of solvent conditions; however, none have attempted a sys- 
tematic survey of the core histone octamer or its physiological 
subunits over the temperature and solvent ionic strength ranges 
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