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Simulations of single grafted polyelectrolyte chains: ssDNA and dsDNA
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The structure of a single, grafted polyelectrolyte, DNA, is investigated by molecular dynamics
simulations. The polyelectrolyte is treated as a bead—spring model with explicit charges using
parametrizations of both flexiblgsDNA) and stiff (dsDNA) polyelectrolytes. In this single chain

limit with no added salt, the flexible ssSDNA is always highly extended. Counterion condensation on
both molecules is found to be chain length dependent. The counterion distribution is not localized
to the chain volume as in related polyelectrolyte brush states. Even at large chain lengths, where the
majority of counterions are condensed, a significant fraction of counterions reside far from the
chain. The distributions of positions of the nongrafted end monomer for ssSDNA and dsDNA differ
significantly, indicating a possibility for distinguishing the two states in DNA array
technologies. ©2003 American Institute of PhysicgDOI: 10.1063/1.1540098

I. INTRODUCTION these approximations by completely treating all the ionic in-
teractions. Some such simulation witk!®has been done on

The grafting of DNA strands to surfaces in microarrayspolyelectrolyte brushes, while very little simulation work has
has recently revolutionalized DNA sequencing. The developteen done on isolated, constrained polyelectrolyte chains
ment of microarrays has occurred without much attentiory,ch as grafted DNA.
paid to the statistical conformations of the grafted DNA. Even though there is considerable interest in polyelectro-
An understanding of DNA conformations will aid further lyte brushes and grafted DNA, only a small amount of ex-
developments of DNA array-based sensors. In additionperimental data exists to test the theoretical efforts. Well con-
grafted DNA is a subset of grafted polyelectrolytes, whichyg|ied experimental systems have been difficult to achieve,
have important applications. For instance, polyelectrolyteyt jeast until recently’~2° Polyelectrolyte brushes composed
brushes are a key ingredient in the stabilization of colloids inyy poly(styrene sulfonaehave been made by initially graft-
aqueous solutiod Also, many proteins are now realized to jng a neutral polystyrene brush and subsequently sulfonating
have segments, often end segments, that are unstructurgghg optain the polyelectrolyt&®’ DNA has been grafted onto
i.e., do not fold” These segments typically have amino acidgold surfaces using thiol chemisthlkanethiol molecules
sequences containing repeating motifs that generally involvgre end-attached to DNA which will then self-assemble via
charged amino acids. These unstructured tails can behaygjq) chemistry onto a gold substrate. These grafted DNA
like grafted polyampholytes or polyelectrolytes dependingsystems offer the potential for the development of a well-
on the charge distributioh® controlled model of a grafted polyelectrolyte system.

Here, we extend our coarse-grained model of polyelec- | the following section, we detail the grafted polyelec-
trolytes in solutiori® to treat a single polyelectrolyte chain (rolyte model and the coarse-grained MD simulation proce-
grafted to a solid surface. Molecular dynami®8D) simu-  qure. Then we give results of the grafted dsDNA and ssDNA
lations are performed using this model to calculate the chaigjmy|ations with and without added salt, elucidating counter-
structure and ionic distributions. These simulations lay th§y;, condensation behavior and chain structure as a function
ground work for future multiple, grafted chain systems. Weof chain length and salt concentration. We conclude with a

emphasize that the model is applicable to a variety of grafte@eneral discussion and possible directions for future work on
polyelectrolytes. We parametrize our model to treat singlesjmylation of grafted DNA.

stranded DNA(ssDNA) and double-stranded DN&ISDNA)

as specific examples of strong polyelectrolytes. Il. SIMULATION DETAILS
There has been much theoretical work on polyelectrolyte _ _
brushes 3 yet it mostly focused on weak polyelectrolytes,  Polyelectrolyte chains were modeled by a bead-spring

not strong polyelectrolytes such as DNA. Theoretical apPolymer model that has been described elsewhere in the
proximations (i.e., Debye—Huakel, Poisson—Boltzmann literature®=® The bead—bead interaction is given by the
typically used are suspect for strong polyelectrolytes, of-ennard-JoneslLJ) potential,

which DNA is an archetype. These approximations assume d\2 /d\8 1
the electrostatic interactions are weak in comparison with the 4e (F) — (F) + Z}' r<re,
thermal energykT, which is false by definition of a strong YLar)= @
polyelectrolyte. Molecular simulations can avoid issues of 0, r>r,

whered is the bead diameter in multiples af the LJ unit of
dElectronic mail: pscrozi@sandia.gov length, ande is the LJ unit of energy. Since water is a good
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TABLE |. System parameters. tional wall atz=L,, wherelL, is the simulated slab thick-
ness. Walls were modeled using the same repulsive LJ

Syst d . . } )
yerem 2 7 ¢ interactions as given in Edl) above,
ssDNA 3.4 A 3.09A 1.26 4.2
dsDNA 17A 1.54 A 2.60 2.1 Upai(2)=U«(2). (5

Long-range electrostatics were treated by thé Pnesh-
Ewald method® with empty space left between periodically
repeating slabs in the direction, perpendicular to the graft-
ing surface. A slab-geometry correction term was also in-
cluded in order to damp out interslab interactions and model
an isolated slab of fluid. This method has been shown to
accurately treat long-range slab-geometry electrostatic
nteractions?!%2

The total energy for the model system is

Utot: u Lt U bondt u angle+ U Coulomb T Uwall . (6)

solvent for polyelectrolytes, the LJ potential is cutoffrat
=2, yielding a purely repulsive interaction. This same
interaction is used for all pair interactiongounterion—
monomer, etg.

The bond potential is the sum of the repulsive LJ poten
tial and the attractive FENHinite extensible, nonlinear elas-
tic) potential.

Upond 1) = — 1/2KR3 In(1—r2/R}), ¥)
. On_ 5 ° _ Simulations without salt were performed at a dilute
with spring constank=7e/o, and maximum extent®,  monomer density of 1¢f ions/o® in the particle-accessible

=20. Given this bond interaction, the average bond lengthyortion of the simulation box. Beyond the cubic particle-

will be a=1.10. ) ] accessible portion of the simulation box with dimensions
Molecules of ssDNA and dsDNA are also differentiated Ly=L,=L,, an additional empty volume df,xL,X2L,

by the angle flexibility term, was included between periodically repeating images of the
U angie= Ko( 0— 60)?, (3) slabs as per the slab-geometry simulation protocol cited

above, yielding a total simulation box volume bf XL,

i X 3L,. Three salt concentrations were explored for the ss-
degrees. Flexible ssDNA were modeled with=0 for the  pya'case corresponding to 5 mM, 10 mM, and 20 mM. For

angle term, whereas dsDNA chains were modeled With  g50h simulation 10 time steps of 0.02 each were per-
=300e/rad’ and fp=180° to yield the correct persistence formed, wherer is the LJ time. In all cases, a Langevin

length. _ _ thermostat with damping constagt=1 was used to main-
Polymer beads, coions and counterions are all monova;, 4 temperature of =1.0c.

lent. Each bead represents one DNA monomer in\fteead Chains were grafted to the surface by tethering the first

polym_er chain(phosphate, base, an_d su)gan'th its COITe- " head of the chain to a “zeroth” bead that was uncharged and

sponding charge of-e. _Charged particles interact according fixed in space at a distance of from the left wall (x=0y

to the Coulomb potential =0,z=r.). Simulation of single isolated chains approxi-
u;(r)=2zzjkgTA/T, (4) mates the low polyelectrolyte concentration limit. Polymer

chains of lengtiN= 16, 20, 32, 64, 128, and 256 were simu-

wherek, is the angle stiffness term argds the bond angle in

wherez; is the charge valence on partidlend the Bjerrum lated
length in water is\=7.1 A. The bond lengtha, that char- i

teri the dist bet beads of the chain. has b Initial configurations for each system were created by
acterizes the distance between beads of the chain, has el%?]domly placing particles within the simulation cell con-
mapped to the DNA base charge separations of 3.4 A fo

Strained by the requirements tHa) chains start at the graft-
ssDNA and 1.7 A for dsDNA. The conversion between LJ: - : - ;
units and A is obtained from the value of bond length, Ing point, (2) neighboring beads on polymer chains were at

e . . 4 the equilibrium bond distancé3) chains were stretched to
=1.10 and is given in Table I. In all the LJ pair interactions, d &)

dis taken to be 4 A which is a tvpical val qi - > near full extension(4) all particles started between the walls,
! IS taken to be » Which 1S a typical value used In primi- o4 5 gistance of at least from both walls,(5) counterions
tive model electrolytes.

. i were started within & of the polymer chain.

The solvent is treated at the primitive model level, set-
ting the Bjerrum length to water’s characteristic value of 7.1
A. This is appropriate for most aspects of polyelectrolyteIII RESULTS
structure’ The focus of this work is on the electrostatic in-
teractions in competition with entropy. We neglect the intrin-  The end-to-end distancR, is a key measure of polymer
sically strong H bonds between complementary base pairs istructure. The calculation & provides a check of the simu-
ssDNA, because we are focusing on the polyelectrolyte naations, as well as a means to compare the two different
ture of the structure. Furthermore, for chain lengths of intersystems. For strong polyelectrolytes such as DNA, we expect
est the likelihood of self-hybridization is small. As will be the scaling relatiolR~N" to havevr=1. In addition, since
seen, the electrostatic repulsion between the charged monour values ofN are below the corresponding persistence
mers results in a highly extended structure without the selflength for dsSDNA,» should be 1 in this case. Figure 1 shows
contact that H-bonding would require. that this is indeed the case. For the flexible single-stranded

The simulated systems are periodic in theand they  case, the value of is the same, but the magnitude Rfis
directions. But the accessibiedirection domain is nonperi- lower due to the difference in the chain flexibility. Fbr
odic with a wall at the grafting surface€0) and an addi- =20 we also include a point with added salt for SSDNA. As
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FIG. 1. End-to-end distanc®, as a function of chain lengtiN, for both o e E

dsDNA (boxes and ssDNA(circles. All points are for simulations of a 05F |- Tl E

single grafted DNA molecule with counterions sufficient to neutralize the E 4 ) ) i‘*- o oo o o o]

net charge of the chain, except the empty circle point which corresponds to 0.0 ' ' ‘ ' RRE

ssDNA with compensating counterions and 10 mM salt. In both cases, the o5 E (C) E

slope, which equals, is 1. “F 3
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expectedR decreases with added salt. Also, as noted in the 25 "\ ]

beginning, the ssDNA structure is very extended so that in- 1.0F ") E

tramolecular H bonds are not likely. 05 F ¥ 0 E

The properties of grafted polyelectrolytes are intimately s '-'.i.":‘ e ,,.\."‘-. Ld e b &

. . . . . 00 ) ! L [ W] L)l T L LIW Wi

related Fo the ion dIStI’Ibut'IOHS'. F!gurg 2 compares monomer, 0 5 10 15 20 95 30 35 40 45 50
counterion, and salt density distributions in the direction per- (o)

pendicular to the grafting surfadghe z direction for the
N=20 case. The distributions are normalized such thaf!G. 2. Monomerthick line) and counterioridotted ling distributions as a

L, _ . : ; function of distance from the grafting surface fdr=20 chains of(a) ss-
fO g(z)dz/(LZN) 1, whereg(z) is the normalized densny. DNA without salt,(b) dsDNA without salt, andc) ssDNA in 5 mM salt. Net

Parts(a) and (b) compare results for ssDNA and dsDNA, counterion(counterion—coiondensity is plotted fofc). Densities have been
respectively. The dsDNA monomer distribution has multiplenormalized and plotted as the average number density of each species per
well-resolved oscillations near the grafting surface wall. Thisunit length.

is because dsDNA is stiff and the positions of these mono-

mers close to the grafting site do not fluctuate much. I:Oglond the chain length for thid. As N increases, the fraction

monomers further .d.own the chain, p|v9t|ng about .the graft-of counterions within the chain volume increases as shown in
ing site yields significant lateral fluctuations. For this reason

) Table II. This increase is related to the number of condensed
g(z) decreases monotonically fak 100, as the lateral fluc-

. . . . . . "~ counterions, as we discuss shortly.
tuations increase witlh. Since ssDNA is flexible, the oscil- y

lati q | B R is | for d The distributions forN=64 are shown in Fig. 3. The
ations do n(_)t appear_at Ol becauser IS farger for ds- largerN has a qualitative difference in the distributions. The
DNA and g is normalized, the ssDNA curve has a larger

. o maximum occurs over a plateau region instead of at a peak.
peak at lowz. Otherwise, beyond the initial peak the ssSDNA This is stronger in dsDNA than in ssSDNA. For dsDNé\(z)

Q|str|but|on similarly decreases with increasingntil reach- has the same oscillations at smalas seen for thél= 20
ing values beyond the contour length where 0.

One of the basic questions for grafted polyelectrolytes is
how the counterions are arranged. Specifically, how are thBABLE II. Fraction of counterions withi(N—1) of the grafting surface.
counterions split between being within the chain volume ancptatistics for salt runs are for the net number of counterions, i.e.,
outside of the chain volume? Here, we take the chain volumgounterions—coionsy.
to be defined as the volume wit=a(N—1). The counter- N Salt conc.(mM) sSDNA dsDNA
ion distributions in Fig. 2 show the main peak within the

chain volume and a tail at larger. For both ssDNA and 20 g 8'52 8'22
dsDNA the peak height in the counterion distribution is 20 5 084 '
much smaller than in the monomer distribution implying that 20 10 0.87

the number of counterions within the chain volume is a small 20 20 0.97

fraction of the total number. Table Il shows the time- 32 0 0.37 0.58
averaged value of the fraction of counterions within the 122 g g'g‘é g'gg
chain volume. Both cases have values below 0.5 for khis 256 0 0.71 0.81

Thus, most of the counterions are located at values loé-
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FIG. 3. Monomer(thick line) and counterioridotted ling distributions as a I
function of distance from the grafting surface fd=64 chains of(a) ss- f i
DNA and (b) dsDNA. |
0.4
case, then a long plateau to abaet 350 and a drop there- 02
after to zero at about=650. The long plateau occurs be- L
cause dsDNA is stiff and, on average, there is approximately e L ‘
one monomer per unit length in the direction. Different 0-08 5 10 15 0
configurations for dsDNA are just different tilts about the (5)
grafting point. For a configuration at a given tilt anglavith T

respect to thez axis, there are no monomers far-a(N FIG. 4. The solid lines are the fraction of neutralizing condensed counteri-
—1)cosé. The drop-off az= 350 implies that the largest tilt  ons,f(r), within the shortest distance to the chain,for both sSDNA(a)
is about 60° in this case. and dsDNA(b). Symbols are as followsN=16 (circles, N=32 (up tri-

. . . P . _angles, N=64 (boxeg, N=128 (down triangley N=256 (diamonds.
Noticeable differences occur in the distribution for ss Dashed lines in Fig. @) are forN=20 chains of ssDNA with safts mM

DNA d.ue to its f|6XIbI|I.ty. The value OQ(Z) for low z is salt (X), 10 mM salt (), and 20 mM salt )], where the fraction of
larger in sSDNA than in dsDNA, because the sSDNA cameutralization can exceed unity due to the excess of counterions, and where

bend so that more than one monomer is at the sariéese  coion counter-neutralization is not shown.
curved configurations lead to the drop off occurring at a
lower value,z=20c.

Before discussing the counterion distributions in Fig. 3, A more direct calculation of the fraction of condensed
we note that for largeN the fluctuations in the monomer counterions is shown in Fig. 4. The distanc&om a coun-
g(z) become successively more significant. Comparing difterion to the chain is defined as the minimum of all distances
ferent quartiles of a 70step run showed significant fluctua- from the counterion to any monomer of the chain. The time-
tions about the mean. Because of the low density the couraveraged number of counterions withinis calculated and
terion dynamics becomes slower Bs increases withN. normalized byN to give f(r), the fraction of counterions
This puts a limit on accurate calculation @f(z) to N  within a distance'. The number of condensed counterions is
<128. Other quantitiege.g., Table I} can be calculated ac- not a uniquely defined quantify.The simple physical pic-
curately toN=256. ture of condensed counterions has the electrostatic interac-

The counterion distributions in Fig. 3 tend to mirror the tions trapping and holding these counterions within a short
monomer distributions. Both dsDNA and ssDNAMtE=64  distance of the chain. The plots ffr) show that in salt-free
have peaks atj=1 which is larger than the corresponding solution a plateau is reached once3d and is maintained at
value atN=20. This larger value indicates the larger degredeast up tar=200. Looking at these plateau values in Fig. 4
of counterion condensatidief. Table Il). As the table shows we see that they increase with For dsDNA, the largest
by N=64 the number of counterions within the chain vol- are identical giving a largBl limit for the plateau value to be
ume is larger than outside the volume. Yet, there is still af =0.60. For ssDNA, the saturation limit is apparently just
long tail in the counterion distribution that accounts for aabove the range of the data at abd&t0.50. For compari-
substantial amount of counterion density. son, the Manning condensation value for an infinite chain is
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012~ T T T T T T IV. DISCUSSION
? Csajka and SeiddlCS)! have performed simulations of
010 0 polyelectrolyte brush using almost the same model with dif-
' i ferent parameters. Their parametrization has9.8 A,

0.08 [~ ' . which is about 3 times larger than for our sSDNA model.
—_ - i % a . Their value of the Manning parametéris 0.74, which is
%0‘06 . _ below the Manning condensation limit in contrast to either
o ; 2 | DNA system. This value of is in the region where the

E Ly | Coulomb and thermal interactions are about equal, which

0.04 ¢ e & puts the system intermediate between strong and weak poly-

j \ 1 electrolytes.

0.02 % N We can compare our SSDNA results to the CS brush

| - results, since both are flexible polyelectrolytes. Our system

0.00 2% ,_ [ % L would correspond to the low grafting density limit. However,

0 20 40 60 80 for N=230 as the grafting density decreases so does the brush
z(o) height in the CS simulations. In fact, for the lowest density

FIG. 5. The distribution of distances of tiNth monomer from the grafting the average smgle' chain §trugture in the brush IS. close j[O that
surface for ssDNAsolid lineg and dsDNA(dashed lings The probabilities of a neutral chain in solution, i.e., not eXtend,ed like a hlghly
per unit lengthPy, , that the end monomer will be found a given distame, Charged polyelectrolyte. In contrast, we find the single,
from the surface are plotted for thé= 16 (circles, N=32 (triangles, and  grafted ssDNA is highly extended. Sinéeis larger for ss-
N=64 (boxeg chains. DNA than for the CS chain, this would result in a more
extended chain for ssDNA, but only by a small fraction. In
solution, the polyelectrolyte chains with parameters very
close to those of CS monotonically become more extended
0.76 for dsDNA and 0.52 for ssDNA. The Manning calcula- W_'th decreasing densityCalculations by Csajkgt al.™ pre-
tion uses the Debye-ldkel equation, which breaks down dict a new brush phasg, the collapsed brush, in the pone[ec—
for strong polyelectrolytes such as DNA and is for free,tr0|yte brush phase diagram. The Iowes'F grafting dgnsﬂy
rather than grafted, polyelectrolytes. Nonetheless, it gives [flrjeated by CS is much larger than our equivalent density. As

: T . . e grafting density is decreased from this lowest density to
good first approximation. The simulation data shows thal . S S .

: : , our dilute limit, our results indicate that the chains must at
there is a strong\ dependence in the fraction of condensed

. L L some point become more extended. This should be true for
counterions and that the infinite chain limit is reached foran stron olvelectrolvte since the sinale. arafted chain
N=100 for dsDNA and about twice as large for ssDNA. Ny S g polyelectroly . ge, or .
The effect of added salt is included in Figat The I!m!t is not m.uch.dlfferent from a single chain in solution
) . . ; limit. The main difference between the brush state and the
chain and salt counterions are identical.

In the D(Ebye_dilute state is that the counterion distribution in the brush is

Huqkelzahzory, added safl_t 'j f: C:Udgg. from tl?e condensattr:ogontained within the brush, whereas a significant portion lies
regime. However, we in at adding salt Increases ebeyond the chain length in the single chain limit. It will be

fraction of condensed counterions. In fact, for 20 mM Salt_'interesting to determine the crossover point for the ssDNA

enough counterions for complete neutralization of the Cha”ﬂ)rush where the counterions become contained within the

can be found within 1&. This result is consistent with re- 1, . and to determine where the collapsed brush state exists
sults of simulations of free chains in s&ltThe system pre- for the ssDNA parameters. If so, this would have conse-

fers to achieve a more uniform charge density, and in th%uences for DNA microarray and other technologies.
presence of salt does so. This can be seen in Fay, @hich

shows that the net counterion distributiomith coions sub-
tracted is almost identical to the monomer distribution.
The orientation of the DNA chain can be examined
through the position of the free end monomer. Figure 5 We have examined the structure of a single, grafted
shows the distribution of the position of tinéh monomer as  polyelectrolyte, specifically ssDNA and dsDNA, using
a function of distance from the grafting surfa¢q(z), for  coarse-grained MD simulations. A chain length dependence
ssDNA and dsDNA foN=16, 32, and 64. In all cases, the to the counterion condensation is found that is relevant to
dsDNA peak is at largez than the peak in the ssDNA dis- many applications since rather short DNA molecules are
tribution, because dsDNA is stiffer. Although it is possible used. The counterion distribution extends beyond the chain
for the dsDNA chains to lay flat on the grafting surface, thevolume in all cases. Even for the long chains where counter-
simulation results indicate that this rarely occurs, and that foion condensation is maximal, there is a significant fraction of
largerN becomes more rare if it happens at all. This is in partcounterions beyond the corresponding brush height. In this
because conformations with the grafted chain perpendiculadilute limit the chains are highly extended; in the case of
to the wall allow larger counterion entropy than for a chaindsDNA, this is true because the chain lengths studied are less
laying flat on the grafting surface with only half of the vol- than its persistence length. The ssDNA, which has a small
ume around the chain accessible to the counterions. intrinsic persistence length, is also highly extended in the

V. CONCLUSION
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