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Symmetry Laws for Interaction between Helical Macromolecules
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ABSTRACT The power of symmetry laws is applied in many scientific areas from elementary particle physics to structural
biology. The structures of many biological helices, including DNA, were resolved with the use of pertinent symmetry
constraints. It was not recognized, however, that similar constraints determine cardinal features of helix-helix interactions vital
for many recognition and assembly reactions in living cells. We now formulate such symmetry-determined interaction laws
and apply them to explain DNA “over-winding” from 10.5 base pairs per turn in solution to 10 in hydrated fibers, counterion
specificity in DNA condensation, and forces observed over the last 15 A of separation between DNA, collagen, and
four-stranded guanosine helices.

INTRODUCTION

Surfaces of most biological helices bear charged residugsatterns of surface charges has a form of a sum of “inter-
and adsorbed ions. These charges form complicated pa&ction modes,”

terns, often preserving elements of underlying helical sym-

metry. The electrostatic potential near a helical molecule 12 * 2

reflects this structure and may affect the choice between En(R) =5 2 2 2 Q@ RsHO. (1)
various molecular conformations, as shown for DNA in 4= nm==—e vp=1

dilute solution (Bailey, 1973; Jayaram and Beveridge, 1990; _— :
. Th f h f th f
Jayaram et al, 1989: Soumpasis, 1978: Wagner et al e contribution of each mode is a product of the surface

tharge density structure factor,
1997). The charge pattern symmetry may have even more 9 y

dramatic effect on intermolecular interactions. Indeed, 2 db 27 g’ L2 2 4z
model osmotic stress experiments in columnar phases @ (q) :J eimbj Zeimcbj dz équ T
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DNA (Rau et al., 1984), collagen (Leikin et al., 1994), 0 2m U s
guanosine helices (Mariani et al., 1998; Mariani and Sat- (2
urni, 1996), and several polysaccharides (Rau and Parseg{o,(z+ Z, ¢p)o,(Z, ¢') + 0,(z+ Z, p)o(Z, ')

ian, 1990) revealed unexpected forces which could not be 2 }

interpreted as the interaction between charged rods. It was
not clear whether this was due to the non-electrostati@nd the field “propagator,Q;i(d, R). HereR is the inter-
nature of the forces or to failure to take into account theaxial distancel is the length of the helices), u(=1, 2),
symmetry of helical charge patterns. To resolve this issuéabel the molecules; the integemsand m number angular
we developed mathematical background of a theory ofourier harmonics of the surface charge densifyin cy-
helix-helix forces that accounts for discrete patterns ofindrical coordinates# ¢) associated with the molecular
solvated surface groups (Kornyshev and Leikin, 1997)axis; the argumerd = 2mk/L numbers the axial harmonics
Here we use it to formulate general relationships betweefkK is an integer). The exact expressions @f1(q, R) are
symmetry and force and show the latter in action. cumbersome (Kornyshev and Leikin, 1997). The following,
simplified ones (valid wher§(R — a, — a,) = 1 and the
surface charges lie directly at the core/water interface) are

THEORY sufficiently accurate for most applications.

Linearized Poisson-Boltzmann model K, (@R

An analytical solution (Kornyshev and Leikin, 1997) for the Qum(G, R) = (—=1)P" " < KiGaK(Gan) exp(—aR)
energy of interaction between two molecules with parallel " meee 3)

cylindrical, water-impermeable inner cores and arbitrary

8
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constantK,, andl,, are the modified Bessel functionsth ~ which interaction modes may have nonzero amplitude. For
order,K/(x) = dK,(x)/dx, I,(X) = dI,(X)/dx. The propagators example, charge density on a right-handed helix with equi-
decrease exponentially with the characteristic lengths.  distant residues is invariant with respect to an axial shift
upward bykh with a counterclockwise rotation byrkhH,
A“B(Q) = 1/q = 1/\o + 1/A§ andA**(q) = 1/20,

©) h
o-,,(z + kh, ¢ + 27k H) =0,z ) (6)
Modes with smalleig have larger decay lengths. Note that
QB(a, R) increases witin — m|. Therefore, the modes wherehis the axial rise per charged residittis the helical
with m = —n (dominant in the interaction of molecules of pitch, andkis an integer. When the two helices are identical,
opposite handedness) are stronger than the modesnwith  we find from Eqgs. 1, 2, and 6 that only the modes with
n (dominant in the interaction of molecules of the same

handedness). m—n= Jﬂ q= jziT _ nziT
Theq = n = m = 0 mode describes interaction between h’ h H )

homogeneously charged cylinders. It dominates for highly
charged helices, but it becomes negligible, compared to the
other modes, with increasing fraction of adsorbed countenaye nonzero amplitudes. Selection rules for several other
rions. Thev # w, g # 0 modes represent direct interactions helical structures are given in Table 1.
between charges on opposing helices. At a favorable mutual These selection rules are based exclusively on the sym-
alignment of the molecules (achieved, e.g., by rotationmetry of the surface charge density. They are valid as long
around the long axis), the sum of these modes gives ags Egs. 1 and 2 are applicable, regardless of the specific
attraction which may cause spontaneous aggregationvTheform of interaction propagators; i.e., the same selection
= w, g # 0 modes represent repulsive image-charge forcegles apply when distances between helical surfaces are
(hence their decay lengths are two times shorter than foprger than a characteristic length of nonlinear electrostatic
modes with the samgbut v # ). These modes hamper the screening and when helices are in direct contact in a dense
molecular contact. aggregate. Specifically, an estimated value of the nonlinear
Note that the linearized Poisson-Boltzmann model Mmayscreening length for DNA is-1-3 A, depending on the
be inaccurate near highly charged surfaces. However, afssumptions with respect to surface charge density and
distances larger than a characteristic length of nonlineagielectric properties of water in the first solvation shell.
electrostatic screening by ionic atmosphere, the linearizeghere is no good analytical theory for such surface separa-
solution is a reasonable approximation. Specifically, Egs. }ions. Still, one might expect the selection rules to remain

and 2 describe the leading quadratic terms of the net forcgeasonably accurate even then, because these rules apply on
expansion with respect to Fourier harmonics of the surfacgoth ends of this rather narrow distance range.

charge density; Eqgs. 3-5 can be used for the distance

dependence of the interaction modes, although the preex-

ponential factors may be different because of nonlineaEnergies of interaction between
effects. B-DNA molecules

At sm_Jrfatlze—tot—hsulgfacelsepgr;tlons cIc;se t?( t?f nonllnea\we calculated the interaction energies plotted in Figs. 1 and
screening length, Eqs. 1 and 2 may not work. However, &b ¢, Egs. 1-4 by assuming a regular pattern of point-like

very small distances between helical surfaces, e.g., in den%%osphate charges. The medium response parametar (
aggregates where helices are in direct contact and only 4 '

T Ao) were estimated from measured (Rau et al., 1984; Rau
f?W water molecules remain in D.NA grooves, these eauas g Parsegian, 1992b) force-distance curves for hydrated
tions may become a good approximation again. These wat

Na-DNA fibers. It is i keep in mind that effec-
molecules are likely to exhibit only limited motion. Assum- a ibers. It is important to keep in mind that effec

ing that their dielectric screening ability is low, one can treattive values of water dielectric constant and Debye length
9 . 9 y T .~ ~inside DNA fibers may be significantly different from those
the aggregate as a continuous, homogeneous dielectric m

. ) . ) - i bulk electrolyte solution and that hydration forces ma
dium with a low dielectric constant. By describing all coun- y y y

terions explicitly as discrete charges and solvin Poissor(%omribwte {o the interaction energy as well.
plicitly 9 9 Energetic cost of water restructuring around solvated

equation for the electric field one again arrives at Egs. 1 angeSidues was proposed to be responsible for forces which
L . . P
2 although with different interaction propagat@s, This can be equally or even more important than the electrostatic

solution and analysis of its main features are reported else- L : o .
where (Kornyshev and Leikin, 1998). ones. This idea of hydration forces is still being debated

(Israelachvili and Wennerstrom, 1996; Leikin et al., 1993;
Mclintosh and Simon, 1994; Parsegian and Evans, 1996).
However, a wealth of supporting evidence has been col-
lected for biological helices (Kuznetsova et al., 1997; Leikin
Invariance of surface charge density with respect to specifiet al., 1994, 1995, 1997; Mariani and Saturni, 1996; Rau et
symmetry transformations results in selection rules definingl., 1984; Rau and Parsegian, 1990, 1992a,b). The formal-

(,I=0+1,+2,... %)

Mode selection rules



Kornyshev and Leikin Interaction between Helical Molecules 2515

ism suggested here, including the selection rules, is directlgspects of this structure remain puzzling to this day
applicable to a mean-field model of hydration forces baseqSaenger, 1984). For instance, B-DNA molecules have
on similar equations (Kornyshev and Leikin, 1989). In this ~10.5 basepairs (bp) per turn in solution and 10 bp/turn in
model solvated surface residues, charged or not, play theolumnar fibers (Saenger, 1984). In dehydrated fibers at low
role of sources of hydration field; an empirical constantrelative humidity, this could be explained by steric require-
replacese * and\, (=4 A) stands for a correlation length ments of direct intermolecular contacts. However, the num-
in water (Kornyshev and Leikin, 1997). ber of basepairs per turn does not change when the fibers are
The elastic energy of DNA overwinding from 10.5 to 10 wetted so that neighboring DNA molecules are separated by
bp/turn was estimated &, ~ 1.2 10 ” erg/cm using the up to 10-15 A of water (Rhodes and Klug, 1980; Zimmer-
torsional rigidity C = 3 10 *° erg/cm (Crothers et al., man and Pheiffer, 1979). It was pointed out that this must be

1992). caused by some intermolecular interaction through the wa-
ter layer (Rhodes and Klug, 1980).
RESULTS AND DISCUSSION The symmetry rule S.4 (Table 1) rationalizes a likely

origin of this phenomenon. It says that the number of
Thus, an electrostatic force between two helices with parallowed interaction modes is different when DNA helices
allel long axes may be described as a weighted sum of statigave integral versus nonintegral numbers of bp/turn. Some
interaction modes distinguished by two integer indices energetically favorable modes allowed at integral bp/turn
andm and one real indeg. Each mode represents a force are forbidden at nonintegral bp/turn. These modes are as-
between two rods with static surface charge densities thajociated with alignment of phosphates on DNA surface into
vary as sinf¢,) and sinfng,) with the anglesp, and$, 10 charged ridges parallel to the main axis and separated by
around the axes of the first and the second rod, respectivelypngitudinal grooves (Fig. 1). An alignment with the
and depend on the axial coordinateas sinq2. These charged ridge on one molecule facing a groove on the other
modes are repulsive or attractive and have different amplione minimizes unfavorable interactions of phosphates. The
tudes and distance dependencies. A change in the balanpit in Fig. 1 shows an estimate for the corresponding
between them affects the net force dramatically. The chargenergy gain. It suggests that the energetic advantage of 10
pattern symmetry imposes constraints on the “wave numbp/turn relative to 10+ x bp/turn (0< x < 1) may exceed
bers”n, m, andq in the form of relationships between them, the cost of the required torsional deformation. The interac-
i.e., selection rules (see Theory). These relationships defingon gives DNA an incentive to overwind to 10.0 bp/turn
the allowed modes which give nonzero contribution to theupon aggregation into fibers.
force. All other modes are forbidden. For homogeneously
charged rodsp) = m = g = 0. Helical symmetries establish
more complicated relationships, examples of which aresgunter-
drawn in Table 1. To illustrate how these selection rules
work, consider the following examples. Condensation of DNA from an aqueous solution into an
ordered columnar aggregate of hydrated helices is induced
by a number of polyvalent and some divalent cations
(Bloomfield, 1996; Knoll et al., 1988; Pelta et al., 1996; Rau
The structure of the DNA double helix has been solvedand Parsegian, 1992a,b; Widom and Baldwin, 1983). For
(Watson and Crick, 1953; Wilkins et al., 1953), but someexample, MA* and Cd" condense DNA (Knoll et al.,

ion-induced DNA condensation

DNA overwinding in fibers

TABLE 1 Selection rules for modes of interaction between two helices with parallel axes

Helical symmetry Allowed modes*
S.1 Two helices of the same handedness, rightdr left (+), with _ 2w
m=n,q= ¥ n—
homogeneously charged strands H
S.2 One right- and one left-handed helix with the same pitch and 2m
m=-n,q=n—-
homogeneously charged strafids H
S.3 Right- or left-handed helices witly, equally-spaced strands n=kN, m=KNg k, K=0, 1, +2, ... *o
S.4 Right- €) or left- (+) handed helices with a regular axial risgper o2 27
charged residue on each strand m-n=Jp.a=jp F 0y, d=021, 22, 2o
S.5 Right- () or left- (+) handed helices with positive and negative _ 2w _
q# + N—/,0# + Mm—
charges on net-neutral strands H H

H is the helical pitchH/h is the number of residues per helical turn.

*Only the modes that satisfy the right column constraints have nonzero amplitudes. Combination of selection rules is possible when several symmetry
conditions apply simultaneously. For example, rules S.4 and S.5 may apply simultaneously to DNA if it is neutralized by counterions bound ® phosphat
strands.

*Most biological interactions occur between helices of the same handedness (all selection rules except S.2 are thus derived for this casehlidowever, o
helices of opposite handedness, which are mirror images of each other, may have fully complementary charge patterns. They would efficiezgly recogni
each other via attractiven = —n modes which are much stronger than the corresponalirg n modes for helices of the same handedness. Therefore,
common recognition and assembly reactions between helices of the same handedness utilize specific, partially complementary patterns.
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causes DNA-DNA attraction, via modes with= —27n/H,
whereH is the helical pitch. The attractive = —2mn/H
modes are forbidden in the case of on-strand localization, as
prescribed by rule S.5 of Table 1. The on-strand versus
off-strand adsorption of cations, thus, reduces the attraction
between DNA molecules (Fig. 2) and inhibits their aggre-
gation. Therefore, cations with high affinity to phosphates
(as C&" or Mg®") may have weak or no condensing effect.
Note that the adsorption pattern symmetry may differ
from the symmetry of the charged phosphate backbone,
depending on the cation nature. This would allow new
attractive modes which are otherwise forbidden by the back-
bone symmetry. Understanding the strong precipitating
ability of Co(NH,)>* and polyamines (Bloomfield, 1996;
Gosule and Schellman, 1978; Pelta et al., 1996; Rau and
Parsegian, 1992b; Widom and Baldwin, 1983) may, there-
fore, come with better knowledge of their adsorption pattern.

AE;: / Eigrs

-3 10.0 10.5
bp/turn
L L

24 26 28 30

Exponential short-range forces

Repulsive forces, exponentially decaying with the separa-
tion, were measured at the last 10 A between surfaces of

FIGURE 1 Integer number of base pairs (bp) per turn promotes DNA. guanosine helices (Mariani and Saturni, 1996), collagen
DNA recognition in waterThe top view on B-DNA dodecamers (Edwards (Leikin et al., 1994; L.6|k|n etal, _1995)’ and DNA in the,
etal., 1992) illustrates axial phosphate ridges which form at integer numbePT€S€NCE of condensing counterions (Rau and Parsegian,
of bp/turn (phosphate atoms are painted black). The ridge-to-groove align1992a,b). Surprisingly, the force decay lengths were prac-
ment of opposing helices minimizes unfavorable phosphate-phosphatgcally independent of the solution ionic strength and were
interactions upon overwinding of DNA from 10.5 to 10 bp/turn. The graph much shorter than the Debye length (Table 2) in contrast to

below gives an estimate (see Theory) of the corresponding gain in elec; . .
trostatic interaction energy per molecule in wet columnar fihkE,,. This Cthe theory of interaction between homogeneously charged

energy gain exceeds the cost of the torsional deformafigp, favoring rOdS-. _ _
spontaneous overwinding at interaxial spacifyss 25 A. Experiments This behavior can be explained as follows. Each of the

(Rhodes and Kilug, 1980; Zimmerman and Pheiffer, 1979) show that thehelices has a large number of surface charges but the net
overwinding occurs &R = 3035 A. This is not surprising since we did not Charge is small. because of countercharges adsorbed or

account for a number of factors which may greatly enhance this effect, , . = . .
extending it to larger intermolecular distances. For example, more detaile!ﬁtrInSIC to the molecule. The force determined by the

calculation shows that counterion adsorption may increase the energy gaVerage charge (thg = n = m = 0 mode) is, thus,

associated with DNA overwinding by up to an order of magnitude. Thesuppressed. The electrostatic interaction at small separa-

enhancement factor depends on the specific location of counterions, whictions is dominated by the image-charge repulsion of discrete

is not exactly known. _ _ surface charges from the low-dielectric-constant core of the
The insert shows that the interaction energy (plotteR at 25 A) has . .

deep minima at 10 and 10.5 bp/turn. In fact, axial alignment of phosphategpposmg mOIECUI,e' The corre§p0ndlqg¢ 0 que§ (see

leads to local minima at every rational (versus irrational) number of I N€Ory) exponentially decay with the characteristic lengths

bp/turn, but the depths of other minima are negligibly small. This is A = 1/2V/¢? + 1/A%, which depend on the Debye length
described by the selection rule S.4, Table 1, which restricts the number ofj;) and on the wave number The pertinent selection rules
allowed modes responsible for t_he energetically fa\{orabl_e glignment. At “Heﬁne the allowed values tﬂlf The modes with the smallest
bp/turn H/h = 10) the constraintn — n = J(H/h) is satisfied for any .
running integed. At 10.5 bp/turn H/h = 10.5), it is fulfilled only for even allowedq dominate. The decay length, thus, depends on the
J. All J # 0 are forbidden at irrationdfi/h. Charge pattern Symmetry' Whﬁﬁq = 11 the decay length
Finite size of phosphate groups and weak disorder in their locatiorpractically does not depend on the ionic strength; 1/2q.

practically eliminate the dips in the interaction energy at rational but For guanosine helices, the dominagtis *=2aNgJH,
nonintegralH/h, with only minor influence on the dips at integrdrh. whereN, = 4 is the number of strands amtl = 40.8 Ais

the helical pitch (Table 2). This gives~ H/(4mNy ~ 0.7

A, salt-independent (up te 1-2 M), in agreement with the
1988; Rau and Parsegian, 1992a,b), but'Car Mg®* do  experiment.
not (Bloomfield, 1996; Rau and Parsegian, 1992a). Akey to For DNA, the dominant modes are those with=
this specificity may lie in different symmetries of cation *2#/H andq = *4x/H (Table 2). The force is a weighted
adsorption pattern, e.g., in-groove versus on-strand locakum of two exponentials with the decay lengths determined
ization. The in-groove adsorption allows a complementarymostly by the pitctH = 34 A, but weakly dependent on the
alignment with positively charged grooves on one helixionic strength. The calculated rangeofs in line with the
facing negatively charged strands on the other (Fig. 2). Thisneasured one (Table 2).

Interaxial spacing (R), A
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Interaxial spacing, A

FIGURE 2 Counterion binding pattern regulates DNA-DNA recogniti@ation binding into grooves results in negatively charged strands and positively
charged grooves and enables strand-to-groove charge complementarity between opposing molecules. A sketch on the right hand side illubletes a poss
alignment of this type. In the sketch, phosphates and counterions are shown by dark and light spheres correspondingly. This favorable aligriesent prom
attraction between the helices. The graph on the left hand side shows the energy of inteEag}ibet{veen two identical B-DNA molecules in the units

of thermal energyleT ~ 4 10 ™ erg at 300°C) per persistent length & 500 A), calculated from Egs. 1-4. Counterion binding into grooves leads to
stronger attractionsplid line) than binding onto the phosphate strandstied ling.

Charge pattern on collagen surface is not regular, despiteackbone symmetry (Bella et al., 1994, 1995; Fraser and
the helical symmetry of the protein backbone. ThereforeMacRae, 1973) in contrast to the charge pattern. The decay
the expected electrostatic image force may have compdength of the hydration force, prescribed by selection rule
nents with anyg, it is not exponential, it should strongly S.1, is determined by the helical pitch~ H/4m ~ 0.7 A,
depend on the ionic strength, and it should decay slowein agreement with the experiment (Table 2).
than the measured repulsion with 0.7 A decay length (Table Note that hydration may as well contribute to the forces
2). The discrepancy with the observed behavior is too largbetween DNA (Rau et al.,, 1984; Rau and Parsegian,
to be explained by small uncertainties in model parametersl 992a,b) and between guanosine helices (Mariani et al.,
indicating that the measured force is not electrostatic. Ex1998; Mariani and Saturni, 1996) where the hydration pat-
periments (Bella et al., 1994, 1995; Kuznetsova et al., 1997tern is defined by charged phosphates, i.e., it has the same
Leikin et al., 1994, 1995, 1997) suggested that this is aymmetry as the charge pattern. Therefore, electrostatic and
hydration force associated with the energetic cost of hydrohydration forces are expected to have similar features. The
gen-bond network rearrangement in the separating water. Hifference between their amplitudes depends on poorly
so, the same symmetry principles may apply. The collagefnown factors (water dielectric response between the mac-
hydration pattern is determined mostly by the helical proteirromolecules, nonlinear charge screening, energy of water

TABLE 2 Effect of helical symmetry on the short-range, exponential repulsive forces between biological helices

Structure Theory Experiment
Selection Debye
H rules ’\theor (A) )‘theor (A) ’\exp Iength
Molecules (A) N, (from Table 1) Dominant modes* (electrostatic) (hydration) (A) Ao (A) Reference
Condensed 34 2 S4 g = *2@/H, *4n/H,m=n = 1.2-2.6 1.1-1.6 1.3-1.5 6-20 Rau and Parsegian, 1992a,b
B-DNA *+1,+2,j=J=0
Guanosine 40.8 4 S.3and S.4 g = *x2aNJH, m=n = =N 0.65-0.75 0.7 0.7 2-30 Mariani and Saturni, 1996
helices k=K==1,j=J=0
Collagen 9.6 3 Electrostatic S.5 Electrostatic:0 < |g| < 2m/H =5 0.7 0.7 >20 Leikin et al., 1995
Hydratiort S.1 Hydration q = *=2a/H

Aexp @re the measured decay lengthge,, = 1/2V o? + 1/A%, are the decay lengths calculated for dominant modes. Electrostatic and hydration forces may
differ in the set of dominant modes and in the value/meaningyofhich is either the Debye length (determined by the ionic strength) or a structural
correlation length£4 A, in water), respectively.

*Only one mode dominates and the net force is a single exponential when the helices are single-stranded, multi-stranded but have tightlyahaistered st

and a single large groove (as collagen), or multi-stranded with equally spaced strands (as guanosine). Two or more modes dominate when double- or
multi-stranded helices have several well-resolved grooves of different widths (Kornyshev and Leikin, 1997). Then, the net force is a weightedexain of
exponentials. In particular, the double-exponential decay in B-DNA results from the two modes with differaht larger preexponential factor for the

mode with the largeq.
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hydrogen-bond rearrangement, etc.). The two force mecha-eikin, 1998). One of the most challenging related issues
nisms are hard to distinguish, but the symmetry argumente/e are currently working on is understanding the contribu-
can be applied regardless of the outcome of this ongoingion of inter-helix interactions into the observed structural
quest. polymorphism of DNA.
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