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ABSTRC
The solution properties of the B and Z forms of poly(dG-dC).poly(d-dC)

have been measured by static and dynamic laser light scattering. The radius
of gyration, persistence length, translational and segnental diffusion
coefficients, and the Raise-Zi p ters have been evaluated. The
persistence length of the Z form determined at 3 M NaCl is about 200 an
cxnispared to 84 and 61 nm respectively for the B forms of poly(d-dC).poly-
(dG-dC), and calf thymus DM, both determined at 0.1 M NaCl. The data on
persistence length, diffusion coefficients and the RoUse-Zinzn parameters
indicate a large increase in the chain stiffness of Z IDA aipared to the B
form. These results are opposite to the ionic strength effects on randman
sognenqe native INs, for which the flexibility increases with ionic strernth
and levels off at about 1 M NaCl.

The conformational transition in certain synthetic INs such as poly
(dG-dC).poly(dG-dC) (1), poly(dG-me5dC).poly(dG-ne5dC) (2) and
poly(dA-dC) .poly(dG-dT) (3) fran the right-handed B to the left handed Z

helical form in the presence of salts (4), alcohols (5,6), cmplexes (2,7),
and polyamines (2) has invoJwd nxh interest in recent years (8-11). Single
crystal (12-15) and fiber diffraction (16) patterns of oligazers and polymers
containing the dG-dC sequees have shown the existence of left handed helices
in the solid state. NMdR (17) and Raman (18) spectra of poly(dG-dC).poly-
(dG-dC) in high salt solutions reveal the same in solutions. The B to Z

transition in poly(dG-dC) .poly(d-dC) and its nethylated analog is accnpanied
by dramatic changes in physi cnial and biological properties. X-ray

crystallographic (12-15) and NMR (19,20) stiuies show that the helical

repeating unit in the Z form is two instead of one as in the B form. The Z

form is thinner and more extended with a rise per base residue of 3.7 A

npared to 3.4 A for the B form (8,21,22). The Z form EW does rit

intercalate ethidium bramnide (23) and it does not form dcranatin (24) in the

presence of histones. Recent theoretical studies on the molecular-nechanical
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prcperties (25,26) of B and Z lMs indicate that the B form is nich mre

flexible than the Z form. The solution properties (23,24) of the Z form are

consistent with this. Haekver, no quantitative asurrnt of the diain

flexibility of Z form DM has been so far.

Laser light sattering provides an excellent tool to study the static

and dynamic proprties of biological craolecules in solution (27). Ionic

effects on the dcain flexibility and hydrodynamic properties of cal thym
and Col DNs have been stizied by total intensity and quasielastic laser

light sattering (28-32). At high ionic strenths in NaCl or LiCl, these ENAs

contract in size with an increas in the translational and segn-ntal diffusion

coefficients (28-29) and a decreasein the effective Stokes' radius, radius of

gyration and persistence lenth (27-32). These data as wll as the internal

notion parates determined by the Rouse-Zimn teiory (33-35) indicate an

increase in the flexibility cf natural 18s at high ionic stths (30,32).

Calf thyms M has been shcwn to Ddergo the B to C transition under these

conditions (36,37) whereas poly(dG-dC).poly(dG-dC) undergoes the B to Z

transition. In cntrast, theoretical callations and dserved reactivities

of Z EN show it to be less flexible than B DN. Therefore, in this work, we

evaluate the flexibilities of B and Z form of poly(dG-dC).poly(dG-dC) and

cpare them with B form calf thyms 1A.

SWPIAIS AND MES

Calf thymus DM was c±tained fran Miles Laboratories as a salt free white

powder, certified to contain 0.3% protein and 0.36% RNA. It ws dissolved in

a buffer aontaining 0.1 M NaCl, 10 sodium phosphate, pH 7.0 (0.1 M NaCl

hbffer) and sonicated at 0-t for 30 min. with a Branson sonifier. The
sonicated Etlwas fractionated oolum of Sepharose 2B under the same

buffer conditions. The fraction used for light scattering studies us found

to have aborn ratios of A260/280 = 1.82 and A260/230 =2.1, melting

tenperature of 85t (in 0.1 M NaCDl) and about 40% increase in 260 un

absorbance on melting, showing that the DNA has very low protein cntamination

(38) and exists in the doble stranded form (39). PoLy(dG-dC).poly(dG-dC) us

fran P.L. Biochenicals. It us dissolved in 0.1 M NaCl buffer and fraction-

ated through a Sepharose 2B colum. Two peak fractions of poly(dG-dC).poly-

(dG-dC) wre obined and used for light ttering experiments.
Solutions for light scatterirg experinents wre ude by diluting stock

solutions (- 0.25 /mL) to concetrations of 0.01 to 0.l1mg/miL with 0.1

NaCl buffer or 3M NaCl solution, as needed for the B and Z forms. 1he NaCl
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solution for the Z form was prepared by diluting a 5 M solution filtered

through 0. 45 p m type El Millipore filters. The aoncentration of the filtered
solution was determined by measuring the refractive index using an Arerican
Optical Corp. digital Abe Refractaneter. All diluted solutions were kept for
about 16 hours at 4& before using for light scattering easureents. Sarples
were clarified by filtering through 0.45pm Millipore type HA filters,

followd by centrifuging at 2800 g for 2-3 hours. Concentrations of the

filtered solutions wre determined by neasuring absor at 260 nm in a

Beckman EU-8 pectrcphotameter. me B and Z conformations of

poly(dG-dC).poly(dG-dC) at 0.1 and 3 M NaCl solutions wre ascertained by

measuring )D spectra in a Jasco J-41C spectropolarimeter.
Light Scattering Aparatus

Detailed descriptions of the light scattering apparatus have been given

previously (40-42). Basically, the set-up consists of a Lexel Model 95 Argon

ion laser cperating at 4880 A, a light scattering cell (lOx75mn borosilicate
culture tube) contained in a thermostatted bath of refractive index matching
fluid (Dow Corning 550 Fluid), an ITr FW-130 photon cotnting photacltiplier
ounted on a gonicmeter arm, a Products for Research FW 130/159

preamplifier-arplifier-discriminator mit and a Langley-Ford Model 1096

Correlator. Data wre acquired and analysed with a Digital Minc-23

miniccmputer.
Molecular Weight and Radius of Gyration

MWsurements of the excess intensity of light scattered by cr lecular
solutions provide infornation about the weight average molecular weight M and
the radius of gyration R through the relations (43):

g

Kc = B(dn/dc) 2 1
R I-I M

B app

Kc 1 (16 R sin (0/2)

where I and IB are the scattering intensities of the 1A solution and buffer,
K is an cptical constant, R is the Rayleigh ratio, c is the wight
concentration, dn/dc is the refractive index increment, B is an instrument
constant, M is the apparent molecular weight, . is the wavelength of lightapp
and 0 is the scattering angle. The instrument constant B has been determined
by using a standard solution, 3 ml of S anal grade benzene (Pierce), filter-

ed with a 50 nm Millipore filter and sealed in a cell (40). A value for dn/dc
of 0.171 was taJn for the 0.1 M NaCl solutions of calf thymus E and poly
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(dG-dC).poly(dG-dC) and 0.152 for the poly(dG-dC).poly(dG-dC) solution in 3 M

NaCl (32). Intensities df the scattered light were determined fran solutions

of INAs and buffers at angles varying fran 30-120. T[e Map (=Rc/R)
valu were cirputed at different angles and extrapolated to 0 = 0 and c = 0

by Zinn pLots. The molecular weight M and radius of gyration R were
determined fran the intercept and slope of the angular Dendence of Kc/R.
Diffusion Coefficients and Effective drodnamics Radii

The apparent diffusion coefficients D and the effective Stokes'

radii Rh of the ENAs were determined by quasielastic laser light scattering

(QIS) (44,45). The autocorrelation functions were analyzed according to

Kcppel's xxnulant eethod (46) and the effective hydrodynamic radius was

calculated fran the Stokes-Einstein equation:

Rh = kT/6 rn D

where n is the viscosity of the solution.

REE.TS
Molecular Weight, Radius of Gyration and Persistence th

Figure 1 shows the Zimn plots for sonicated calf thy}us DN and

poly(dG-dC).poly(d-dC) in the B and Z forms. The molecular weights and radii
of gyration determined fran these plots are presented in Table 1. me

Kratky-Porod persistence length is related to the radius of gyration by the

following equation (39):

2 a ~~2 3 Xa
<R > = 2aC[E -_+ (-e/)g 6 2Z F -~ (le

whereX is the contour length and a is the persistence length. In the case of
high nolecular weight DM, wherefC>>a, the radius of gyration is related to

the sean square end to end distance by <R 2> = a.2>/6 and a.2> = 2aL.
Thus, fran a knowledge of the mlecular wight and radius of gyration, the

persistence length can be calculated. Values are given in Table I.

ffle persistence length calculated fran the radius of gyration and the
contour length (39) does not tale into consideration the intra-mlecular
excluded volume of the polymer chains. A more realistic value of the

persistence lerngth (i is calculated by applying the exclixed vlume (e)
correction (47):

<R2 > N__£_1e+3 ]

(c+2) (+3) 1- 2N (e+1)
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2.0 A Fig. 1. Zimm plots for calf thymus
DNA (A), Poly(dG-dC).Poly(dG-dC)

CD .1.5- B form (B) and Poly(dG-dC).Poly

s (dG-dC) Z Form (C).

X 1.0

D 0.05
0 *B

'-l 1.0

x
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C

0.4

0

0.2

0.0

0 0.2 0.4 0.6 0.8 1.0

Sin2 8 + 5C

where N = C/2a. Fran , a is calailated using the relation, b = bo x

jf/2 ~~~~~~~~~~~~~appN/2, where b(=2a) is the statistical segt length (39). For maidng the

excded volume correction, values cf were takn as 0.112 and 0.062 at 0.1

ard 3 M NaCl. Tese values of £ calculated fran viscosity (48) anid light

scattering weasurements (31) are in satisfactory agre intwth other values

in the literature (49,50). 1Te values of acalalated with the exclixled
volume orrection are also given in Table I.

Diffusion coefficients, Stokes' Radius and Rouse-Zimn Parameters

Figure 2 shows the angular ep ee of D for the three IM

TABLE I. Molecular Weight, Radius of Gyration and Persistent Length

1923

Solution Properties Calf Thurnus Poly(dG-dC).Poly(dG-dC)

Conformation (CD) B B Z

NaCl Conc., M 0.1 0.1 3.0

Molecular Weight (M) 3.5xlO 2.2xlO 2.35xlO

Radius of Gyration (Rg), urn 207 188 305

Persistence Length (a), nm 71.2 93.8 208

Corrected value of a (a0), nm 61.3 83.7 201
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0.8 Fig. 2. Angular dependence of the
apparent diffusion coefficient for

. A calf thymus DNA (A), Poly(dG-dC).\ 0.6 n B Poly(dG-dC) B form (B) and Poly

E / (dG-dC).Poly(dG-dC) Z Form (C).
a

Concentration of DNA is 0.025 mg/mL.'o Additional data in C (A) is

concentration of 0.075 mg/mL for Z

0.2 _ _ form. Diffusion coefficients are
not corrected for solvent viscosity.
0'=0/2.

0.0,
0 0.2 0.4 0.6 0.8 1.0

q2/1ol1 cmi2

sasples. Fcr most of the Os experivents, the 1D concetration is about

0.025 mg/mL. An increase in [M conoentration to 0.075 mg/nL does not tiange

the diffusion coefficients as seen in Fig. 2. ¶te apparent diffusion

coefficient plotted against q (=4wrV/\ sn2 (9/2)) shaws two plateau

regions in agreement with the wrk of Parthasarathy et al. (29).(

extrapolated value of D at q2= 0 yields the translational diffusion
app

coefficient Dt and the plateau value of D at higher values of q is

related to the segmental diffusion coefficient, Ds (29,30). [Th midpoint of

the transition between Dt and Ds, 2m is related to the distance b

betwen the Rause-Zimn beads (33-35):

b2 = 8/q2m
m

The Einstein relaxation time TE for the free draining Rouse-Zimm model is:

T -b2/2D
E s

The nunter of beads In' xcmprising the randam-iwalk molecuile is related to the

radius of gyration R9 and b by the relation:

R = n b2/6
2

The values of Dt, Ds, gm I b,IE, and n are presented in Table II.

DISWJSSICN

Th data presented in Tables I and II, obtained fran static and dynamic
light scattering eiperinents, clearly show that the chain stiffness or rigid-

ity of calf thylus DN is warkedly less than that of the Z form of

poly(dG-dC).poly(dG-dC). T[e stiffness of the B form cf

poly(dG-dC) .poly(dG-dC) falls between these extrenes. Detailed studies of

the solution prrties of randan sequnce, native ENAs have been reported
in the literature (28-32,51-53). However, we are not aware of any report on

the persistence length, diffusion ooefficient or RPuse-Zimn parxaneters of
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TABLE II. Hydrodynamic Properties and Rouse-Zimm Parameters

Calf Thymus DNA Poly(dG-dC).Poly(dG-dC)

B Form Z Form

Translational diffusion

coefficient*(Dt 20), cm /sec. 4.OxlO 3.5xlO 3.lxlO

Effective Stokes' radius, nm 54.0 61.0 70.0

Segmental diffusion coefficient

(D ), cm2/sec. 6.3xlO8 6.lxlO8 5.8xlO8
2 -2 10 10 10

cm
2 3.2xlO 3.5xlO 2.5xlO

b (=8 ), runm 158 151 178

T (=b /2D ), msec. 1.98 1.84 2.71
E 2 2n(=6<R >/b ) 10.3 9.3 17.6

*The diffusion coefficients have been corrected to standard conditions
(20 C water) using a value of 1.46 cp for the viscosity of 3 M NaCl
solution.

poly(dG-dC).poly(dG-dC) in the B or Z form.
It has been demonstrated that the persistence length of 1D is

independent cf Ilecular wight (51); but the values reported in the litera-
ture vary widely fram 27 to 350 mm for B form L1 (39,52). Rent
determinations show that the persistence length cf Col E1 DA in 0.2 NaCl
is about 50 mm without the excluded vlumn correction (31,32). The excluded

vlume correction my contribute to a decrease of about 13 mm fran this
value. Borochov et al. (31) have also shown that the persistence length of
Col E IA (M4.35x106) decreases fran 68 mm at 0.005 M NaCl to 40 mm in
0.2M NaCl and levels off at about 27 mm in high salt (1-4 M NaCl) solutions
(all these values are corrected for excluied wvlume). Tlhe value of ao
determined in this wrk for calf thymus E at 0.1 M NaCl is 61 mm ampared

to the most recent value fran Eisenberg's group of 54 + 6 nm for calf thyms
DM (51) and 40 m for Col E, DNA (31,32). Mkst of the earlier values

determined fran light scattering u fall at 50 + 10 m (51-53) and

those determined by c-her methods fall at 60 + 10 mm (51,54). Our value of

a for calf thymus 1 is on the higher side and this my be due to the

polydispersity cf the sample. However, this value should suffice for a

cXrparative evaluation cf a for calf thynus Cm and poly(dGdC).poly(dG-dC).
b'e decrease in the chain stiffness with increasing ionic strength is
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caused by electrostatic repulsions betwen the phosphate negative charges.
As the ionic strernth is increased, the phosphate charges are effectively
screened and the la b s-ore flexible. Wehave found that the ionic
strength effect on the chain flexibility of poly(dG-dC).poly(dG-dC), as

measured by the persistence length, is cpposite to that on Col E1 DEA,
because of the formation of the Z form at high salt.

fThe persistence length of the Z form (3 M NaCl) is more than double
that of the B form. Sane difference is expected, though the nagnitude is
surprising, since the poly(d-dC).poly(dG-dC) in the Z form is a left handed
helix (8-17) with physico-chenical and biological properties different fran
the right handed B form. The Z form ED has been described as a thinner,
grooveless, rigid structure when ccapared to the B form (8,10). me Z form

bases are sheared together with a nan propeller twist of 0-f (15,21,25). On
the other hand, the B form is characterized by an average base twist of about

17efran the perpendiclar ple (15,21,25). The Z form does not have the

flexibility to wrap around histones to form chratin (24) and it fails to

react with DNse I and II (55). R studies reveal the Z form to be more

stable than the B form at high tesperatures (20). Nuclease digestion surface
adsorbed Z form shows cuts every 13.6 base pairs %hereas the B form is cut at

10.6 base pairs (55). It reacts with icrococcal nuclease (55), N-aetoxy -2-

aminoflunrene (56) and certain antibodies (57) more slowly than does the B

form. Antibodies specific to the Z form have been isolated and characterized
(58,59). There is also a dravatic decrease in the hydrogen exchange rate in
the Z form (60). All these properties indicate a structurally distinct, more

rigid structure in Z E1 A c ared to the B term. This is quantitatively
confirmed by our measurements of the persistence length of these two forms.

Data presented in Table I show that poly(dG-dC) .poly(dG-dC), even in
the B form (0.1 M NaCl), is more rigid than calf thymus CE under the same

coditions. It has long been recognized that poly(dG-dC).poly(dG-dC) differs
in a number of prcperties fran other synthetic and native ENAs (61-64).
Theoretical calculations on the potential energy and steric accessibility show
that the anino group of guanine has a decisive role in the reactivities of
poly(dG-dC) (65). The propeller twisting of the low salt form of poly(dG-dC)-
.poly(dG-dC) lies between those for calf thynmus and the Z form (25). NMR
(20) and C) (66) measurants at high tperatures show that poly(dG-dC).poly
(dG-dC) in the B form (low ionic strength) has a ndy to change to the Z

form at about 7dt. The decrease in the propeller twisting is at the expense
of stacking interactions for hydrogen bonding, thus stabilizing the base
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pairing but at the same time decreasing the flexibility of the chain. These

considerations suggest that poly(dG-dC).poly(d-dC) in the low salt form is

more rigid than calf thymus IM under the same conditions. Our measurent

of persistence length oonfirms this quantitatively.

Calf thymus Da undergoes a conformational transition to a C form at

high salt oxncentrations (36,37). Parthasarathy et al. (29) have shown that

this transition is acconpanied by an increase in the translational diffusion
coefficient and a decrease in the Stokes' radius. For the B to Z transition

of poly(dG-dC).poly(dG-dC), we find the opposite result. fThe translational

diffusion coefficient of a wormlike chain is given by the equation (67):

DMLRCT LV CL 2 3
t Cln@ C2 + C3L + D4L + C5L

where ML is the ness per unit length and N is Avogadro's nusmer. L and d

are the length and hydrated dianeter of DEA expressed in terms of the

persistence length. The values of the constants C1-C5 are slightly
dependent upon d. Theoretical values of Dt for the B and Z forms of poly
(dG-dC).poly(dG-dC) with the molecular weights used in this study are

3.0xlO8 and 2.4 x 10 8 an2/sec, cpared to the experimental values
of 3.5 x 10 8 and 3.1 x 10 8 an2/sec. The experimentally determined
diffusion coefficients are slightly lower than the theoretical values
perhaps due to z-averaging in a polydisperse solution, but the relative

magnitude of the decrease in Dt with increase in a is consistent with the
theoretical prediction. The translational diffusion coefficient of calf

thymus ENA determined in this work is about 4.0 x 10 8 c2m/sec, carpared
to 3.8 x 10-8cm2/sec exrapolated fran the mlecular weight dependence
of Dt reported by Chen et al. (68)

The Rcuse-Zimmn parameters b, Ds and T E provide infonnation about

segnental motions in the polyner chain. Recently, Schmitz (28) and

Parthasarathy et al. (29,30) have shown that for calf thymus DNA the values
of D and qm2 increase with ionic strength whereas b arxinE decrease.

Th¶e data in Table II show the cpposite trend. WU et al. (21) studied the

rotational relaxation tines ( Tr) of poly(d-dC).poly(dG-dC) in the A, B

and Z forms ard showe that T increases in the B to Z transition but

Tr decreases in the B to C transition. We find that the Einstein
relaxation tine (T E) increases in B to Z transition. An increase in the

values cf b andT E again shows that the flexibility of DNA decreases.

conformational perturbations in the low salt form of poly(dG-dC).poly(dG-dC)
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are not sifficient to cause drastic changes in the Rouse-Zimn parameters;
hence, the values for B form calf thyrms 1 and B form poly(dG-dC)
poly(d-C) are similar.

In conclusion, this study clearly shws that the flexibility of poly-

(dG-dC).poly(d-dC) decreases at high ionic strength, a trend cpposite to

that reported for native 1Ns, because df the fornation df Z DM. In this

study, we have ccxrpared the B and Z forms under different ionic conditions.

In work rxw under wy, we are studying other polynucleotides in which the
B-Z transition can by provoked by addition of nultivalent cations while

nintaining essentiafly constant ionic strength.
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