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ABSTRACT: Duplex formation between DNA-based monomers creates linear, polymeric assemblies that
resemble larger duplex DNA, but in which the main chain is defined by the reversible base pairing.
These monomers provide a reversible polymer platform through which molecule-to-material relationships
can be explored. Viscometry, static and dynamic light scattering, and size exclusion chromatography are
used to probe the size, structure, and dynamics of the systems. The influence of concentration, temperature,
association constant, and conformational flexibility is examined and found to be consistent with simple
equilibrium models. The characterizations provide the basis for further mechanistic studies of reversible

polymeric behavior in complex environments.

Introduction

Linear polymers that are reversibly formed along
their main chain (Figure 1) have gathered increasing
attention in recent years.? 12 These reversible polymers
(RP’s) consist of molecular building blocks that comprise
two or more molecular recognition end groups that are
covalently linked. At equilibrium, reversible association
of the end groups defines the main chain of linear
polymers.5~12 The structure and properties of an RP
depend on the strength and specificity of the association,
the conformational flexibility of the molecule, the con-
centration of the monomer, and the chemical and
physical environment of the system. RP’s are dissipa-
tive, and they undergo conformational changes and
diffusion on much shorter time scales than their cova-
lent counterparts and assemble with minimal imperfec-
tions. They offer promise as environmentally benign
materials due to the ease of processing and recycling
and the absence of a polymerization catalyst. RP’s are
furthermore unique relative to their covalent analogues
in that fracture at the reversible junctions along the
main chain can be repaired because end-group dissocia-
tion and reassociation is a dynamic, equilibrium proc-
ess.”13 Reported RP’s encompass a range of structural
motifs, phase behaviors,”911.14716 golution and solid-
state mechanical properties,®1718 and environmental
responsiveness.'®

Largely due to the above reasons, there is growing
interest in RP’s. Following the pioneering work of Lehn,”
the past 12 years have seen increasing attention given
to these materials. Griffin has used main-chain hydro-
gen bonding to create liquid crystalline RP’s.!! Stadler
performed the first rheological characterization of main-
chain hydrogen-bonded polymer properties.’® Meijer
increased the association constant and achieved high
molecular weights through a quadruple hydrogen-
bonded motif.81520-23 His group showed for the first time
that reversible polymers may possess properties that
are similar to traditional covalent polymers despite the
transient interaction (lifetime on the order of seconds)
defining the main chain. Castellano and Rebek have
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Figure 1. Schematic of the formation of linear, reversible

polymers. The ball and bracket represent two complementary
recognition end groups that are covalently linked.

combined main-chain hydrogen bonding with guest
encapsulation, creating polymeric assemblies with new
types of chemical responsiveness.® Rehahn is credited
with the first soluble RP's based on metal—ligand
interactions,?* and Schubert has recently reported a
series of RP’s that are defined by metal—ligand coor-
dination.?>=34 Generally, increasing numbers of supra-
molecular approaches to material science are being
explored.335-49 These discoveries illustrate that the
potential environmental and mechanical properties of
RP’s might be broadly applied to a range of materials
applications, if the underlying molecular mechanisms
of their properties were fully understood and exploited.

While RP’s have the potential to last longer and be
more environmentally friendly than conventional, co-
valent polymers, several design criteria must be bal-
anced before they can be used for commercial applica-
tions. For example, if the reversible association is too
weak, the resulting polymer molecular weight will be
low and mechanical properties will suffer. Conversely,
if the association is too strong, the time scale for
dissociation eventually becomes too slow to permit the
reequilibration that engenders responsiveness. Studies
on individual systems, in particular those done by
Meijer and his group,®5%:51 show that a useful middle
ground exists. RP’s developed by Meijer and others
exhibit physical properties that are truly “polymeric”,
such as modulus, shear-thinning, and substantial nor-
mal forces, and well-ordered RP fibers possess tensile
strengths that approach those of commercial nylon
fibers while still being recyclable through simple metha-
nol titration.8
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Figure 2. DNA-based modular system. Two independent
oligonucleotides (left side) are linked either directly (when X
is null) or through coupling to a synthetic spacer unit (when
X = —CH,CH,CH,— or —(CH,CH,0)s—). 2n and n represent
the number of monomers on the left and the number of
repeating units on the right, respectively.

An ongoing challenge for chemists is to relate behav-
ior at the level of polymer physics to behavior at the
molecular level. For example, what are the ideal as-
sociation constant and the ideal Kinetics for equilibra-
tion or the necessary number of reversible interactions?
Or more generally, what is the quantitative relationship
between the thermodynamics and kinetics of the revers-
ible association, the structure of the monomer, and the
structure and properties of the reversible polymer? The
answer to these questions, of course, likely depends on
the specifics of the system and the desired application.
Nevertheless, if general relationships were established,
materials properties could be controlled in a rational
way through small-molecule synthesis.

To that end, we recently reported that reversible
polymers formed from oligonucleotide-based monomers
(hereafter OM’s) are a useful model system for delineat-
ing molecule-to-material relationships in RP's.5? The
OM'’s comprise oligonucleotide sequences that are co-
valently linked directly or through a synthetic spacer
(Figure 2). Duplex formation creates a linear, polymeric
assembly that resembles larger duplex DNA, but in
which the main chain is defined by the reversible base
pairing. Recent work by Rowan®® also makes use of
nucleobases to engender polymeric properties, although
the system, and possibly mechanism, differs dramati-
cally from the approach reported here. The RP’s formed
from OM'’s are intrinsically modular, and they are
therefore amenable to “physical organic chemistry of
materials"—systematically varying the structure of the
components and observing concomitant changes in the
properties of the assemblies.

This utility of the DNA-based modules results from
the wide range of structural variations permitted in the
monomers (Table 1). The thermodynamics and kinetics
of the association are determined by the variable base
sequence. The linear density of the reversible interac-
tions, and the conformational flexibility along the
polymer backbone, are each dependent on a spacer in
which much variation is possible. Inter- and intrachain
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Table 1. Structural Handles in Oligonucleotide-Based
Reversible Polymers

desired element of control OM handle

association thermodynamics
association dynamics

polymer conformation

no. of reversible associations
polymer—polymer interactions
covalent capture

base sequences
base sequences
spacer flexibility
spacer length
buffer concentration
enzymatic ligation

interactions may be tuned by salt concentration in the
buffer. Robust enzymology offers covalent capture of
transient structures and structural analyses of cycliza-
tions, and the systems are true or only moderately
perturbed analogues of well-studied DNA duplexes of
similar molecular weight.5253

The latter trait places clear limits on the practical
utility of OM’s. The cost of synthesis precludes produc-
tion of bulk materials. The polyelectrolyte nature of the
polymers and short-range repulsion between chains are
inherent features of the system. Solubility restricts
solution studies to semidilute concentrations of less than
ca. 50 mg mL~1. There remains, however, rich polymer
physics within these boundaries, and the modularity of
the system allows for a thorough exploration of that
terrain.

Among the physics of greatest interest is that found
in spatially constrained environments, for example
between surfaces and at interfaces. The spatial con-
straints impose on large macromolecules steric interac-
tions on the order of KT per polymer chain, and unlike
conventional polymers, RP’s can adjust their local size
in response to these steric interactions. Because an
energy difference of kT in chemical potential corre-
sponds to a change of ~40% in RP molecular weight,
the structural differences and concomitant properties
of RP’s relative to conventional polymers might be
dramatic. Further interest is in the dynamic behavior
of interfacial RP’s away from equilibrium, for example
under dynamic mechanical stress or in a concentration
gradient. In these nonequilibrium environments, main-
chain dynamics might contribute to RP dynamic proper-
ties and engender responsiveness not found in covalent
systems.

The polymer physics in such environments is neces-
sarily complex, and the modularity of the OM's is well-
suited to fundamental studies in these areas. A firm
understanding of OM-based RP equilibrium structure
is required, however, to approach these more complex
problems properly. Here we extend our initial study and
report further details of OM-based equilibrium RP
structure and properties. Viscometry, static, and dy-
namic light scattering and size exclusion chromatogra-
phy are used to probe the size, structure, and dynamics
of the systems in response to changes in concentration,
temperature, OM structure, and association constant.
The onset of chain overlap in the semidilute concentra-
tion regime is also established. The theory of equilib-
rium RP structure in dilute solutions is well-established,
and the characterizations reported here verify that the
behavior of the OM’s is consistent with those equilib-
rium models. The studies, however, also reveal un-
anticipated yet significant thermodynamic, structural,
and dynamic effects in these OM-based systems. On the
whole, this work confirms the utility of OM’s as a
modular RP platform, and it provides the basis for
ongoing mechanistic studies of more complex RP be-
havior, for example at surfaces and interfaces.®
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Table 2. Composition and Experimentally Determined
Free Energies of Association of Oligonucleotides from
UV Melting Studies

AGuv(298 K)

oM sequence (from 5'—3') (kcal/mol)
1 CGTATACGGCCTAGGC -12.2
2 GGTATACCGCTTAAGC —10.3
3 GGTATACCGTTTAAAC —-94
4 GGTATACC—(CH,CH,0)s—GCTTAAGC -8.8
5 GGTATACC—CH,CH;CH,—GCTTAAGC -8.3
6 GGTATACCGC

Experimental Methods

Materials. Oligonucleotides 1—3 and 6 were synthesized
by DNAgency, using commercial synthesizers and standard
phosphoramidite synthesis procedures. To synthesize the
oligonucleotides 4 and 5, 3-(4,4'-dimethoxytrityloxy)propyl-1-
[(2-cyanoethyl)—(N,N-diisopropyl)]phosphoramidite and 18-O-
dimethoxytritylhexaethylene glycol,1-[(2-cyanoethyl)-(N,N-
diisopropyl)]phosphoramidite (Glen Research) were incorporated
following the manufacturer’s instructions by the Duke Uni-
versity DNA Core Facility using standard phosphoramidite
coupling procedures. All monomers were received trityl-on and
subsequently purified and deprotected in-house using a Varian
RP HPLC and Dynamax pure DNA column. Oligonucleotides
were dissolved in a 1 M NaCl and 10 mM sodium phosphate
buffer at pH 7.2. Subsequent HPLC analysis of the oligonucleo-
tides shows no evidence (<1%) for shorter oligonucleotide
impurities from failure sequences.

Design of Oligonucleotide Monomers (OM). Represen-
tative oligonucleotides are listed in Table 2. A typical monomer
consists of two 8-mer oligonucleotides in which the eight bases
from 5' to 3' are self-complementary from 3' to 5. OM’s 1-5
are self-complementary. OM 6 is designed as a chain termina-
tor of 2—5, and it consists of only one of the two 8-mer
constituents of 2—5 with an additional two-base overhang to
balance thermodynamics.>*%> To maximize selectivity, se-
guences were designed so that no three-base overlaps were
possible except within the desired eight-base duplexes.

Thermal melting measurements were performed according
to literature procedures.5%2 Melting curves were measured at
260 nm in a standard rectangular far-UV quartz cuvette with
a 10 mm path length and a Hewlett-Packard 845x UV—vis
spectrophotometer. Curves were obtained at five different
concentrations, typically from 8.5 x 1077 to 1.3 x 1075 M. As
previously reported for the association of self-complementary
OM’s,5% 1/Tm = (RIAH®) In(Cy) + AS°/AH° and Keg(Tm) = 1/Cy,
where T, is the melting temperature at a total monomer
concentration of Ci, R is the gas constant (8.314 J/(K mol)),
and K¢, AH°, and AS° are the equilibrium constant, the
standard enthalpy change, and entropy change in the process
of thermal melting, respectively. Thermodynamic parameters
are extracted from plots of 1/Tn, vs In(Cy).

Viscosity measurements were performed in a Cannon-
Ubbelohde semi-microdilution type viscometer. Typically, ~1
mL solution of monomer was pipetted into a viscometer whose
temperature was maintained by a CT-500 Cannon constant
temperature bath. Chain termination studies were performed
by adding 1-10% (by weight vs OM) of chain terminator 6
from a stock solution. The actual volume added was deter-
mined by weighing the viscometer. Solutions were mixed well
and annealed four times between 20 and 50 °C prior to
viscosity measurements. Higher viscosities were measured on
a Bohlin CVO rheometer, equipped with cone and plate
geometry. At least three trials were repeated for each sample
at each temperature, and the statistical uncertainty in the
measurements was less than 1%.

Light scattering instrumentation comprised the Wyatt
Technology DAWN EOS MALS detector with a 30 mW solid-
state laser operating at 690 nm and the Wyatt Technology
guasi-elastic light scattering detector with signals received
from a Wyatt Technology fiber receiver positioned at 108° with
respect to the direction of the laser beam. The refractive index
increment (dn/dc) of the DNA solutions was 0.165 mL/g,%” as
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confirmed by a Wyatt Optilab DSP interferometric refrac-
tometer. The OM samples were introduced in one of two
ways: microcuvette or flow cell. In the microbatch experi-
ments, the solutions were directly filtered into a microcuvette
(Wyatt Technology), which is a rectangular cell made from
fused spectrosil quartz, with 10 mm x 1 mm windows allowing
scattered light to be measured at multiple angles from 66° to
110°. Sample solutions were filtered through a 0.01 um filter
(Protein-Solutions, Nanofilter systems) prior to use, and their
concentrations were determined by UV absorbance after light
scattering measurements. In the case of OM 4 and 5, the
sample was annealed by four heat/cool cycles between 20 and
50 °C. With the flow cell instead of the microcuvette, the
concentration detector and light scattering detectors were
connected to the eluting end of a VVarian Prostar HPLC with
an Agilent GF-250 size exclusion column. Weight-average
molar mass (M), z-average root-mean-square (rms) radii of
gyration, and hydrodynamic radii were obtained by standard
calculations using ASTRA software (version 4.90.07 for Win-
dows, Wyatt Technology Corp.).58

The second virial coefficient must be taken into account
in the light scattering equation as a correction factor for
concentration effects due to an increased intermolecular
interference:

KC/Ry—o = 1/M,,,(C) & 1IM,,, + 2A,C

where K is an optical constant related to the light wavelength,
solvent refractive index, and refractive index increment. Ry=o
is the excess Rayleigh ratio at zero angle. We have determined
that for the OM systems studied here in 1 M NaCl/10 mM
NaH,PO, buffer, A, = 4.9 x 10~* mL mol/g?,% a value that is
somewhat higher than previous experimental determinations®°
but agrees very well with theoretical predictions.5”:6! The
determination of A; allows us to measure accurate absolute
molecular weights of the OM-based polymers.

Results and Discussion

A distinguishing feature of reversible polymers is the
sensitivity of their primary structure to their en-
vironment.1.381851.62-64 At the most fundamental level,
the molecular weight of a linear polymer reflects the
relative percentages of bound (chain propagation) and
unbound (chain termination) monomer end groups. At
higher monomer concentrations C and association con-
stants K; and K, the equilibrium between these two
states shifts toward bound associations, and so the
molecular weights of RP’s, unlike those of covalent
polymers, will increase as described in eq 1 (for a
derivation, please see the Supporting Information).

DP = 2€ )
1+ JTTBKC 1+ /1T BKC

4K, 4K,

where C is the concentration of monomer and K; and
K, are the association constants of the two duplexes in
the monomer.

Although all OM's used in this study have two
different duplexes, only one melting transition was
observed in thermal UV—vis studies. The experimental
free energies of duplex formation, therefore, reflect an
average value. In all cases, the experimental value is
within 0.5 kcal mol~! of the average of the empirically
derived calculations for the two duplexes. We analyze
our results in terms of this “effective” association
constant K derived from the melting studies and employ
a new eq 2 for purposes of discussion. If we assume the
measured free energy is the average of those from two
different parts, then the effective association constant
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Figure 3. Concentration dependence of the weight-average
molecular weights measured by light scattering (OM 2 at
concentrations ranging from 0.16 to 2.30 mM). Error bars
indicate the uncertainty in My, as determined from the best
fit to the Debye plots (ASTRA software, Wyatt).

K is the geometric mean of K; and Kz, and eq 2 can be
obtained:

4KC
DP = ~ 2KC )
—1+ 1+ 8KC

The error introduced by this assumption is small and
does not influence the conclusions of this work. Using
those same empirically derived relationships, the ex-
pected difference in association constants of the two
duplexes in any OM is less than 1 order of magnitude.
For the worst-case scenario, K; = 10Kj; the DP’s (and
hence polymer molecular weights) calculated by egs 1
and 2 differ by <14%.

It should be noted that the molecular weight men-
tioned throughout this paper is the weight-average
molecular weight of polydispersed aggregates, and it is
represented as My, hereafter. Experimental M,,'s were
directly measured from light scattering, whereas the
theoretical M,,’s were calculated by multiplying the
number-average molecular weights based on the DP’s
from eq 2 with a theoretical polydispersity index (here-
after PDI) of PDI = 2 — (1/DP).

Concentration Dependence. As mentioned above,
the molecular weight of RP’s is sensitive to concentra-
tion because of the equilibrium between bound duplexes
and free single strands. The expected effect of concen-
tration on molecular weight is observed clearly for OM
2. Polymer molecular weights, as determined by static
multiangle light scattering (MALS) in microbatch mode,
increase as [2]%° (Figure 3), in excellent agreement with
the square-root dependence expected from eq 1 or 2. The
samples were prepared by sequential dilution of a single
stock solution, and the change in M, therefore is
immediate evidence that the polymers are reversible.

Those reversible dynamics complicate other tradi-
tional methods of molecular weight characterization, for
example size exclusion chromatography. When 100 uL
of 0.54 mM OM 2 was injected into a size exclusion
column coupled to a light scattering detector, the end
result is shown in Figure 4. Some separation by molec-
ular weight is achieved, with higher M,, polymers
reaching the detector at earlier elution times. The
average molecular weight of the sample, however, is 108
kDa, less than 182 kDa observed in the microbatch
analysis of 0.54 mM OM 2. Further, the polydispersity
index (PDI) of the eluted polymer is 1.5, which is smaller
than the value of 1.9 expected (corresponding to a DP
of ~10). These results suggest equilibration on the
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Figure 4. Separation of reversible polymers from OM 2 was
achieved by size exclusion chromatography combined with
light scattering detectors: (®) molar mass vs elution time; (&)
concentration vs elution time.
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Figure 5. Concentration dependence of the specific viscosity
of OM 2 solutions from 0.2 to 8 mM. The slope is 1.8 at dilute
concentrations and 3.7 when the concentration is higher than
ca. 0.8 mM. Error bars indicate the uncertainty in viscosities
as determined from the standard deviation of at least three
measurements.

column; as the OM is separated and diluted, equilibra-
tion of the diluted analyte lowers the average molecular
weight.

On-column equilibration is verified by injecting dif-
ferent volumes of the same sample. The average mo-
lecular weight is higher for larger injection volumes.
Because the samples are diluted into the same final
mobile phase volume (as evidenced by the elution peak
width), the ultimate relative concentration of OM is
proportional to the injection volume. Polymer molecular
weights of 108, 84, and 57 kDa are observed for injection
volumes (Vinj) of 100, 50, and 25 uL, respectively. The
My varies with Vi,®5, consistent with both the concen-
tration dependence observed in the batch experiments
and also that expected from theory.

Changes in concentration are also manifested in the
viscosity of OM solutions. For OM 2, solution viscosities
initially vary with [2]%8, but for [2] > 0.8 mM (3.9 g/L)
the dependence is [2]37 (Figure 5).55 The change in
concentration dependence is indicative of a transition
from the dilute to semidilute concentration regime,
where overlap between chains contributes to viscous
drag. The transition occurs at a concentration where the
average volume per polymer molecule is approximately
equal to the hydrodynamic volume of the polymer.
Classically, the transition should occur at C* = 3M,/
(47RNa), where Na is Avogadro’s number, and M,, and
Ry are the molecular weight and the radius of gyration
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Table 3. Relationship between Association Constants
Measured by UV Melting Curves and Molecular Weights
Measured by Light Scattering for OM 1-5 at the
Concentration of 0.8 mM?2

polymer My,
oM Keg (M™1) (0.8 mM) theoretical My,
1 9.4 x 108 340 000 11 000 000
2 3.5 x 107 210 000 2 200 000
3 8.1 x 106 180 000 1100 000
4 2.8 x 106 78 000 680 000
5 1.3 x 108 76 000 470 000

a Theoretical weight-average molecular weights were calculated
from the theoretical number-average molecular weight (based on
DP from eq 2) and the theoretical polydispersity index (PDI = 2
— (1/DP)).

of the polymers measured from light scattering stud-
ies.56 For reversible polymers, My, and Ry are changing
with the change of concentration. Light scattering
measurements show that the conditions for chain
overlap are expected to be met at a concentration of 3.8
g/L. At this concentration, an absolute molar mass of
210 kDa and Rg of 28 nm are observed. This value is in
excellent agreement with the value extrapolated from
the viscosity measurements. Furthermore, the scaling
exponent of 3.7 is consistent with theoretical expecta-
tion%” and previous observations for reversible sys-
tems.18

Thermodynamic Dependence. Reversible poly-
merization is a dynamic equilibrium process, in which
the resulting polymers will finally reach their thermo-
dynamically favored states. The thermodynamic as-
sociation constant derived from melting experiments is
therefore a critical factor to determine the molecular
weights. As shown in Table 3, the average molecular
weights of 0.8 mM solutions of OM’s 1—5 increase with
association constants K. Quantitatively, however, lower-
than-expected molecular weights are observed in all
OM’s studied (Table 3). For example, the measured
weight-average molecular weights from OM 2 or 4 are
a factor of 10 lower while that from OM 1 is a factor of
30 lower than expected based on eq 2. Furthermore, the
obseorved M., scales as K°3 instead of the expected value
of KOS,

One possible explanation for low molecular weights
is the presence of chain-terminating impurities such as
failure sequences from the synthesis. We rule out this
explanation for two reasons. First, our OM’s are care-
fully purified by HPLC, and subsequent HPLC analysis
of the OM'’s against failure sequence standards shows
no impurities. (The detection limit for the HPLC analy-
sis is far lower than the concentrations necessary to
explain the differences in molecular weight.) Second, the
relative concentration of chain terminators to OM would
be independent of total concentration, and so the
observed molecular weight would not change with
concentration. Because the concentration dependency
of the molecular weight agrees well with theoretical
expectations (see above), the presence of chain-termi-
nating species is not determining molecular weight.

A second explanation is the presence of smaller, cyclic
structures that are more stable than the linear versions
for which egs 1 and 2 were derived. As discussed below,
cycle stabilities contribute to the structure of RP’s from
4 and 5, but two pieces of evidence suggest that their
presence is only somewhat important for OM’s 1-3.
First, the viscosity scaling relationships as a function
of concentration and MW agree well with theory for
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5 3 A GGTATACCGCTTAAGC
GGTATACCGCTTAAGC Guw N
CGAATTCGCCATATGG
3 5 GGTATACCGCTTAAGC
A A
cG A CG A

GGTATACCGCT T * GGTATACCGCT T

Figure 6. Schematic of energy contributions to thermal
melting due to the hairpin formation. AGgim, AGnp, and AGuy
are the free energy of dimerization, hairpin formation, and that
measured and extrapolated from UV thermal melting, respec-
tively.

rodlike polymers, but they disagree with theory for
circular species. Second, enzymatic ligation and diges-
tion of linear polymers formed from 5'-phosphated OM
2 reveals the presence of ~10% of cyclic structures,?
an observation that is consistent with expectations for
RP’s of the observed molecular weights.58

We attribute the discrepancy to the formation of
moderately stable hairpins that do not contribute to the
UV melting studies (as shown in Figure 6). It has been
reported that DNA fragments such as d(GCGAAAGC)
or d(GCGAAGC) formed stable mini-hairpins with only
two G—C base pairs (at room temperature, AGp, = —4.3
kcal/mol for the latter, and the stability of the mini-
hairpin from the former is even higher although no
direct AGy, is available so far).5°~72 Similar sequence
variants such as d(GCTTAAGC) in 2 or 4, although
perhaps less stable, need only to stabilize the free OM
by 1.4 kcal/mol each to account for the difference
between the apparent AGgim and the measured, rela-
tively high AG..%%7? Such weak hairpins might not
contribute to AG,, (typically measured between 35 and
50 °C) while still factoring into the thermodynamics at
room temperature. This modest contribution, in line
with those observed in similar structures, would lower
the operative association constant K by around 2 orders
of magnitude. Correspondingly, the expected M,,'s would
be lowered by 1 order of magnitude, which is con-
sistent with the observed values. A similar contribution
of ~2 kcal/mol due to hairpin formation in OM 1
(d(GCCTAAGC)) would account for the observed 30
times reduction in molecular weight. Similarly, dif-
ferential hairpin stability would explain the unexpected
dependence of M,, on K. This explanation was further
supported by the fact that, at high temperatures such
as 50 °C, the experimental M,, (56 kDa in Figure 7) was
reasonably close to the theoretical value of 62 kDa. At
elevated temperatures, these weakly stable hairpins are
not expected to play a significant thermodynamic role.

Unlike covalent polymers, the molecular weight of
RP’s might also change with temperature through K in
eq 2. The reversible association constant between OM'’s
has a strong negative temperature dependence, as
determined from variable-concentration UV melting
experiments. When the temperature of a 2.5 mM
solution of OM 2 is varied from 20 to 50 °C, the
molecular weight determined by MALS drops as ex-
pected. When plotted against K(T) from the melting
studies in Figure 7, the M,, of OM 2 is seen to scale with
K95, consistent with approximately the square-root
dependence expected from eq 2.

Conformational Effects. Duplex DNA is a rigid
polymer, even with the “nicks” that accompany the
reversible analogues described here.”® We expected that
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Figure 7. Thermodynamic dependence of the weight-average
molecular weights of OM 2 solution (concentration was 2.50
mM and temperatures were varied from 20 to 50 °C). Error
bars indicate the uncertainty in M,, as determined from the
best fit to the Debye plots (ASTRA software, Wyatt).
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Figure 8. Relationship of the radius of gyration and the
weight-average molecular weight of OM 2 (concentrations
ranging from 0.16 to 2.30 mM). Error bars indicate the
uncertainty in Ry as determined from the best fit to the Debye
plots (ASTRA software, Wyatt).

changing the spacer, therefore, would have a dramatic
influence on the conformational flexibility of the poly-
mer. For OM 2, in which there is no spacer, the shape
was characterized by measuring Ry at different concen-
trations (and therefore different molecular weights). The
radii of gyration of the resulting truncated polymers
were measured by MALS, and the results are plotted
against RP molecular weights in Figure 8. The Ry scales
as My%7. The scaling exponent in this relationship is
expected to be equal to (a + 1)/3, where a is the Mark—
Houwink exponent derived from viscosity relation-
ships.” We have previously measured a = 1.2 + 0.1 for
similar systems,5? and the agreement between the two
independent measurements is excellent. These scaling
relationships indicate rodlike behavior from the OM-
based RP’s, consistent with the expected duplex DNA
structure. Additional data supporting the expected
structure comes from quasi-elastic light scattering
(QELS), which provides the hydrodynamic radius Ry, to
complement measurements of Ry from MALS. The ratio
R¢/Rn = 2.5 for OM 2 across a My, range of 100—500
kDa, and that value is indicative of a rodlike poly-
mer_75,76

The picture is quite different for OM 4 or OM 5, which
possess a flexible hexaethylene glycol (EGg) or (CH>)3
spacer between rigid 8-mer duplexes in their polymer-
ized state. A dramatic difference between 4 and 2
became evident in our initial light scattering charac-
terizations. A 3.0 mM solution of 4 had an initial RP
molecular weight of 85 kDa as determined by MALS.
This M,, was considerably lower than expected from
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Figure 9. Schematic of the formation of larger cycles from
small cyclic RP’s. Growth requires two small cyclic RP’s to open
into two small linear RP’s. The time scale for association into
longer, linear RP’s is long because the equilibrium concentra-
tion of small linear RP’s is low (a few percent of total RP’s).
Once formed, the longer linear structure can cyclize to the final
thermodynamically favored state.

the empirical and measured association constants of the
duplexes. Over the course of 50 h, however, the light
scattering signal gradually increased until a final RP
molecular weight of 118 kDa was obtained. The time
scale for equilibration of OM 4 is 2—3 orders of magni-
tude slower than that of OM 2!

We interpret this result to reflect the presence of a
high number of cyclic RP’s in the OM 4 solution. RP
extension requires the joining of free ends of two
separate RP chains. If a high fraction of RP’s exists in
cyclic structures, then the concentration of free chain
ends is very small. To explain the observed rate reduc-
tion, only a few percent of RP’s based on OM 4 must
exist as linear polymers (Figure 9).

Because average M,/’s were lower for 4 or 5 than for
2, MALS Ry data could be obtained only at a limited
number of higher concentrations. This limitation pre-
cluded Ry vs M,, analyses similar to those described
above. Chain termination experiments coupled to vis-
cosity measurements were more productive, however.
When chain terminator 6 was added to a 1.1 mM
solution of 4 or 5 in the same manner as described for
2, above, markedly different results were obtained. In
the case of 4 + 6, the observed viscosity scales with the
expected MW of truncated, linear polymers as M,°1,
while in the case of 5 + 6, it scales as M,,°3. Both are
far below the value of 1.1 for rigid rod 2 or even 0.8
expected of random coil polymers. This result provides
confirmation that neither OM 4 nor 5 is forming a
preponderance of linear RP’s and that cyclization prob-
ability tends to increase with the longer, flexible spacers.

The cyclization of 4 or 5 is atypical of pure oligonucleo-
tides. The cyclization probabilities of double-stranded
DNA have been studied extensively’’~83 and are gener-
ally quantified in terms of the effective concentration
of one end of a linear DNA strand relative to the other.
This “J value” is close to zero for linear, dsDNA of fewer
than ~150 base pairs,’® and it is fairly insensitive to
common structural perturbations such as DNA nicks.8*
Maximum J values are ~10~7 M,’87 meaning that
association constants in excess of 10 M1 are necessary
in order to observe appreciable cyclizations. The cyclic
RP’s formed from 4 or 5 have 60—120 bp,® far fewer
than conventional double-stranded DNA or RP’s formed
from monomers similar to 1—3. Also, the real association
constant for OM 4 or 5 is ~105, and so the apparent
strong prevalence of cyclic RP’s points to a J that is at
least 2 orders of magnitude higher than the maximum
values observed at DNA lengths of ~150—300 bp, which
are traditionally “ideal” lengths for cyclizations. These
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differences signify a dramatic change in the conforma-
tional freedom of OM 4 and 5 vs wholly nucleotide OM's
1-3.

Conclusion

Oligonucleotide-based monomers are shown to con-
stitute a useful chemical system for the study of
reversible polymerization. Viscometry, size exclusion
chromatography, and static and dynamic multiangle
light scattering provide quantitative insights into the
equilibrium and dynamic properties of the polymeric
structures. Slight changes in the primary base sequence
result in varied thermodynamics of association that are
reflected in the molecular weights of resulting polymeric
assemblies. When the monomers comprise only nucleo-
tides, the polymers resemble double-stranded DNA, and
the only significant differences in structure are due to
the degree of polymerization. Concentration and tem-
perature dependencies further reflect the expected
equilibrium behavior of main-chain reversible polymers,
although hairpin formation makes unexpected contribu-
tions to the stability of free monomers. Incorporation
of synthetic spacers between the oligonucleotides within
a monomer can have a substantial influence on the
conformational properties of the monomer and resulting
assemblies, as evidenced here by dramatic increases in
cyclization probabilities and time scales for equilibra-
tion. In all cases, the structure and behavior of the
polymers can be attributed to controlled features of the
molecular, monomeric constituents. Thus, DNA-based
reversible polymers represent a modular and well-
behaved chemical system for the study of fundamental
reversible polymer processes in complex environments
that are poorly understood.
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