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SYNOPSIS 

Dynamic and static light scattering, CD, and optical melting experiments have been 
conducted on M13mp19 viral circular single-strand DNA as a function of NaCl 
concentration. Over the 10,000-fold range in concentration from 100 p M  to 1.OM NaC1, 
the melting curves and CD spectra indicate an increase in base stacking and stability of 
stacked regions with increased salt Concentration. Analysis of dynamic light scattering 
measurements of the single-strand DNA solutions as a function of K 2  from 1.56 to 
20 x 10"' cm- indicates the collected autocorrelation functions are biexponential, thus 
revealing the presence of two decaying dynamic components. These components are taken 
to correspond to (1) global translational motions of the molecular center of mass and (2) 
motions of the internal molecular subunits. From the evaluated relaxation rates of these 
components, diffusion coefficients Do and Dplat are determined. The center of mass 
translational diffusion coefficient Do, varies in a nonmonotonic manner, by lo%, from 
3.75 x 10 a to 3.39 x lo-' cm2/s over the NaCl concentration range from 100 p M  to 
1.OM. Likewise, the radius of gyration RGb obtained from static light scattering 
experiments, varies by 15% from 699 to 830 A over the same NaCl range. DpIat, the 
diffusion coefficient of the internal subunits, displays a different dependence on the NaCl 
concentration and decreases, by nearly 22% in a titratable fashion, from 12.46 X lo-'  to 
10.26 x lo-" cm2/s, when the salt is increased from 100 p M  to 1.OM. A semiquantitative 
interpretation of these results is provided by analysis of the light scattering data in terms 
of the circular Rouse-Zimm chain. Rouse-Zimm model parameters are estimated from 
the experimental results, assuming the circular chains are composed of a fixed number of 
Gaussian segments, N + 1 = 15. The rms displacement of the internal s epen t s ,  b, is 
estimated to be the smallest (442 A) in 100 m M  NaCl. Increases of b to 467 A in 100 p M  
and 524 A in 1.OM NaCl are observed. Meanwhile, the hypothetical friction factor of the 
internal subunits, f ,  progressively increases as the NaCl concentration is raised. I t  is 
inferred from the evaluated Rouse-Zimm model parameters that both the static flexibility 
of the circular chain and diffusive displacements of the internal subunits decrease with 
increases in NaCl concentration from 100 m M  to  1.OM. These decreases directly contrast 
the salt-dependent behavior of double-stranded DNA, where greater flexibility is observed 
when the Na' concentration is increased. The melting and CD measurements indicate the 
decrease in flexibility and internal motions is due to the formation of nucleotide stacking 
in the higher NaCl environments. In 100 p M  NaCl, where stacking is highly unfavored, a 
significant electrostatic contribution to the persistence length likely acts to stiffen the 
molecule. I t  appears the observable changes in the internal dynamics of M13mp19 
single-strand DNA are associated with increases in base stacking that occur from 100 p M  
to 1.OM NaCl, which apparently induce relatively small perturbations in the overall 
global tertiary conformation of the DNA. 
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INTRODUCTION 

Interactions between single-strand DNA (ssDNA) 
and regulatory proteins that preferentially bind 
ssDNA over duplex double-stranded DNA are in- 
trinsic to many processes involved in genetic con- 
trol.',' Biological processes such as DNA replica- 
t i ~ n , ~ ?  re~ombinat ion,~-~ and repair' are directly 
influenced by complex formation of single-strand 
specific proteins with ssDNA. Consequently, the 
biochemical and physical properties of a number of 
proteins that specifically bind ssDNA have been 
the focus of intense ~ t u d y . ~ - ' ~  A recently reported 
comparison of the amino acid sequences of five 
well-known ssDNA binding proteins revealed a 
common sequence (and possible structural) motif 
among the proteins.I6 Sequence alignment of aro- 
matic and charged residues revealed common 
domains in all the proteins. This observation, al- 
though not conclusive, supports the presently pre- 
vailing notion that two of the major stabilizing 
forces of protein/ssDNA complexes are (1) stack- 
ing interactions between the DNA bases and aro- 
matic residues" of the protein and (2) electrostatic 
interactions between the basic peptide residues and 
negatively charged phosphate backbone of the 
ssDNA." If this is the case, stable complex forma- 
tion necessarily depends on local conformations of 
both the protein and ssDNA molecules comprising 
the complex. Therefore, a necessary first step to 
unraveling factors involved in ssDNA/protein in- 
teractions requires an understanding of the local 
structures and dynamics of the ssDNA alone. 

Previous reports of hydrodynamic,19- 22 electron 
'" chemical c ro~s - l ink ing , '~~~~  re- 

striction enzymatic,26 and DNA polymerase map- 
ping studies of SSDNA~~ have been published. The 
ssDNAs studied were either precursors of the same 
ssDNA studied here, M13mp19, or similar DNAs 
from prokaryotic bacteriophages fd or (DX174. 
From these studies it has become clearly evident 
that  circular =DNA can adopt a manifold of in- 
tramolecular secondary structures. Among these 
are small hairpins or stem-loop structures contain- 
ing from approximately 30 to 300 base pairs 
that  form on palindromic or partially self- 
complementary regions proximal to each other.23 
Long-range structures comprised of much larg- 
er hairpins nucleated by self-complementary 
sequences separated by several thousand nucleo- 
tides have also been observed in electron micro- 
g r a p h ~ . ~ ~ , ' *  Regions of single-strand viral DNA 
containing appreciable amounts of both short- and 

long-range hairpin loops have been implicated as a 
means by which single-strand specific proteins are 
directed to interact with specific single-strand re- 
gions or induced into different modes of 
binding.*3,2'-30 Re striction enzyme digestion analy- 
sis of single-strand QX174 and M13 DNA indi- 
cated specific sequence duplex regions form in the 
single-strand DNAs that are recognized and cleaved 
by double-strand sequence-specific restriction en- 
zymes.26 Recently published studies on model syn- 
thetic oligomers have demonstrated the potential 
for formation of parallel-stranded Thus 
the possibility for directly symmetric sequences to 
form secondary structures also exists in ssDNA. 

In this paper, results of dynamic and static light 
scattering, thermal denaturation and CD experi- 
ments on M13mp19 circular ssDNA as a function 
of NaCl concentration from 100 pM to 1.OM NaCl 
are reported. The melting curves and CD spectra 
are consistent with the reports mentioned above of 
other ssDNAs and indicate M13mp19 ssDNA also 
contains considerable secondary structure. Static 
light scattering measurements provide a nieasure- 
ment of the hydrodynamic dimensions via the ra- 
dius of gyration R,  of the ssDNA molecules in 
solution, and how these depend on NaCl concen- 
tration. Dynamic light scattering measurements 
conducted in the near uv (351.1 nm) over a wide 
range of scattering angles 8 (30" < 8 < 140") pro- 
vide an evaluation of the center of mass diffusion 
coefficient Do as a function of NaCl concentration. 
In addition, a diffusion coefficient related to the 
motions of the internal molecular subunits Dplat, is 
evaluated a t  each NaCl concentration. Semiquanti- 
tative interpretations of the light scattering results 
are made in terms of the Rouse-Zimm circular 
Gaussian 

Results of our investigations indicate the follow- 
ing: (1) Translational motions of the ssDNA center 
of mass are isotropic and change only slightly as 
NaCl concentration is increased over a 10,000-fold 
range from 100 p M  to 1.OM. (2) The static flexibil- 
ity, which is inversely proportional to the persis- 
tence length of the circular DNA chains, appears 
to decrease with increases in NaCl concentration 
above 100 m M  and then decrease when the salt is 
lowered from 100 m M  to 100 pM. (3) Motions of 
the internal subunits, which act to relax short 
wavelength fluctuations ( 5  250 A), decrease pro- 
gressively with increasing NaCl over the entire salt 
range. Since the amount of nucleotide stacking 
increases with increasing NaCl concentration, it is 
surmised the decrease in the diffusive displace- 
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ments of the internal subunits is due to restrictions 
imposed on them by the formation of stacking 
interactions along the ssDNA. 

MATERIALS AND METHODS 

Cell Growth and DNA Isolation 

Single-strand, closed circular M13mp19 phage 
DNA" was isolated from a single preparation of 
infected Escherichia coli strain JMlOl (New Eng- 
land Biolabs, Beverly, MA). Uninfected JMlOl cells 
were made competent by the standard CaCl treat- 
ment," and transformed with double-stranded 
M13mp19 RFI DNA (New England Biolabs). Since 
M13mp19 RFI DNA contains the Lac Z gene, 
successful transformants produced blue plaques 
when the transformation mixture was plated on 
M9 minimal media agar containing X-GAL 
(5-Bromo-4-chloro-3-indolyl-~-~-galactopyran- 
oside, Boehringer-Mannheim, Indianapolis, IN) and 
incubated a t  37°C for 24 h.40 Ten milliliters of M9 
minimal media were inoculated with a single blue 
plaque and cell growth continued with shaking for 
6 h at 37°C. Twenty liters of M9 media were then 
inoculated with this 10-mL preculture and the cul- 
ture was grown for - 26 h a t  37°C under forced 
aeration and agitation. 

Viral DNA was isolated by published proce- 
dures. I' The uv absorbance spectrum of the puri- 
fied Ml3mpl9 single-strand DNA indicated an 
absorbance ratio of A2,/A280 = 1.8-1.9. Homo- 
geneity and purity of the isolated sample was veri- 
fied by electrophoresis on native and alkaline 
agarose gels. In native agarose gels (0.8-1.2%) the 
isolated M13mp19 sample migrated the same dis- 
tance as a previously characterized single-strand 
M13mp19 DNA standard. Electrophoresis on alka- 
line denaturing gels (1.4% agarose, 30 m M  NaOH)42 
demonstrated that less than 2% of the total puri- 
fied DNA was in the linear form. From a single 
20-L preparation, 10 mg of purified M13mp19 ss- 
DNA was obtained. A second M13mp19 viral DNA 
sample was isolated and purified by identical pro- 
cedures six months later and used to verify the 
reproducibility of a representative portion of the 
data obtained on the first DNA sample. 

The extinction coefficient used to determine con- 
centrations of our M13mp19 samples was deter- 
mined according to the method of Pohl and J o ~ i n . ~ ~  
P1 nuclease and 5'-deoxymononucleotides were 

purchased from Sigma (St. Louis, MO). By digest- 
ing the DNA to completion with P1 and perform- 
ing a linear regression of the digested spectra 
against the four 5'-deoxymononucleotide reference 
spectra (Henderson, Benight, Miabenco, and Han- 
lon, unpublished) an extinction coefficient, c26,) = 

8460M-' . cm-', was evaluated. 

Preparation of DNA Samples 

DNA samples were prepared for dynamic and static 
light scattering measurements by dilution in the 
appropriate buffered salt solution to a concentra- 
tion of - 1.0 optical density (OD)/mL (118 p M  
nucleotides) as determined by the absorbance a t  
260 nm. The buffer solution was 10 m M  Tris HC1, 
1 m M  EDTA, pH = 7.5, containing l.OM, 500 mM, 
100 mM, or 100 pM NaC1. Sodium ion concen- 
trations were independently verified by measured 
conductivity values on the four DNA solutions. 
Samples were gently filtered under slight syringe 
pressure through 0.45-pm pore polysulphone filters 
(Gelman Sciences, Ann Arbor, MI) into a cylindri- 
cal scattering cell that had been prewashed with 
filtered water and the appropriate filtered buffered 
NaCl solution. Samples were routinely refiltered 
(at least twice) until large dust particles, which 
produced obvious scattering " Tyndalls," seen when 
the scattering cell illuminated with 632.8 nm laser 
light was viewed a t  low angles, were removed. The 
total volume of each sample was - 6-10 mL. 

For melting curve measurements the same sam- 
ples used for the dynamic light scattering measure- 
ments were diluted with the appropriate solvent to 
a concentration of - 0.35 OD/mL (41 p M  nu- 
cleotides) and stored a t  4°C. Prior to melting, 1.5 
mL of the sample and solvent reference solution 
were placed in 1-cm path-length quart/, cuvettes, 
degassed by bubbling with prepurified helium, and 
tightly sealed with teflon stoppers. Before collec- 
tion of melting curve data, the sample and refer- 
ence were equilibrated a t  the starting temperature 
(lO°C) for 1 h. 

Samples for the CD measurements were pre- 
pared from the same samples used in the dynamic 
and static light scattering measurements. Prior to 
CD measurements all the material remaining from 
the dynamic light scattering samples was pooled, 
divided into four equal volumes, and exhaustively 
dialyzed vs the same buffer and four NaCl concen- 
trations as previously described, except the buffer 
pH was 7.9 instead of 7.5. This slightly higher 
buffer pH is not expected to greatly influence the 
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CD measurements or alter comparison of the re- 
sults from them with the other experiments. DNA 
concentrations were - 0.4 OD/mL (47 p M  nu- 
cleotides) as determined from the absorbance at  
260 nm and the evaluated extinction coefficient. 
CD spectra were reduced to mean residue elliptic- 
ity with units of deg . cm2/decimole nucleotide. 

Dynamic Light Scattering (DLS) Measurements 

All DLS experiments were performed at  20°C. The 
light source for the DLS measurements was a Co- 
herent Innova 90-6 Argon ion laser operating a t  a 
wavelength of 3511 A and a single line power of 
- 150 mW. Single mode operation in the trans- 
verse TEM, mode was optimized by an intracav- 
ity etalon and aperture. The multiangle goniome- 
ter allowed data collection a t  scattering angles 
from 30" to 140". The 3511 A wavelength and 
angular range provided access of K 2, the square of 
the scattering vector, from 1.5 to 20.5 X 10" cm-2. 
The scattering vector is defined as K = (47rn/ 
A,)sin( 8/2), where n is the refractive index of the 
solvent, A, is the incident light wavelength in 
vacuo, and 9 is the scattering angle.44 Definition of 
the scattering volume and detection optics were, 
with slight modifications, patterned after the op- 
tical configuration described by Thomas and 
S ~ h u r r . ~ ~  The scattering cell is fused silica and 
cylindrical, 2.9 cm in diameter with flat 4-mm wide 
parallel faces for normal entrance and exit of the 
laser beam. The parallel faces of the cell are sepa- 
rated by 2.8 cm and the cell wall thickness is 1.6 
mm. Photons scattered at  the detector were col- 
lected by a Thorn-EM1 (Fairfield, NJ) 9863B/350 
photomultiplier tube. Photomultiplier current 
pulses were sent through an amplifier-discriminator 
(model AD6, Pacific Instruments, Inc, Concord, 
CA), converted to a TTL pulse train (pulse width 
= 10 ns), and passed to a digital correlator 
(Langley-Ford model 1096, Coulter Electronics, 
Hialeah, FL) with 272 correlator channels available 
for autocorrelation of the pulses. Collected auto- 
correlation functions were passed to an IBM-AT 
personal computer for analysis. 

Prior to our experiments on M13mp19 ssDNA, 
we performed a series of rigorous control experi- 
ments with monodisperse and binary mixtures of 
polystyrene spheres. These control experiments 
served not only to verify optical and angular align- 
ment of the spectrometer, they also established the 
optimum level of sensitivity capable of our experi- 
mental apparatus. 

Static Light Scattering Measurements 

All static intensity measurements were recorded a t  
20°C. Measurements were made with a Brice- 
Phoenix light scattering photometer (C. N. Wood 
Manufacturing Co., New Town, PA). The light 
source (a high-pressure mercury vapor lamp) pro- 
vided unpolarized incident light a t  a wavelength of 
436 nm. Ratios of the intensity of light scattered at  
a particular angle 0, i,, to the total incident inten- 
sity I,, ( i ,/Io) were measured every 5" from 30" to 
70". Intensity readings were determined from gal- 
vanometer readings of the phototube detector. 
From i , / I ,  values and instrumental constants of 
the system the Rayleigh ratio R,  was determined 
a t  each angle in the standard way.46 Determina- 
tion of the optical constant K for the scattering 
photometer was previously described.47 Plots of 
K/R@ vs sin2(9/2) were linear a t  all NaCl concen- 
trations. From the slopes and y intercepts of the 
linear equations determined by a least-squares fit 
to the data points, R,, the radius of gyration of 
the ssDNA in each salt environment was evalu- 
ated.48 Cross calibration of the static light scatter- 
ing photometer with the dynamic light scattering 
spectrometer was done with a clean monodisperse 
preparation of polystyrene latex spheres of known 
hydrodynamic radius (300 or 450 A). The spherical 
radius measured by either instrument agreed within 
1 A and agreed within 5 A of the radius reported 
by the supplier. 

Optical Melting Curves 

Melting curves were collected on a Hewlett-Packard 
8450A diode array double-beam spectrophotometer 
interfaced to an IBM-AT personal computer. The 
sample and reference cuvettes were heated by ther- 
mostatically controlled cell holders. The heating 
rate was 18"C/h while absorbance at  268 nm was 
monitored. Identical temperature ramping of the 
sample and reference was performed by a Peltier 
temperature controller. Temperatures on melting 
curves are cell holder temperatures. Independent 
calibration with the temperature read from a ther- 
mocouple immersed directly in the sample fluid 
indicated the actual temperature of the sample 
never deviated more than 0.3"C from the sample 
holder temperature over the entire temperature 
range. Measurements (absorbance, temperature) 
were taken every 30 s (approximately every 0.15"C). 
The temperature range for each curve spanned 
from 10 to 75°C and each curve contained approxi- 
mately 430 data points. For temperatures below 
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Figure 1. Relaxation rates of the fast (upper curves) and slow decaying components 
(lower curves) in M13mp19 ssDNA as a function of NaCl concentration. The NaCl 
concentrations are (0) 100 p M ,  (+) 100 mM, and (A) 1.OM. All lines drawn through the 
data were determined from linear least-squares fits to all of the data as a function of K 2  
and pass through the origin. 

room temperature (21 "C) the sample and reference 
cuvette holders were purged with N, gas to pre- 
vent condensation. Each melting experiment was 
done twice. Independent measurements of the en- 
tire spectrum from 220 to 400 nm were also made 
a t  a heating rate of - 20"C/h. 

CD M E A S U R E M E N T S  

CD spectra were recorded in a Jasco (model J40a) 
spectropolarimeter. Wavelengths were scanned 
from 350 to 220 nm at  a speed of 5 nm/min. All 
spectra were recorded at  20°C. 

RESULTS 

Biexponential Behavior and Reproducibility 

As described in the appendix, the collected correla- 
tion functions at  all scattering angles displayed 
biexponential behavior. Relaxation rates r, and r2 
and relative amplitudes a,  and a ,  resulting from 
a biexponential analysis of the normalized field 
correlation function, g(')( K ,  t ) ,  form the central 
foundation of our results. Diffusion coefficients 
0, ( i  = 1,2) were calculated from the r, via 

Dl = TJK 

where K is the scattering vector. All reported D,, 
unless specifically stated otherwise, were corrected 
using tabulated values4' for the viscosity of NaCl 
to correspond to the viscosity of water a t  20°C. 

Although the results reported below were ob- 
tained on a single preparation of circular single 
strand M13mp19 DNA, a large portion of the re- 
ported results were produced, within experimental 
error, with a second DNA sample isolated from an 
independent phage growth performed six months 
after the first sample was prepared. 

Effects of NaCl on Circular Single-Strand DNA 

Relaxation Rates 
The effect of changing the solvent ionic strength 
from 100 pM NaCl to 1.OM NaCl on the evaluated 
relaxation rates rl and r2, is shown in Fig. 1, where 
rl and I?, are plotted vs K from 1.56 X 10'' cmP2 
to 19.6 X 10" cm-2. Lines drawn through the data 
in Fig. 1 were determined from linear least-squares 
fits to all of the points. The plots clearly indicate 
that r, (the slow component) and r, (the fast 
component) are both linear functions of K 2  over 
the entire angular range and pass through the 
origin a t  K 2  = 0 in all salt environments exam- 
ined. Similar linear plots of the relaxation rate vs 
K were reported for linear double-stranded pUC8 
DNA.50 Such observations imply that contribu- 
tions to the overall relaxation from rotational dif- 
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fusive motions of anisotropic ssDNA molecules are 
negligible. r, is taken to arise from global transla- 
tional diffusive motions of the =DNA that domi- 
nate the relaxation of the long wavelength fluctu- 
ations. r, is the relaxation rate of the (rather 
broadly defined) internal molecular subunits of the 
=DNA that relax local, smaller wavelength fluc- 
tuations. Figure 1 shows that the relaxation rates 
of the slow component TI, are apparently indepen- 
dent of NaCl concentration from 100 pM to 500 
m M  NaC1. A slight decrease in the slope of rl vs 
K is observed in 1.OM NaC1, primarily due to the 
increased solvent viscosity in this salt environment. 
In contrast to rl, the rates of the fast component 
I'2 vs K decrease with each increasing NaCl con- 
centration. 

- 

- 

- 

- 

Relative Amplitudes 
In Fig. 2 the relative amplitudes of the fast (lower 
curves) component and slow (upper curves) compo- 
nent in 100 p M ,  100 mM, and 1.OM NaCl are 
plotted as a function of K 2 .  In the lower NaCl 
concentrations (and in 500 m M  NaCl, data not 
shown), the respective relative amplitudes of the 
two components are virtually identical a t  all values 
of K '. Figure 2 reveals that the difference between 
the fast- and slow-component amplitudes steadily 
decreases with increasing K 2, indicating the fast 
component contributes relatively more to the total 
relaxation as K increases. The relative contribu- 
tion of the slow-component amplitude is greater 
than that of the fast-component amplitude over 

the entire K range, an observation that does not 
persist when the NaCl concentration is increased 
to 1.OM (see Fig. 2). Two interesting features of 
these curves emerge: (1) The slow-component am- 
plitudes are less, over the whole K range in LOM, 
than the amplitudes of the slow component in the 
lower salt environments ( 2  500 m M  NaCl), while 
the amplitudes of the fast component in 1.OM 
NaCl are larger than the relative amplitudes of the 
fast components in the lower NaCl environments. 
(2) Unlike what was observed in solutions of I 500 
m M  NaC1, the relative amplitudes of the slow 
component as a function of K 2  are not greater 
than those of the fast component over the entire 
K range. In fact, the curves for 1.OM NaCl in Fig. 
2 cross a t  K - 16 x 10" cm-2 and at  larger K 
the relative amplitudes of the fast components 
exceed the slow-component amplitudes. Because 
the relative amplitudes of the relaxing components 
in ssDNA, as shown in Fig. 2, are related to the 
static scattering factors of ssDNA, the observed 
salt-induced changes in the relative amplitudes 
suggests that a rearrangement of the scattering 
elements takes place. Such changes are consistent 
with formation of substantial amounts of stable 
secondary structure on circular single-strand 
DNAs, especially in 1.OM NaC1. The result is a 
relatively larger contribution from the fast compo- 
nent to the overall relaxation in 1.OM NaCl than 
in lower salt environments ( I  500 m M  NaCl). 
These relative amplitude values are employed later 
in converting experimental DLS data to a suitable 

0.0 ' 1 , 
0 5 10 15 20 

K Z  x 1 0 ~ " ' ( c m 2 )  

Figure 2. Relative amplitudes of the fast (lower curves) and slow (upper curves) 
decaying components in M13mp19 ssDNA in 100 p M  (x) ,  100 m M  (o), and 1.OM (A) 

NaCl. 
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Table I Experimental Parameters 

[NaCI] DOLL Dplata R G b  

( m M )  ( x 10' cn;L/s) ( x lo8 cm2/s) (A) 
0.1 3.67 12.43 739 

100 3.75 11.18 699 
500 3.48 10.69 809 

1000 3.39 10.26 830 

"Values given are i 33. 
"R( ,  ~ a l u e s  are -t 10 A. 

form fur estimating (from the published algor- 
ithrd6) parameters of the Rouse-Zimm model of 
Gaussian coils. 

Diffusion Coefficients 
Diffusion coefficients of the fast and slow modes, 
calculated from rl and r, and K 2 ,  via Eq. (l), are 
listed in Table I and plotted vs K 2  in Fig. 3. As 
expected, the linear dependence of the relaxation 
rates on K 2  renders the diffusion coefficients of 
both the fast and slow components independent of 
K in all salt environments. 

The slow component diffusion coefficient is des- 
ignated as Do, the center of mass translational 
diffusion coefficient. As shown in Fig. 3, Do clusters 
around a value of 3.57 x 0.14 x 10-8cm2/s. 
Table I indicates the average value of Do in 1.OM 
NaCl at all angles defines the lower limit of this 
range (3.39 x 10 -' cm2/s). The average Do in 100 

m M  NaCl(3.75 x lo-' cm2/s) lies near the top of 
the range stated above. Do values in 100 pM and 
500 m M  NaCl are between these limits. The 3% 
error involved in measuring Do, as given in Table I, 
indicates Do is indistinguishable in 100 p M  to 100 
m M  NaC1. Do is likewise indistinguishable in 500 
m M  and l.OM, although the value is lower than 
that found in the lower salt environments. 

In contrast to Do, which changes slightly over 
the 10,000-fold range of NaCl concentration exam- 
ined, the fast component diffusion coefficient shows 
a stronger dependence on the solvent ionic strength. 
In analogy with earlier DLS studies of double- 
stranded DNA,",36p37,51*52 these diffusion coefi- 
cients are designated as Dplat (for plateau). In terms 
of the Rouse-Zimm model, Dplat corresponds to 
the motions of the internal segmental subunits of 
the SSDNA.~~ As shown in Fig. 3, Dplat displays 
titratable decreases with increasing NaCl concen- 
trations. In 100 p M  NaCl the average over all K 2  
of Dplat = 12.43 X cm2/s. Dplat decreases by 
11% to 11.18 x lop8  cm2/s upon increasing the 
NaCl concentration to 100 mM. In 500 mM NaC1, 
Dplat decreases to 10.69 X cm2/s. Increasing 
the NaCl concentration to 1.OM induces Dplat to 
further decrease to 10.26 X lo-' cm2/s for an over- 
all reduction of 22% from Dplat in 100 pM.  The 
magnitude of the observed changes in Dplat are well 
outside the limits of experimental error of the 
measurements, which is in all cases 5 3%. Both Do 

14.0 I I 

2.0 ' I 
0 5 10 15 20 

Figure 3. Diffusion coefficients of the fast (upper curves, i = 2) and slow (lower curves, 
i =  1) components in M13mp19 =DNA. Horizontal lines drawn through the data indicate 
the average (over all K 2 )  value of the diffusion coefficients in the different NaCl 
environments. The symbols are (0) 100 p M ,  (4) 100 mM, and (A) 1.OM NaCl. 
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and Dplat are employed below to estimate parame- 
ters of the Rouse-Zimm circular chain. 

Radii of Gyration 
Results of static light scattering measurements of 
single-strand M13mp19 viral DNA in salt environ- 
ments from 100 pM to 1.OM NaCl are shown in 
Fig. 4. RG values of the =DNA molecules, deter- 
mined from the slopes and y intercepts of the 
linear equations fit to the data in Fig. 4, are given 
in Table I. Experimental uncertainty of the re- 
ported R G  values (see Table I) was only f 10 A. In 
100 p M  NaC1, R G  = 739 A. A 5% decrease in R G  

was observed ( R G  = 699 A) when the NaCl concen- 
tration was raised to 100 mM, indicating that a 
slight contraction of the =DNA global dimensions 
takes place when the NaCl concentration is in- 
creased from 100 pM to 100 mM.. This observa- 
tion is analogous to the increase of Do in 100 m M  
from that in 100 pM. In 500 m M  NaC1, R ,  is 809 
A, 13% larger than it was in 100 m M  and 9% 
greater than R G  in the 100 pM NaC1. In 1.OM 
NaCl R G  = 830 A, a 3% increase over R G  in 500 
m M  NaCl environment. 

Increases of this magnitude indicate effects of 
NaCl (over the range examined) on the global ter- 
tiary structure of =DNA are subtle. The static 
light scattering measurements also confirm inter- 
molecular aggregation (which would more strongly 
affect the y intercept in Fig. 4) and long-range 

intramolecular transitions (which would be ex- 
pected to effect rather major changes in R G )  
apparently do not occur a t  a detectable level. 
R G  values are also employed below to estimate 
Rouse-Zimm model parameters. 

Melting Curves 
Melting curves of circular single-strand M13mp19 
DNA in NaCl environments from 100 p M  to 1.OM 
are shown in Fig. 5. The relative absorbance 
changes of the DNA solutions from their initial 
absorbance a t  268 nm at  10°C are plotted as func- 
tion of temperature from 10 to 75°C. In Fig. 5 the 
magnitude of the relative hyperchromicity of each 
DNA sample is greater the higher the NaCl con- 
centration of the solution. In 100 pM NaCl a 10% 
increase in hyperchromicity is observed. Raising 
the salt concentration to 100 m M  results in an 
increase of 22%. A similar increase of 24% is ob- 
served in 500 m M  NaC1. In 1.OM NaCl a most 
dramatic absorbance increase (> 40%) is observed. 

Perhaps as revealing as the absolute differences 
in the relative absorbance increases observed in the 
four NaCl environments are the nontitratable dif- 
ferences in the shapes of the melting curves. In 100 
pM NaCl the melting curve is nearly a linear 
function of temperature. In 100 and 500 m M  NaCl 
the curves have a similar shape but deviate from 
linearity, with the deviation more pronounced on 
the 500 m M  NaCl curve. In 1.OM NaCl a much 
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Figure 4. Results of static light scattering experiments. The ratio of the optical 
constant K to the Rayleigh ratio Re,  is plotted as a function of sin2(f?/2). The NaCl 
environments where the data were collected are indicated in the upper left corner. The 
slopes and y intercepts of these curves were used to calculate the R ,  values given in 
Table I. 
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more sigmoidal melting curve, similar to what 
might be observed for a short linear double- 
stranded DNA,53 is observed. These observations 
reveal an obvious increase of the cooperativity of 
the melting process of the ssDNAs with increasing 
NaCl concentration. Relative increases in melting 
cooperativity are likely to arise from the disruption 
of contiguously stacked regions of bases. 

I t  should be noted in Fig. 5, for the melting 
curve in 1.0M NaC1, the total absorbance increase 
upon melting ( >  40%) slightly exceeds the maxi- 
mum possible absorbance at  268 nm (38%) deter- 
mined as follows: The maximum absorbance change 
that can be expected for melting the circular 
ssDNA polymer was determined by digesting the 
polymer to mononucleotides with P1 nuclease. Af- 
ter correcting for the contribution to the ab- 
sorbance from the enzyme, the total relative ab- 
sorbance increase at 268 nm was determined to be 
only 38% (data not shown). The apparent discrep- 
ancy is not physically feasible if the absorbance at  
268 nm is purely due to a hyperchromic effect. This 
apparent paradox was resolved by monitoring the 
entire spectrum of the =DNA in 1.OM NaCl from 
220 to 400 nm as a function of temperature. These 
measurements revealed a steady increase in the 
absorbance values from 300 to 400 nm with increas- 
ing temperature (data not shown), indicating a 
contribution from light scattering to the total ab- 
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sorbance a t  268 nm. After correcting for the light 
scattering contribution in the standard way,s4 the 
relative hyperchromic increase in 1.OM NaCl 
(shown in Fig. 5) decreases by - 23% to 31% (data 
not shown). Similar observations were made for 
M13mp19 in 100 and 500 mM NaC1, although the 
light scattering contribution was considerably less. 
This increased scattering as a function of tempera- 
ture is likely due to intermolecular aggregation of 
the =DNA molecules. In support of this proposi- 
tion, aggregation of double-stranded DNA in the 
melting transition region has been rep~rted.~' ,  55,56 

For the curves presented in Fig. 5, the absorbance 
correction a t  268 nm has not been made. Involving 
the correction only serves to reduce the total rela- 
tive absorbance increases but does not alter the 
curve shapes, the displayed trends, or alter the 
interpretations drawn from the melting curves. 
We are currently investigating this temperature- 
induced aggregation phenomena. Results of these 
ongoing investigations will be presented in a sepa- 
rate publication. 

CD Spectra 
CD spectra measured on M13mp19 =DNA in 100 
pM,  100 mM, 500 mM, and 1.OM NaCl are shown 
in Fig. 6. Three distinguishable features of these 
spectra can be readily identified. In all NaCl con- 
centrations, the spectra display a major positive 
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Figure 5. Melting curves of M13mp19 DNA as a function of NaCl concentration. 
Relative increase in absorbance (not corrected for light scattering) on the y ordinate is the 
fractional absorbance increase of the solutions as a function of temperature from the 
initial absorbance at 268 nm a t  10°C. (A) The melting curve in 100 pLM NaCI, (B) the 100 
mM curve, (C) the 500 m M  curve, and (D) the 1.OM curve. Note: curves (C) and (D) have 
not yet leveled off at 75"C, evidenced for the temperature-dependent aggregation 
phenomena described in the text. 
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band at  274 nm, a major negative band at  248 nm, Evaluation of Rouse - Zimm Model Parameters 
and crossover from positive to negative rotational 
strength between 258 and 261 nm. The crossover 
point is salt dependent. On all spectra the rota- 
tional strength of the positive band is approxi- 
mately 25% greater than that of the negative band. 
Such a disproportion between the positive and 
negative rotational strengths of the CD spectrum 
has been reported for denatured double-stranded 
DNA,57 and generally resembles CD spectra dis- 
played by double-stranded RNA or DNA in an 
A-like c o n f o r m a t i ~ n . ~ ~ * ~ ~  

Of the CD spectra in Fig. 6, the most distinct 
difference is observed for the positive band. On the 
100 pM and 100 m M  spectra the rotational 
strength is approximately 9% less than the positive 
band intensities obtained in the higher NaCl envi- 
ronments. In 500 m M  up to 1.OM NaCl the 
strength of the positive band is approximately the 
same. The increased rotational strength observed 
in going from 100 pLM and 100 mM NaCl to 500 
m M necessarily indicates an increase in the amount 
of base stacking.57 The crossover wavelength from 
positive to negative rotational strength (the inter- 
cept of the CD spectrum at  zero ellipticity) is 
slightly shifted to the blue from 261 nm in 100 pM 
to 258 in 1.OM. This blue shift of the crossover 

The Rouse-Zimm model consists of a collection of 
beads or Gaussian subunits connected by massless 
springs. The model is founded on three fundamen- 
tal parameters. These are N + 1, b, and f .  N + 1 
is the number of Gaussian subchains, b the rms 
subchain displacement (or mean separation of the 
beads), and f the friction factor of the individual 
subchains.3fi 

Application of the Rouse-Zimm model to the 
analysis of DLS of double-stranded DNA was de- 
veloped and first reported by Lin and 
Since its introduction this model has been applied 
by these", 51,59 and other investigatorsfi1V6* to ana- 
lyze the behavior of linear double-stranded DNA 
in various solvent environments. These studies lend 
credibility to the proposition of applying the model 
to analyze DLS of ssDNA, although, as given sub- 
sequently, several assumptions must be made in 
the latter case. 

An assessment of the actual conformity of the 
experimental results with ideal Rouse-Zimm coil 
behavior can be made (at small K 2 ,  by considering 
for a sufficiently long Rouse-Zimm chain the cen- 
ter of mass translational diffusion coefficient Dfz 
is inversely related to R, by35 

wavelength indicates an increased stability of base 
stacking as the NaCl concentration is increased.57 D,R" = kBT/6nq(.677)RG (2) 
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Figure 6. CD spectra of M13mp19 DNA a t  20°C as a function of NaCl concentration. 
The mean residue ellipticity with units of deg . cm2/decimole nucleotide is plotted on the 
y axis vs the wavelength, A ,  from 220 to 330 nm. Relevant features of the spectra are 
described in the text. 
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Table I1 Rouse-Zimm Model Parameters' 

[NaCi] bh f b  = k ,T / f  P 
(mM) (A) [ x 10' (dyne . s/cm)] D,"z/D,' ( x 10* cm2/s) (A) 

0.1 467 2.59 
100 442 2.78 
500 512 3.01 

lo00 524 3.13 

1.17 15.65 191 
1.21 14.58 181 
1.13 13.43 210 
1.13 12.94 215 

"The number of Gaussian subchains was  fixed a t  N + 1 = 15 in evaluating the parameters 
shown. 

"The accuracy of b and f as estimated (see text) may be no better than +30%. The relative 
values are significant. 

"liepresents the ratio of the center of mass translational diffusion coefficient for an ideal 
Ilouse-Zimm chain, D,"., calculated from the measured R,  (see text), to the measured center-of-mass 
translational diffusion coefficient Do. 

calculated from f is the free-subunit diffusion coefficient. 
"l', the persistence length, was  calculated from b as described in the text. 

With the experimentally measured values of R ,  
given in Table I, Df" a t  each salt concentration 
can be readily obtained. The ratios of Df" to the 
directly measured Do, D,"'/D,, determined at each 
NaCl concentration, are given in Table 11. Values 
of D,\"/Dn, indicate that a 13-21'35 higher center of 
mass diffusion coefficient is predicted from R,  by 
the model than is actually observed. Verification of 
the model behavior in the large K region is less 
direct. 

Since the high K' region of the curve could not 
be experimentally probed, the scheme to follow 
relies on two basic assumptions: (1) the behavior of 
a circular ssDNA can be reasonably simulated 
(within the deviation given above) by a circular 
Rouse-Zinim model chain, and (2) the small depar- 
ture o f  circular %DNA from ideal Rouse-Zimm 
behavior does not vary wildly over and beyond the 
experimentally accessible region of the scattering 
curve up  to Dnpp = Dplat. If the analysis is not 
invalidated under this umbrella of assumptions, a 
semiyuantitative estimate of the Rouse-Zimm 
model parameters for circular =DNA, utilizing our 
experimental parameters, namely D, and Dplat 
along with R,; (see Table I), can be made. 

A straightforward algorithm for evaluating 
N t 1, h, and f was presented by Lin and S ~ h u r r . ~ ~  
lise of their algorithm requires experimental mea- 
suremtints of the apparent diffusion coefficient 
D.,,,p( h ' ) vs K '. D,, ( DaPp ( K  = 0)) and Dplat (the 
asymptotic. value of DaPp at large K 2 )  are directly 
determined from these curves. The analysis is 
founc!ed on determination of D,,,( K 2 ,  from the 
relaxat ion rates evaluated by single exponential 
fi t t ing of the experimental correlation functions as 
a function of K' .  Because D,,,, is the asymptotic 
value o f  qrP,, a t  large K 2 ,  an accurate evaluation of 

Dplat requires that Dapp actually reach a clearly 
resolved plateau within the experimentally accessi- 
ble region of K 2  ( K 2  5 20 X 10" cm-')). Such is 
the case for the long double-stranded DNAs stud- 
ied by Schurr and c o - w o r k e r ~ . ~ ~ * ~ ~ , ~ ~ , ~  In the pres- 
ent study of circular =DNA, as demonstrated sub- 
sequently, the experimental data do not entirely 
support an analysis of the type employed by Schurr 
and co-worker~.~~, 37,51,60 

The curve shown in Fig. 7 of Dapp vs of K 2  in 
1.OM NaCl was constructed from the correspond- 
ing experimentally evaluated Do, Dplat , and relative 
amplitudes a,  and a2  as follows: At  each value of 
K 2, Dapp was evaluated numerically by setting the 
double exponential function of the relaxation rates 
rl and r2 in time to a single exponential with a 
single relaxation rate rap,, viz. 

a ,  exp( - T , t )  + a2 exp( - r2t) = A exp( - rappt) 

( 3 )  

where a,  and a2  are the relative amplitudes of 
the slow and fast components (Fig. 2), and A is 
the amplitude coefficient of the single exponen- 
tial. Since a,  and a2 are relative amplitudes, 
a ,  + a2 = 1, and the condition at  t = 0 therefore 
requires that A = 1. The relaxation rates in Eq. (3) 
have the following definitions: 

r, = D , , ~ ~  K 

rap, DappK 

To evaluate rapp, Eq. ( 3 )  was calculated in 100 ns 
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Figure 7. Plot of Dapp vs K for M13mp19 circular ssDNA in 1.OM NaCl constructed 
from the exponential data as described in the text. Points fit by the solid line were 
obtained from the experimental data. The dashed line extending beyond the data was 
extrapolated from the slope of the line fit to  the last five data points. Where this 
extrapolated line of D vs K 2  intersects Da,, = (LIP,,, + 0, , ) /2  determines the value of 
Ki, .  K:, = 24.1 X 10 *lPP 

steps for t = 100 ns to 2 ms. The value of t = l/rapp 
was obtained when the right-hand side of Eq. (3) 
equaled l / e  = 0.3678794. From rap, vs K 2 ,  Dapp 
was determined from Eq. (4c) and plotted in Fig. 7. 
Not surprisingly, the curve in Fig. 7 and that 
derived from a single exponential analysis of the 
data were virtually identical over the comparable 
K 2  region. 

Figure 7 is the Dapp vs K curve in 1.OM NaCl. 
Depicted for reference on this curve are the values 
of the average (over all angles) of Do and Dplat in 
1.OM NaC1. The point of Dapp halfway between Do 
and Dplat ( Dapr = (Do  + Dp,at)/2) is also indicated. 
As shown in Fig. 7, DaPp vs K displays a consider- 
able slope at K = 20 x 10" cm-2. This renders it 
difficult to estimate with any great certainty where 
the Dapp vs K curve actually levels off and reaches 
a plateau. This limitation can be overcome if we 
assume that Dplat, evaluated from the relaxation 
rate of the fast component, is the true plateau 
diffusion coefficient. 

In the algorithm provided by Lin and Schurr,"' 
b2, the mem squared displacement of the beads, is 
evaluated graphically from the plots of Dapp vs K 
from the value of K 2  = K:, where Dapp = 

(0, + D,l,t )/a by 

b2 = 8 / K i  ( 5 )  

Because the plot of Dapp vs K 2 ,  calculated from 
the experimental data (as shown in Fig. 7) does not 
extend to K: (Dapp = 6.83 X lo- '  cm2/s), values 
of Dapp were obtained from linear extrapolation 
over higher K 2  to this point. The slope used for 
the linear extrapolation was determined from a 
linear least squares fit made to the last five points 
on the curve ( K  2 10 X 10" cm-2). The symbols 
in Fig. 7 are the points determined from the actual 
experimental data. Extrapolated portions of the 
curves in Fig. 7 are shown as dashed lines. The 
graphical evaluation of K: = 24.1 X 10" cm-2 is 
also depicted in Fig. 7. I t  should be noted that 
performing this linear extrapolation of Dapp vs K 
to evaluate K i  necessarily provides the lower 
bound of K i .  Since the curve of Dapp vs K should 
asymptotically (not linearly) approach DPla, at 
large K 2, the actual value of K: could actually be 
larger than that obtained from mere linear extrap- 
olation. Therefore, it should be noted that K i  is 
necessarily a lower bound and b evaluated from 
K ,  is an upper bound on this Rouse-Zimm pa- 
rameter. Indeed, this graphically evaluated value 
of b (576 A) does slightly exceed the value of b 
given in Table I1 (524 A) estimated from R ,  with 
N + 1 = 15 as described below. Although the 
curves of Dapp vs K 2  in the lower salt environ- 
ments were qualitatively similar to the curve in 
1.OM NaCl, an even larger extrapolation than that 
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in 1.OM NaCl was required in 500 mM, 100 mM, 
and 100 p M  NaC1. For this reason the scheme 
provided by Lin and S ~ h u r r ~ ~  for evaluating b 
directly from plots of Dapp vs K 2  could not be 
reliably applied. However, assuming the number of 
Gaussian subchains, N + 1, does not change with 
NaCl concentration, b and f can be determined 
from the evaluated RG,  Do, and Dplat. For a 
Rouse-Zimm chain, b is related to  RG and the 
number of Gaussian subunits, N + 1, by36 

b = [( N + 1)/6] 1'2RG 

N + 1 = 15 is assumed throughout and from the 
values of RG given in Table I, the values of b given 
in Table I1 were derived. 

As has been previously i n d i ~ a t e d , ~ ~ ? ~ ~  b depends 
inversely on the static flexibility of the chain and is 
therefore sensitive to  changes in the persistence 
length P. An increase in b indicates an increase in 
P. From the values of b given in Table 11, a lower 
bound on the persistence length of the single-strand 
DNA in each NaCl concentration can be estimated. 

For a section of worm-like coil of contour length 
9, the rms end-to-end distance, ( L 2 ) ,  is given 
bY51,61 

( L ~ )  = 2 P [ 9 -  P + Pexp( - 9 / P ) ]  ( 7 )  

I t  is required that  the smallest conceivable Gauss- 
ian subchain must contain a t  least two statistical 
lengths, A ( A  = 2P"). Thus assigning 9= 2h = 

4P in Eq. (6) yields b = (L2)'/' = 2.44P." From 
the b values given in Table 11, the persistence 
lengths given in Table I1 were evaluated from Eq. 
(7). Obviously, the absolute values of b (or P )  are 
model dependent. Therefore, values of b and P 
given in Table I1 are likely to  be only accurate 
(within - 30%) because of the approximations in- 
volved in their evaluation. The relative values of 
these parameters and the trend displayed are more 
meaningful. 

The last parameter of the Rouse-Zimm model 
to  be estimated, f ,  the hypothetical friction factor 
of the internal subunits if they could freely diffuse 
unconnected in solution, is evaluated from an ex- 
pression provided by Lin and k3chu1-r.~~ For a circu- 
lar Rouse-Zimm chain the difference between Dplat 
and D,, is given by:36 

where k ,  is the Boltzmann constant and W ( b ,  
N + 1) is the correction of the hypothetical diffu- 
sion coefficient for the independent random local 
displacements of the Gaussian segments, Dseg = 

k,T/f, required by the model for the presence of 
hydrodynamic interactions. When N + 1 is suffi- 
ciently large ( 2 lo), Lin and Schurr36 provided 

W(b,  N + 1) = F / b ( N  + 1)' ' (9) 

where F is a universal constant for the circular 
Rouse-Zimm chain ( F  = 1.06 X 10- l2 cm3/s). F is 
independent of b, N + 1, and f ,  but proportional 
t o  T/q. With the appropriate values of b and 
N + 1, W is evaluated from Eq. (9). From W, Dplat, 
and Do, f can be determined from Eq. (8). Table I1 
indicates the friction factors of the internal seg- 
ments increase with increasing NaCl concentration 
which reduces the diffusive mobility of the chain 
segments resulting in a decreasing Dseg. 

DISCUSSION 

Secondary Structure in ssDNA 

Combining the complementary results of the opti- 
cal melting experiments in Fig. 5 with the CD 
spectra in Fig. 6, characteristics of the ssDNA local 
structure as a function of NaCl can be inferred. In 
the lowest ionic strength environment, 100 pM 
NaCl, electrostatic repulsion between phosphate 
residues of the DNA backbone is strong. Coulom- 
hic repulsion between these residues considerably 
extends the structure, thereby preventing estab- 
lishment of stacking interactions between base 
residues along the DNA or base pairing between 
complementary sequence sections. The result is a 
polymer with limited flexibility along the DNA. 
Stacking interactions or hydrogen bonds that could 
form between the bases in this NaCl environment 
would be expected to be quite unstable. 

When the ionic strength of the surrounding sol- 
vent is increased to 100 m M  NaC1, sodium ions 
considerably reduce repulsion between the phos- 
phates and exclude some of the water from the 
backbone surface. These events provide better con- 
ditions for base encounters and establishment of 
stacking interactions along the ssDNA strand. The 
CD spectra indicate base stacking does not increase 
in 100 m M  NaCl over what was found in 100 pM.  
The melting curve in this salt essentially agrees 
and indicates the stacking that does form is fairly 
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unstable and short range. The reduction in the 
electrostatic repulsive force causes a slight contrac- 
tion of the global dimensions resulting in an ob- 
served decrease of R,  in 100 m M  NaC1. Above 100 
m M  the CD spectra indicate a significant increase 
in both the amount and stability of the stacking 
formed at 20°C. 

As mentioned above, the relative hyperchromic- 
ity on melting curves in 2 100 m M  NaCl (Fig. 5) 
verifies increases in stability of the stacking inter- 
actions. The observed cooperativity of the melting 
curves further provides a qualitative indication of 
the relative size of the cooperative units formed 
along the =DNA. Cooperative units are taken to 
be regions along the ssDNA comprised of contingu- 
ously stacked nucleotides that melt as a single 
block. As the length, number, and collective stabil- 
ity of the cooperative units increases so does the 
relative cooperativity of the hyperchromicity re- 
sulting from their disruption as the temperature is 
elevated. Obviously, the melting curve in 1.OM 
NaCl indicates a substantial increase in the size of 
domains containing stacked residues over the lower 
NaCl environments. While the CD appears fairly 
insensitive to the proposed increase (nearly 20%) in 
base stacking, it does not contradict this proposi- 
tion for the following reason. 

Because CD is inherently a local effect due 
to nearest-neighbor and next nearest-neighbor nu- 
cleotide base interactions, short sections on the 
order of only three to five bases long give rise to 
the spectral signal.64 Consequently, CD is fairly 
insensitive to the additional presence of more than 
three to five nucleotide residues stacked together. 
Therefore formation of domains containing rela- 
tively longer contiguous stretches of stacked resi- 
dues, as was postulated to occur in 1.OM NaC1, do 
not greatly affect the observed CD spectra. CD is 
thus quite sensitive to the type and strength of 
stacking that takes place in DNA but not to the 
number of residues (above five or so) comprising 
the stacked regions. Melting curve analysis, on the 
other hand, provides complementary information 
concerning the total number of stacked residues, 
their contiguous arrangement, and their thermody- 
namic stability. 

Results of DNA polymerase mapping experi- 
ments combined with computer-assisted nucleotide 
sequence analysis of M13mp8 viral DNA have been 
reported.27 M13mp8 contains 7229 bases and is 
identical to M13mp19 used in the present studies 
except for the different polylinker regions of the 
two ssDNAs. On the basis of nucleotide sequence 
analysis alone, 105-106 regions having partially 

self-complementary or palindromic sequences capa- 
ble of intramolecular hydrogen bonding were iden- 
tified. In addition, DNA polymerase pausing ex- 
periments demonstrated that many of these 
computer-predicted regions of secondary structure 
actually correspond to sites capable of pausing the 
action of DNA polymerase a. Finding sites com- 
mon to DNA polymerase pausing and computer- 
predicted secondary structure strongly implicates 
these regions in adopting intramolecular hairpin 
structures. 

Increases in base stacking as the NaCl concen- 
tration is increased would necessarily track with 
the salt-induced formation and stability of hairpin 
secondary structures on single-strand M13mp19 
DNA. In this regard, results of our CD and optical 
melting curve experiments are entirely consistent 
with the findings of the published studies men- 
tioned above. What has not been previously re- 
ported are the effects of this increased stacking and 
suspected intramolecular hairpin formation on the 
global tertiary structure and internal dynamics of 
circular ssDNA. 

Tertiary Structure 

The changes in Do and RG observed for circular 
ssDNA from 100 p M  to 100 m M  NaCl resemble 
the behavior of linear double-stranded DNA within 
this range of Na+ concentration. For double- 
stranded DNA, as the salt concentration is reduced 
below 10 m M Na +, the persistence length P, which 
is directly proportional to RG and inversely related 
to DO, increases,65 just as we observed for circular 
ssDNA from 100 m M  to 100 pM NaC1. Because of 
the dominant effects of phosphate repulsion on the 
circular ssDNA structure and the associated ex- 
cluded volume effects, the molecule has access to a 
limited range of global conformations as it mean- 
ders through solution under the influence of 
Brownian motion. The increase in RG and decrease 
in Do in 100 p M  (NaC1) from the values in 100 
m M  is consistent with a more extended global 
structure with limited flexibility. 

The behakior of circular ssDNA above 100 m M  
NaCl seems to differ from that of linear double- 
stranded DNA. Published studies of linear CoZ E l  
double-stranded DNA indicate a steady decrease 
of R ,  (and P )  over the range from 7 m M  to 1.0M 
Na"', the opposite trend we saw for ssDNA above 
100 m M  NaC1. 

The directly opposite salt-dependent hydro- 
dynamic behavior of double-stranded vs single- 
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strand DNA obviously underscores the struc- 
tural differences between the two DNA forms and 
the forces stabilizing them. In essence, the electro- 
static contribution to the persistence length from 
phosphate repulsion in double-stranded DNA acts 
to stiffen the DNA. In double-stranded DNA, in- 
creasing amounts of Na+ screen the repulsion, af- 
fording more flexibility to the molecule, resulting in 
a reduced persistence length.67 However, only in 
the lowest NaCl environment (100 p M )  should the 
electrostatic persistence length make a non-negligi- 
ble contribution to the total observed persistence 
length.67 Increasing salt in =DNA solutions (above 
100 m M  NaCl) and consequent screening of the 
electrostatic repulsion leads to increased base 
stacking, which stiffens the molecule, thereby in- 
creasing its observed persistence length. Increased 
stacking in homopolymer RNAs was also shown to 
result in an increase of RG,68 just as we observed. 

The D,, we determined is more than a factor of 
two less than Do of the very similar, but smaller, 
M13 wild-type and fd DNAs previously evaluated 
from hydrodynamic measurements.20,21 These au- 
thors reported Do = 8.25 X lo -@ cm2/s after cor- 
rection to the viscosity of water at  20°C. M13mp19 
contains 7250 nucleotides, 843 more than wild-type 
M13, which corresponds to only a 12% increase in 
the molecular weight. Since our M13mp19 =DNA 
samples displayed no signs whatsoever of inter- 
molecular aggregation or contamination with high 
molecular weight DNA, nor did the ssDNAs ap- 
pear to be molecular dimers, this decrease in Do for 
M13mp19 from that previously reported for M13 
wild-type must be interpreted as reflecting a sub- 
stantial increase in the overall hydrodynamic di- 
mensions, and therefore the global frictional drag, 
of M13mp19 over wild-type M13 and fd =DNA. 

The relaxation rates of the center of mass mo- 
tion F,, are linear functions of K and pass through 
the origin. This behavior for circular ssDNA is 
analogous to that observed in DLS experiments of 
linear double-stranded pUC8 DNA,50 and inferred 
to be an indication that the global structure and 
the associated long-range motions g e  largely 
isotropic. Therefore contributions to the relaxation 
at  small K from rotational diffusive processes are 
not detectable, a t  least in the polarized DLS exper- 
iments. Because our data and other published data 
implicate the formation of intramolecular hairpins, 
the observations stated above immediately suggest 
if intramolecular hairpins do form, the majority of 
such structures are likely to extend over a short 
range, formed between closely adjacent self-com- 
plementary single-strand regions. Establishment of 

a number of such relatively short regions ( - 30-300 
bases) would not be expected to greatly influence 
the global tertiary structure, and would also be 
consistent with our melting and CD data. From 
our data we cannot definitely conclude if in- 
tramolecular hairpins form a t  all. However, our 
data do argue that if hairpins do form, these are 
not long-range structures that would necessarily be 
expected to induce substantial changes in Do, R,, 
and the behavior of r, as a function of K which 
are not observed. 

Internal Dynamics 

While the tertiary structure of M13mp19 ssDNA is 
only slightly sensitive to the changes in local struc- 
ture brought about by increases in NaCl concentra- 
tion from 100 p M  to 1.0M, motions of the internal 
subunits of ssDNA are more strongly affected. Be- 
cause the fast relaxation rates r2, are also linear 
functions of K ', the plateau diffusion coefficient 
Dplat, calculated from them is essentially constant 
at all values of K 2 .  The slopes of the IT2 vs K 2  
curves, however, decrease with each increase in 
NaCl concentration, causing Dplat to decrease pro- 
portionally. After viscosity corrections, Dplat still 
displays significant decreases with increasing NaCl 
concentration. As previously mentioned and illus- 
trated subsequently, Dplat represents motions of 
internal segments or subunits of the The 
titratable decreases with increased NaCl observed 
for Dplat reveal an impedance of the subunit mo- 
tions. Consistent with our data, the formation of 
stacking interactions must act to substantially re- 
strict many of the internal motions within seg- 
ments and thereby reduce the number of modes 
available to relax small wavelength fluctuations. 
Consequently, the time T = l/r2 required for the 
motions of the subunits to relax fluctuations that 
occur over a distance 1 / K  (when R:K >> 1) in- 
creases, resulting in a diminished value of Dplat. 

The relative amplitudes of the fast relaxing 
component a2 ,  indicate the relative contribution of 
motions monitored by r2 to the total relaxation. 
A t  NaCl concentrations below 500 mM, factors 
responsible for impeding internal motions and their 
relaxation rates do not have an effect on the scat- 
tering properties that contribute to a L ,  and a2  
remains unchanged as a function of NaCl concen- 
tration. The sharp increase in a2  (from 40 to 60% 
over the entire range of K ') that is observed when 
the NaCl concentration is increased to ].OM indi- 
cates a substantial increase in the scattering ampli- 
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tude of the internal segments. Such an increase 
suggests a significant rearrangement of the scatter- 
ing elements probably due to formation of domains 
of stacked bases along the strand and or in- 
tramolecular hairpins. These structures apparently 
not only impede internal motions of the subunits, 
they act to increase the scattering amplitude of the 
segmental motions of ssDNA. Interpretations of 
the experimental data given so far are imminently 
plausible on intuitive grounds and also supported 
(for the most part) by parameters of the circular 
Rouse-Zimm chain evaluated from the experimen- 
tal data as given in Table 11. 

In 100 p M NaCl the circular Rouse-Zimm chain 
comprised of 15 Gaussian subunits has a rms exten- 
sion, b, between that in 100 and 500 m M  NaC1, a 
finding consistent with the measured values of R,  
and Do. The hypothetical segmental diffusion co- 
efficient, k H T / f ,  is the largest in 100 pM NaCl, 
indicating the relatively greatest diffusive mobility 
of the chain elements. Apparently, in 100 p M  NaCl 
the electrostatic repulsive force not only extends 
and stiffens the sDNA molecule, i t  also prohibits 
formation of stacking interactions. The result is a 
globally less flexible structure with considerable 
freedom of motion per subunit. 

Screening of the electrostatic repulsion in 100 
m M  NaCl acts to increase the static flexibility of 
the Rouse-Zimm chain. The decreased b reveals, 
although base stacking is not strong enough in 100 
m M  NaCl to greatly effect the overall flexibility, 
transient local structures impede the small wave- 
length motions available to relax small wavelength 
fluctuations, which causes a decrease in k,T/f. 

Raising the NaCl concentration to 500 m M  
changes the situation from that in 100 mM. With 
the number of subunits held constant a t  N + 1 = 

15, the static flexibility of the circular Rouse-Zimm 
chain decreases considerably, as indicated by the 
increased value of b. Meanwhile, the motions of 
the internal subunits also decrease due to increased 
stacking. This observation, along with an increase 
in R,, probably indicates not only an increase in 
the stability of the stacked bases that formed in 
100 m M  NaCl but also the formation of signifi- 
cantly more stacked bases. 

In 1 . O M  NaCl (as the melting curve in Fig. 5 
indicates), substantially more base-stacking forms 
than in the lower ionic strengths. Elongated re- 
gions that contain contiguous sections of stacked 
bases are formed along the ssDNA that act to 
greatly reduce the static flexibility of the circular 
chain indicated by the increased value of b. The 
less flexible chain has an increased R,. This addi- 

tional stacking also acts to impede mot.ions of the 
internal subunits that decreases k , T / f .  

CONCLUSION 

Results of this study indicate that the observable 
changes in M13mp19 ssDNA structure and dynam- 
ics that occur from 100 pM NaCl to 1.OM NaCl 
are primarily associated with local structural rear- 
rangements that do not greatly perturb the overall 
global tertiary conformation of circular ssDNA. 
This behavior could be biologically relevant. For 
example, significant local structural changes not 
coupled to global tertiary conformation could pro- 
vide avenues for interactions with regulatory pro- 
teins and ligands within the cell where the ssDNA 
tertiary structure may be considerably constrained. 
Now that a detailed characterization of the struc- 
ture, dynamics, and Rouse-Zimm model behavior 
of M13mp19 circular single-strand DNA has been 
performed, it will be interesting to apply this infor- 
mation in investigating perturbations induced in 
the single strand by interactions with regulatory 
proteins such as single strand binding protein and 
RecA protein. Such investigations are currently 
underway. 

APPENDIX 

Collection and Analysis of Dynamic Light 
Scattering Data 

All of the data analysis subsequently described was 
entirely performed on an IBM-AT personal com- 
puter using the software routines developed and 
generously provided by Professor Paul Russo 
(Chemistry Department, Louisiana State Univer- 
sity). 

Photon correlation functions were collected over 
272 delay channels a t  two different sample times. 
Photon-pulse count rates typically vaned from 
20,000 to 80,000 counts per second. The first 256 
channels collected the decaying correlation func- 
tion in real time while the last 16 channels were 
delayed 256 sample times and collected the base- 
line. Sample times were adjusted according to the 
value of the z-average relaxation rat.e or first cum- 
m ~ l a n t , ~ ’  and set such that 256 channels spanned 
a t  least six relaxation times of the collected corre- 
lation function. Although a detailed investigation 
of the effects on our results of using different 
experimental sample times was not performed, 
sample times routinely vaned over a factor of two 
provided essentially indistinguishable results. Sets 
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of 8- 12 correlation functions were collected a t  10" 
increments over the entire accessible range of scat- 
tering angles 8 (30" < 0 s 140"). Collection time 
for the individual runs at each angle was constant 
and ranged from 2 to 6 min, depending on the 
count rate at that particular angle. Collection of 
the complete light scattering curve took about 8 h. 

Our count rate meter served as the primary 
means of dust discrimination. It can be set to a 
threshold count rate and halt collection of the 
autocorrelation function when the threshold is ex- 
ceeded. In all of our experiments the threshold was 
set to 20% above the mean count rate. 

To gain a quantitative sense of the overall qual- 
ity of the data, a second cummulants analysis of 
each individual correlation function in a set was 
perf~rmed.~' To minimize effects of ion-induced 
after pulsing in the phot~multiplier,~' the first 
channel was always excluded and the fits were 
made to the remaining 255 channels, yielding the 
second cummulant and the corresponding relax- 
ation rate. Statistically weighted chi-squared ( x2)70 
of the fits were consistently between 0.7 and 1.3, 
while percent variance of the relaxation rate from 
one run to the next within a set was less than 2%. 

The experimental baseline Be was determined as 
the average of the number of counts in each of the 
16 delay channels. When compared with the theo- 
retically calculated baseline B, (obtained from the 
total squared intensity) the relative difference 
between B, and Be, IB, - B,[/B, was always 
I 0.003. Individual correlation functions within 
each set were summed and subjected to exponen- 
tial fitting as subsequently described. The sums of 
the individual B,'s within each set were also deter- 
mined for use in subsequent analysis. 

Exponential Fitting of the Data 
In the homodyne light scattering experiment, the 
measured (unnormalized) second-order photon au- 
tocorrelation function, G(2)( K ,  t )  is given bys2 

G'21( K ,  t )  = ( n ( K ,  t ) n ( K ,  t + .'AT)) 

= (n)'(l + F( A)Ig( ' ) (  K ,  t )  12) ( A l )  

(n(  K ,  t )n( K ,  t +  AT)) is the time average prod- 
uct of the number of photon pulses that occur (at a 
particular scattering angle) in two equal nonover- 
lapping sampling intervals, short with respect to 
the relaxation time and separated by a delay time, 
n'Ar.  n' = 1,256 and AT is the correlator channel 
sample time. ( n)2 is the correlation function base- 

line. In our case G ( 2 ) ( K ,  t )  is the summed correla- 
tion function. F( A )  is an experimental constant 
that depends on the number of coherence areas in 
the detected scattering v o l ~ m e . ~ ~ . ~ ~  For the scat- 
tering volume defined by our focused beam and 
detection optics, F ( A )  - 1. 

The first-order normalized field correlation func- 
tion g( ' ) (K,  t )  in Eq. (Al) is given by a sum of 
exponential decays, that is 

N 

g(')( K ,  t )  = C a, exp( r,t) (A2) 
i =  1 

where ai is the amplitude of the i th  decay process 
with a decay rate r,. Routinely in our analysis we 
fit both G(2) (K ,  t )  and g ( ' ) ( K ,  t )  with exponential 
functions. The Marquardt nonlinear least-squares 
algorithm as described by Bevington7" was em- 
ployed. 

G(2)(K, f) Fits 
Neglecting the first channel, each 255 point 
G(2)( K ,  t )  was fit with a sum of exponentials and a 
floating baseline B,, of the form 

N 
G ( 2 ) ( K ,  t )  = B, + A,exp(2rLt) (A3) 

[ = I  

For N = 1, 2, and 3, fits of G ( 2 ) ( K ,  t )  were per- 
formed using B, and the corresponding A,'s and 
r,'s as adjustable parameters. 

The value of B, evaluated from the exponential 
fits of G(2)( K ,  t )  appeared to be virtually indepen- 
dent of the order of exponential function used in 
the fit and accurately agreed with the theoretical 
baseline B,, evaluated from the square of the aver- 
age intensity. The relative difference IB, - B,I/B, 
for either single, double, or triple exponential fits 
was I 0.001 ( >  95% of the cases). Such an obser- 
vation indicates the resolvable relaxing compo- 
nents comprising the correlation function have all 
sufficiently decayed in the collection time to allow 
an accurate baseline determination. Typical values 
of B, ranged from 1-5 x lo5  counts. Values of the 
statistically weighted x2 of the G'"( K ,  t )  fits indi- 
cated the smallest value and therefore the best fit 
a t  all scattering angles was obtained with a biexpo- 
nential. Single exponential fits produced x2 75% 
larger than the double exponentials while three 
exponential fits did not significantly reduce x2 from 
that obtained with the biexponential analysis. 

Even though the baseline, B,, appeared to be 
accurately evaluated from the biexponential fits of 
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G ( 2 ) ( K ,  t ) ,  the signal to noise ratio in G(2) is appar- 
ently insufficient to allow consistently reliable eval- 
uation of the relaxation rates rl and r2. Indepen- 
dent biexponential analysis of specifically prepared 
bimodal mixtures of polystyrene spheres (data not 
shown) also demonstrated that relaxation rates and 
relative amplitudes are more accurately evaluated 
from biexponential fits of g(')( K ,  t )  than G@)( K ,  t ) .  
We therefore employed exponential analysis of 
g ( " ( K ,  t )  instead of G ( 2 ) ( K ,  t )  to extract the de- 
sired relaxation rates and relative amplitudes. In 
our analysis, however, G(2) fitting was always done 
prior to g(l) fitting to evaluate the baseline. 

gg)(K, t) Fits 
Using the baseline B,, determined from the fits of 
G ( 2 ) ( K ,  t ) ,  the value of g( ' ) (K ,  t )  was calculated 
from Eq. (Al)  with ( n ) z  = B,, 

As for the G"' fits, exponentials of the form 
given in Eq. (2) with N = 1 , 2 ,  and 3 were fit to the 
g(l)'s in Eq. (4) using the Marquardt alg~rithm.~' 

The curves of g")  resulting from each exponential 
fit were examined tc determine which produced the 
minimum in the statistically weighted x2. As was 
the case for G('), the fitting procedure clearly indi- 
cated that a t  least two distinct decays were present 
in g("(K ,  t) .  While single exponential fits of g"' 
data yielded high (statistically weighted) x2 typi- 
cally 2 5 (another indication of the presence of 
more than a single appreciable component in the 
data), biexponential fitting markedly reduced x 
by - 75%. Specifying two exponentials in the fit- 
ting routine with starting values for the relative 
amplitudes of 0.7 for component 1 and 0.3 for 
component 2 and the ratio r2/r, = 2 resulted in a 
rapidly converging and stable fit whereby x2 exhib- 
ited changes no greater than l o p T  in consecutive 
passes through the Marquardt algorithm. Results 
of the double exponential fits of g("(K,  t )  were 
completely insensitive to the initial guesses for the 
amplitudes and relaxation rates. Such an observa- 
tion further provides confidence that a global mini- 
mum in x2 was reached in the fits. Three exponen- 
tial fits of g(l) did not substantially improve the fit 
over that obtained from the biexponential analysis. 

4 F  $ : A  
I: B 
0: c 
0: D 

3.0  3 . 2  3 . 5  3 . 8  4 . 0  4 . 2  4 . 5  4 .8  5 . 0  

i o g r  ( H Z )  

Figure Al. Results of Laplace inversion of the experimental and simulated correlation 
functions of M13mp19 ssDNA. (A) Derived from Laplace inversion of the experimentally 
obtained field correlation function, g'"(K',  t )  at 0 = 90" in 100 mM NaCl. The 
uncertainty level of the data is indicated by the error bars. (B) The distribution function 
obtained by inversion of the simulated biexponential function calculated from the 
relaxation rates, relative amplitudes, and superimposed random noise determined from 
fits of the experimental data. Note the close agreement of (B) with (A). (C) Obtained from 
inversion of a single exponential calculated from the relaxation rate, relative amplitude, 
and superimposed random noise determined from force fitting the experimental data with 
a single exponential function. (D) Obtained by inverting (separately) two simulated single 
exponential functions. The functions were calculated from the relaxation rates, relative 
amplitudes, and superimposed random noise of each component evaluated from a 
biexponential analysis of the experimental data. 
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This was generally the case in the four NaCl envi- 
ronments at all scattering angles. 

To support the contention that a decaying biex- 
ponential with relaxation rates r,( K ) and r,( K ) 
and relative amplitudes a , ( K )  and a , ( K )  is in- 
deed the best representation of g("( K ,  t ) ,  biex- 
onential functions with different levels of 
background noise superimposed on them were cal- 
culated. These correlation functions were calcu- 
lated using the relaxation rates rl and I?, and 
amplitudes a,  and a2 evaluated from biexponen- 
tial fits of the experimental data, and subected to 
exponential refitting. The noise was randomly gen- 
erated a t  different levels with respect to the actual 
experimental noise level (determined from the 
standard deviation in the fits of the baseline, Be).  
A t  a noise level equivalent to that present in the 
experimental data, nonlinear least squares biexpo- 
nential fits of the simulated g( ' ) (K ,  t)'s yielded 
relaxation rates and relative amplitudes identical 
to those obtained from the experimental data. Al- 
though not terribly surprising, such agreement is 
consistent with biexponential character (above the 
noise level) of our experimental g(" (K ,  t) .  

Laplace Inversion of the Data 

Laplace inversion of gi')( K ,  t )  [Eq. (A4)] measured 
in 100 m M  NaCl a t  90" and the simulated biexpo- 
nential functions mentioned above were performed 
using the Laplace inversion routine EXSAMP.73 A 
summary of the results of the analysis is depicted 
in Fig. A l .  The curves in Fig. A1 clearly show the 
distribution function of the relaxation rates ob- 
tained by inversion of the actual experimental g( ' )  
a t  90" (A), and biexponential functions simulated 
with the relaxation rates, relative amplitudes, and 
superimposed noise determined from the biexpo- 
nential fit of g")  at 90" (B) are essentially identical 
within experimental error. In either case a single- 
peaked, fairly broad, and asymmetric distribution 
function is obtained [Fig. Al(A and B)]. The r 
distribution function obtained by inverting a single 
exponential function, calculated from the relax- 
ation rate and amplitude evaluated from a nonlin- 
ear least squares fit of g(') a t  90" with a single 
exponential, also shows a single peak [Fig. Al(C)]. 
This peak, however, poorly represents the r distri- 
bution function obtained from the actual data and 
clearly indicates deviations of the actual data from 
single exponential behavior. These observations do 
not contradict our basic contention; the correlation 
functions measured on M13mp19 circular ssDNA 
are best represented as a biexponential. 
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