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Figure 11: The a-hemolysine pore(a) at pH 7.5 and the charge on the constriction
ring(b) vs pH. Blue: positively charged groups, red: negatively charged residues,
green: hydrophobic residues, gray: hydrophilic residues. The chain itself is nega-
tively charged. Adopted from [34].
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Figure 12: Three most prominent event types of NaPSS translocation through
a-hemolysine pore. The blockades were produced 57.5 kg/mol NaPSS in 1M KCl
pH 7.5 solution under 150mV. I, and [, are the open pore and blockaded pore
currents respectively [34]. We are interested in type B events. Adopted from [34].
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Figure 13: The blockade times of 16 kg/mol NaPSS at 140mV vs trans pH of the
solvent. Medium level blockade time (712 in this notation) we are interested in is
marked red. Adopted from [34].
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Figure 14: A schematic picture of the free energy landscape of a polymer chain
passing through a hole [27]. The 'distance’ on this plot is the reaction coordinate,
which, in our case, is the number of monomers already translocated. Adopted
from [27].
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Figure 15: A schematic picture of the type B event of a-hemolysine pore translo-
cation. Part A depicts the event while parts B and C show two possible ways the
translocation may be. Green circles on (Figurelb B,C) specify where the chain
end(s) are 'fixed’ to compute the free energy barrier.
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Figure 16: The schematic layout of the pore (A) and its model (B). Internal
region of the cavity (regions 2 and 3) is filled with solvent(water). The boundary
layer of the solvent has, however, different €. The outer layer is protein and lipid
membrane(with much lower €).
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Figure 17: The generalized Rasmussen-Kolasakis algorithm [3] for a charged chain.
It takes few dozen iterations for this thing to converge (up to 4th digit). The
initial(’seed’) density needs to be provided separately. p,(r) here is that of formula

(10). At is chosen to be 0.1-0.2.
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Figure 18: The "heat fluxes’ out of the spherical coordinate cell.
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Figure 19: Dependence of the free energy barrier of the polyelectrolyte chain on
the polymer length(in the number of segments) for different values of the ring
charge. The O curves are for ) = 5, the & one is for @ = 2.5, and V is for ) =0
respectively. Here Ig =1 =1, R = 4, {=0.75, Ny, = 25. € mismatches are taken to
be 0.1
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Figure 20: Dependence of the free energy barrier of the polyelectrolyte chain on
the polymer length(in the number of segments) for different values of the ring
charge. The O curve is for () = 5, the < one is for Q = 2.5, and V is for Q = 0
respectively. Here g =1 =1, R = 4, £=0.5, Ny = 25. ¢ mismatches are taken to
be 0.1
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Figure 21: Dependence of the free energy barrier of the polyelectrolyte chain on the
polymer length(in the number of segments) for different salt concentrations. Here
lg =1=1, R =4, {=0.5. The two lower curves are given for V-N, = 25,Q) = 5;
A-Ng = 25, = 0 . The two upper curves are given for 0-QQ = 5N, = 100;
- = 0,N; = 100 € mismatches are taken to be 0.1
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Figure 22: Dependence of the free energy barrier of the polyelectrolyte chain on
the polymer length(in the number of segments) for different ring charge positions.
Here Ip =1 =1, R = 4, {=0.5 and the salt concentration 0.25M(25x2 ions). The
regular position, where the charge is centered at the ring and the charge spread
is 0.27 is depicted on V curve. The situation with the charge moved 0.5 units of
persistence length away from the center of the cavity is depicted on the < curve.
Finally, the situation for the charge spreaded over 0.37 and localized at the ring

(the same as the first one) is depicted on the O curve. e mismatches are taken to
be 0.1
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Figure 23: Dependence of the free energy barrier of the polyelectrolyte chain on
the polymer length(in the number of segments) for different position of the first
segment. Here g =1 =1, R = 4, {=0.5, the salt concentration 0.25M(25x2 ions)
and the first segment is positioned 0.5 units of persistence length toward the center
of the cavity. The ring charge is zero(< curve) and 5e(0 curve). € mismatches are
taken to be 0.1
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Figure 24: Dependence of the free energy barrier of the polyelectrolyte chain on
the polymer length(in the number of segments) for different values of ¢ mismatch.
Here Ig = 1 = 1, R = 4, {=0.5 and the salt concentration 0.25M(25x2 ions).e
mismatches are taken to be 0.1 and 1.
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Figure 25: The procedure to attached a phosphate divalent charged group to the
end of NaPSS chain.

7



BIBLIOGRAPHY

[1] M. Ballauff, O. Borisov, Polyelectrolyte brushes, Curr. Op. Coll. Int. Sci., 11,
316

[2] M. Muthukumar, D. Petera, Self consistent field theory of diblock copolymer
melt at patterned surfaces, J. Chem. Phys. 109, 5101(1998)

[3] K. O. Rasmussen, G. Kalosakos, Improved numerical algorithm for exploring
block copolymer mesophases, J. polym. sci., part B, 40, 1777(2003)

[4] G.H. Fredrickson, Dynamics and rheology of inhomogeneouse polymeric flu-
ids: a complex Langevine approach, J. Chem. Phys, 117, 6810.

[5] Y.S. Park, Y. Ito, Y. Imanishi, Permeation control through porous membrane
immobilized with thermosensitive polymer, Langmuir, 1998, 910-914

[6] P. Jain, G.L. Baker, M.L. Bruening, Annu. Rev. Anal. Chem, 2, 387(2009).
[7] G.H. Fredrickson, P. Pinkus, Langmuir, 7, 786(1991).
[8] F. Oozawa, Polyelectrolytes, Marcell Decker inc., New York, 1971

[9] : M. Muthukumar, Theory of counterion condensation on flexible polyelec-
trolytes: absorbtion mechanism. J.Chem.Phys. 120, 9343(2004)

[10] In this work we use the letter € in three different meanings: dielectric mis-
match, e = 4—d and a variable proportional to inverse chain length. However,
the context clearly specifies which is which.

[11] M. Muthukumar, Mechanism of DNA transport through pores, Ann. rev.
biophys. biomol. struct. 36:435(2008)

[12] C. Holm, J.F. Joanny, K. Kremer, ets, Polyelectrolyte theory, Adv. Polymer
Sci., 166, 67(2004)

78



[13] M.G. Bawendy, K. Freed, Renormalization group treatment of the excluded
volume effects in a polyelectrolyte chain in a weak electrostatic coupling limit.
IT Decomposition of interaction and calculation of properties, J. Chem.Phys,
84,448,(1985)

[14] K.Freed, A. Kholodenko, Renormalization group treatment of the polymer ex-
cluded volume by t’Hooft-Veltman type dimentional regularization. J. Chem.
Phys. 78, 7390(1983)

[15] A. Kholodenko, K. Freed, Renormalization group treatment of the excluded
volume effects in a polyelectrolyte chain in a weak electrostatic coupling limit.
J. Chem.Phys, 78,7412,(1983)

[16] D. Elderfield, Parametric representation of dilute polymer systems to O(€?):
crossover from Wilson-Fisher to Gaussian as the Flory temperature is ap-
proached, J. Phys. C. solid state phys. 13, 5883(1980)

[17] P.M. deGennes, Scaling concepts in polymer physics, Cornell University Press,
Ithaca and London(1979) .

[18] R. Evereras, A.Milchev, V. Yamakov ,The electrostatic persistence length of
polymers beyond the OSF limit, arXiv cond. mat./0202199

[19] Y. Oono, K. Freed, Crossover behaviour between Gaussian and self-avoiding

limits of a single polymer chain: conformational space renormalization for
polymers, J.Phys. A. Math.Gen, 15, 1931(1982)

[20] : J. des Cloizeaux, G. Jannink, Polymers in solutions, their modeling and
structure. 1987

[21] : M. Muthukumar, B.G. Nikel, Expansion of polymer chain with excluded
volume interaction. J.Chem.Phys. 86, 460(1987)

[22] R. Evereras, A.Milchev, V. Yamakov ,The electrostatic persistence length of
polymers beyond the OSF limit, arXiv cond. mat./0202199

[23] : M. Muthukumar, B.G. Nikel, Perturbation theory for a polymer chain with
excluded volume interaction. J.Chem.Phys. 80, 5839(1984)

[24] : A. Takahashi, T. Kato, M. Nagasawa, The second virial coeficient of poly-
electrolytes. J.Phys.Chem. 71, 2001(1967)

[25] B. Beer, M. Schmidt, M. Muthukumar, The electrostatic expansion of linear
polyelectrolytes: FEffects of coinons, gegenions and hydrophobicity, Macro-
molecules (1997), 30, 8375.

79



[26] M. Muthukumar, Mechanism of DNA transport through pores, Ann. rev.
biophys. biomol. struct. 36:435(2008)

[27] M. Muthukumar, Mechanism of DNA transport through pores, Ann. rev.
biophys. biomol. struct. 36:435(2008)

[28] M. Muthukumar, Polymer translocation, CRC press, Taylor and Francis
group, Boca Raton, Florida (2011).

[29] K. Healey, Nanopore-based single molecule DNA analysis, Nanomedicine 2,
459(2007)

[30] J.J. Kasianowicz, E. Brandin, D.Brandon, D.W. Diamer, Characterization
of individual polynucleotide molecules using a membrane chain, Proc. Natl.
Acad. Sci., 93, 17770 (1996)

[31] M. Akeson, D. Branton, J.J. Kasianowicz, E. Brandin, DW. Diamer, Mi-
crosecond timescale discrimination among polycytidilic acid, polyadenylic

acid, and polyuridylic acid as homopolymers or as segments within single
RNA molecule, Biophys J, 3227(1999).

[32] G. Maglia, M. Restero, E. Mikhailova,H. Bayley, Enchanted translocation of
single DNA molecules through a-hemolysine nanopores by manipulation of
internal charge, Proc. Natl. Acad. Sci., 105, 19720(2008).

[33] NIH resourse for macromolecular modelling and bioinformatics, university of
[linois Urbana-Champaing.

[34] M. Muthukumar, A. Wong, Polymer translocation through a-hemolysine
pore with tunable polymer-pore electrostatic interaction, J. Chem. Phys. 133,
045101(2010)

[35] M. Muthukumar, Translocation of a confined polymer through a hole, Phys.
Rev. Lett. 86, 3188(2001)

[36] G. Fredrickson, Equilibrium theory of inhomogenous polymers, Clarendon
press, Oxford(2005).

[37] M. Muthukumar, R. Kumar, Origin of translocation barrier for polyelectrolyte
chains,; J. Chem. Phys. 126, 214902(2009)

[38] A.A.Samarskii, The theory of difference schemes, Marcell Decker, Ney York,
Base (2001)

80



[39] P.M. Chaikin, T.C. Lubensky, Principles of condensed matter physics, Cam-
bridge univercity press, New York, NY(1995).

[40] M. Muthukumar, J. Kong, Polymer translocation through a nanopore. II.
Excluded volume effect, J. Chem. Phys. 120, 3460 (2003)

[41] J. Han, H.G. Craighead, Entropic trapping and sieving of long DN A molecules
in a nanofluidic channel, J. Vac. Sci. Technol. A, 17, 2142(1999).

[42] J. P. Boyd, Chebyshev and Fourier spectral methods, Dover publishing inc,
Mineola, New York, second edition(2000).

[43] B. Beer, M. Schmidt, M. Muthukumar, The electrostatic expansion of linear
polyelectrolytes: Effects of coinons, gegenions and hydrophobicity, Macro-
molecules (1997), 30, 8375.

[44] B. Alberts, D. Bray, J. Lewis, M. Raff, P. Walter, J. Watson , Molecular
biology of the cell, second edition, Garland publishing inc., New York(1994).

[45] D. Amit, Field theory, the renormalization group and critical phenomena,
second edition. World scientific, Singapure, 1984

[46] V.A. Ditkin, A.P. Prudnikov, Operational calculus of two variables and its
applications, 1959(In Russian)

[47] M. Muthukumar, Theory of counterion condensation on flexible polyelec-
trolyte: absorbtion mechanism, J. Chem. Phys. 120, 9343(2004)

[48] H. Morawetz, Macromolecules in solution, second edition, Robert E Krieger
publishing company, Malabar, Florida (1983).

[49] Erika. J. Saltzman, M. Muthukumar, Conformation and dynamics of
model polymer in connected pore-chamber system, J. Chem. Phys. 131,
214903(2009).

[50] I. M. Lifshitz, A. Yu. Grosberg, A.R. Khokhlov, Some problems of the sta-
tistical physics of polymer chains with volume interactions. Rev. Mod. Phys,
50, 683, 1978

81



