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ABSTRACT

It is essential to study RNA under molecular crowd-
ing conditions to better predict secondary structures
of RNAs in vivo. No systematic study has been com-
pleted to determine the effects of molecular crowding
on RNA duplexes of varying lengths and sequence
composition. Here, optical melting, circular dichro-
ism, and osmometry data were collected for RNA du-
plexes in a 20% polyethylene glycol (with an average
molecular weight of 200 g/mol) solution (PEG 200),
and nearest neighbor parameters were derived us-
ing this data. RNA duplexes are destabilized, on av-
erage, 1.02 kcal/mol in the presence of 20% PEG 200.
The AG°3; values predicted by the nearest neighbor
parameters for RNA duplexes in 20% PEG 200 were
~0.65 kcal/mol closer to experimental A G°37 values
than those predicted by the standard nearest neigh-
bor model. For one DNA sequence in solution with
small crowders, the AG°3; values predicted by the
20% PEG 200 RNA nearest neighbor parameters were
closer to the experimental values than A G°;; values
predicted by either the RNA or DNA standard near-
est neighbor models. This indicates that the nearest
neighbor parameters for RNA duplexes in 20% PEG
200 may be generalizable to RNA and DNA duplexes
in solutions with small crowding agents.

INTRODUCTION

RNA is a dynamic and versatile biomolecule that is involved
in many cellular processes such as protein synthesis (1),
catalysis (2,3) and enzyme regulation (4). RNA has three
levels of structure: primary, secondary, and tertiary. Pri-
mary structure is the RNA sequence, secondary structure
occurs when the bases of RNA begin to form base-pairing
or other favorable interactions, and tertiary structure is the
3D fold of RNA. While tertiary structure of RNA largely
dictates the function of the RNA molecule, tertiary struc-
ture is often inferred from the secondary structure. Due

to this relationship, it is important to have the ability to
predict secondary and tertiary structure to understand the
structure and stability of RNA. If the structure of RNA is
known, one could better understand its function in the cell
and could design pharmaceuticals to target RNA to treat
diseases.

As RNA structure has high variability, researchers have
worked to develop models to predict RNA secondary struc-
ture (5-7). The most widely implemented algorithm is a
nearest neighbor model which involves free energy min-
imization (7). This algorithm utilizes a model based on
thermodynamic parameters that were derived from optical
melting experiments to predict the RNA secondary struc-
ture with the lowest free energy. Software such as RNAS-
tructure (8,9), Mfold (10) and the Vienna software package
(11,12) are often used for secondary structure predictions.
While successful, the nearest neighbor model has some limi-
tations. One limitation is the experimental conditions under
which the thermodynamic parameters were derived. The
thermodynamic data used to develop this model were de-
rived from RNA duplexes melted in a standard buffer con-
sisting of 1.0 M NaCl, 20 mM sodium cacodylate, and
0.5 mM Na,EDTA. However, the cell contains many other
biomolecules in conjunction with RNA, which can result
in molecular crowding that may alter the stability of RNA
molecules. These biomolecules account for an estimated 20—
40% of the cytoplasm (13,14). Current secondary structure
prediction algorithms do not take molecular crowding into
account when predicting the lowest free energy RNA sec-
ondary structure. It is essential to study the effects molecu-
lar crowding has on the stability of RNA duplexes to deter-
mine how cell-like conditions affect the structure and sta-
bility of RNA.

Several recent efforts have studied the effect of molecu-
lar crowding on DNA stability. In these studies, synthetic
cosolutes of different sizes were used as molecular crowd-
ing agents to mimic macromolecular and small molecu-
lar crowding. Synthetic cosolutes employed in molecular
crowding studies must be water soluble, must not cause pre-
cipitation of the nucleic acids, and must not bind nucleic
acids more strongly than water (15). One of the most widely
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implemented synthetic cosolute molecular crowding agents
is polyethylene glycol (PEG). PEG is a popular cosolute as
it is inert, water soluble, and can be synthesized in a va-
riety of molecular weights for the study of different sized
molecular crowding agents. Circular dichroism (CD) stud-
ies have shown that the structure of duplexed DNA is not
significantly altered when crowded with PEG (16,17). In the
presence of small molecular weight PEGs (molecular weight
up to 1000 g/mol), the stability of long DNA duplexes (30-
mers) was found to increase slightly, while the stability of
short DNA duplexes (8- and 17-mers) was found to de-
crease (16). The introduction of small PEG molecules was
also found to decrease the stability of 16- and 18-mer DNA
hairpins (18). In addition, small molecular weight PEGs
were found to decrease the association rate constant and
increase the dissociation rate constant of 10-mer DNA du-
plexes (19).

Similar to DNA, the stability of RNA molecules was
found to decrease when crowded with low molecular weight
PEG molecules (molecular weight <1000 g/mol) (20,21).
Kilburn and co-workers found that the Azoarcus ribozyme
was destabilized when crowded with PEG 1000 (22). Like-
wise, Gu and co-workers discovered that RNA duplexes
with terminal tandem adenosine mismatches were desta-
bilized when crowded with PEG 200 (20). Additionally,
studies have shown that the stability of RNA molecules
increases when crowded with high molecular weight PEG
molecules (molecular weight >1000 g/mol) (22-24). Wool-
ley and coworkers studied the duplex stability of a ho-
mopolymer RNA duplex, poly(I)epoly(C), and found that
duplex stability increased in the presence of large PEG
molecules (23). Dupuis and co-workers also found that an
RNA tetraloop-receptor complex was stabilized in the pres-
ence of PEG 8000 (24). The stabilization observed when nu-
cleic acids are crowded with large molecular weight cosol-
vents has been attributed to consequences of the excluded
volume effect, where the large molecules present result in an
increase in the effective nucleic acid concentration, resulting
in stabilization (15,22,23). It has also been shown that small
molecule crowding induces secondary structure destabiliza-
tion and tertiary structure stabilization (21).

The destabilization of nucleic acids in the presence of
small crowding agents has been attributed to altered so-
lution properties such as dielectric constant, viscosity, and
osmotic pressure. Small cosolvents such as ethylene glycol,
methanol, and ethanol have been found to decrease the di-
electric constant of a solution from ~80 F/m to between
50-70 F/m (15). This decrease in the dielectric constant may
alter the conformation of nucleic acids. For example, RNA
and DNA molecules which usually adopt a hairpin confor-
mation in a standard buffer solution were found to dimerize
in the presence of neutral cosolvents as a result of the low-
ered solution dielectric constant (25). Additionally, if the di-
electric constant is reduced, an increase in electrostatic in-
teractions between charged species has been observed, in-
cluding interactions between nucleic acids and metal ions
(26). Cosolvents have also been reported to increase the so-
lution viscosity; however, no studies have reported a corre-
lation between duplex stability and solution viscosity (15).
When cosolvents alter the osmotic pressure of a solution,
this may change the hydration of the duplex which, in turn,
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may affect the stability of the nucleic acid conformation
(18,27). From these studies, it is apparent that standard
buffer is not able to effectively mimic crowded conditions.

In addition to altering solution properties, it has been
suggested that molecular crowding agents may compete
with water to preferentially interact with the exposed bases
in single-stranded RNA resulting in stabilization of the sin-
gle stranded conformation and destabilization of the du-
plexed structure (20,28). There is a potential for similar
preferential interactions between RNA and other cellular
molecules to occur within the cell, and these interactions are
not accounted for in current structure prediction models.

The studies mentioned above demonstrate that crowding
agents do have an effect on RNA stability. However, those
experiments were conducted either on large RNA molecules
which provide little insight on sequence effects or on a lim-
ited dataset of short RNA duplexes which does not allow
for model derivation. The focus of this work is to system-
atically investigate 6- and 8-mer RNA duplexes with differ-
ent sequence compositions by optical melting, CD, and os-
mometry experiments in the presence of 20% (v/v) PEG 200
to determine how the global structure and stability are af-
fected by molecular crowding. PEG is a common crowding
agent as it is inert and should not directly interact with nu-
cleic acids (26,29). In particular, PEG 200 is often employed
to act as a small crowding agent in order to alter solution
properties to more closely mimic the crowded cellular envi-
ronment (15). Since biomolecules account for an estimated
20-40% of the cytoplasm, 20% PEG 200 (v/v) was cho-
sen for this study (13,14). This systematic study with short
oligonucleotides provides insight into sequence specificity
and provides a large dataset to allow for model derivation.
The results of this study show that RNA duplexes are desta-
bilized when crowded by 20% PEG 200, yet the global struc-
ture of the duplex is not significantly altered. The thermody-
namic data from this study along with thermodynamic data
from the literature (20) were used to derive nearest neighbor
parameters for RNA duplexes in a 20% PEG 200 solution
which can be implemented into structure prediction soft-
ware to better understand the structure of RNA duplexes
in vivo.

MATERIALS AND METHODS
Oligonucleotide synthesis and purification

RNA sequences were chosen based on length and com-
position. Two different oligonucleotide lengths, 6- and 8-
mer duplexes, were studied to determine if oligonucleotides
of different lengths were affected differently by molecular
crowding conditions. Duplexes with different fractions of
G-C base pairs (Fgc) were chosen to determine if sequences
with different compositions were affected differently by
molecular crowding conditions. All 6-mer duplexes had Fgc
values of 0.33, 0.50, 0.67, or 1.00. All 8-mer duplexes had
Fgc values of 0.00, 0.25, 0.50, or 0.75. Additionally, a va-
riety of self-complementary and non-self-complementary
duplexes were selected. The oligonucleotides were ordered
from Integrated DNA Technologies, Inc. (Coralville, TA,
USA) and were purified using Waters Sep-Pak C18 car-
tridges and preparative thin layer chromatography as de-
scribed previously (30-32).
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Duplex formation and optical melting experiments

High temperature absorbance readings at either 260 or 280
nm were measured to determine the single-strand concen-
trations of RNA using the Beer-Lambert Law and extinc-
tion coefficients for each strand, which were determined us-
ing the application RNACalc (33). To form each duplex,
equal moles of each single strand were combined, and the
total duplex concentration was determined via high temper-
ature absorbance readings at either 260 or 280 nm using the
average extinction coefficient of both single strands. An ap-
propriate volume of each duplex was reconstituted in a 20%
(v/v) PEG 200 melt buffer containing 1.0 M NaCl, 20 mM
sodium cacodylate, and 0.5 mM Na, EDTA, pH 7.0 to give a
maximum absorbance value of ~2 in a 0.1 cm cuvette. Each
duplex was melted nine times using a concentration gradi-
ent to obtain a >50-fold concentration range. A Beckman-
Coulter DU8S0O0 spectrophotometer with a temperature con-
troller was used to perform the optical melting experiments.
The duplexes were heated at a rate of 1°C/min to obtain ab-
sorbance versus temperature melting curves from 0 to 90°C.
Absorbances were collected at 280 nm for G—C rich du-
plexes and at 260 nm for A-U rich duplexes to maximize
hyperchromicity (34).

Data analysis

Melt Win software (33) was used to analyze the optical melt-
ing curves and to derive thermodynamic parameters by fit-
ting the curves to a two-state model and plotting the inverse
of the melting temperature (7},) versus the log of concentra-
tion according to Equation (1):

2.303R C AS
=) () Gr) o

where x equals 1 or 4 for self-complementary or non-self-
complementary duplexes, respectively.

Melting temperatures were calculated at a strand concen-
tration of 1 x 10~* M (33,34). The change in Gibb’s free
energy for each duplex was calculated at 37°C using the fol-
lowing equation:

AG = AH — (310.15K) AS )

Each experimental AG°3; and Ty, value was compared to
the AG°3; and Ty, value predicted for the same sequence
using the standard nearest neighbor model (7). Only the
values derived from the van’t Hoff plots were used for the
derivation of nearest neighbor parameters, as is standard
practice (7).

Circular dichroism experiments

A subset of oligonucleotides was studied by CD. Oligonu-
cleotides were prepared as 50 wM duplex concentration
samples in a buffer containing 1.0 M NaCl, 20 mM sodium
cacodylate, and 0.5 mM Na, EDTA, pH 7.0 with and with-
out 20% PEG 200. CD experiments were performed on a
Jasco J1500 spectrometer at 25 and 65°C. Each experiment
consisted of 20 scans from 320 to 210 nm. The scans were
averaged to give one spectrum at each temperature for each
duplex.

Vapor-pressure osmometry experiments

Vapor-pressure osmometry experiments were performed on
standard and PEG buffers using a Wescor 5100 C vapor
pressure osmometer to determine the change in water activ-
ity resulting from molecular crowding conditions. The out-
put of the osmometer is milliosmolality (mOsm) which is
proportional to molality. Each sample reading was collected
five times and averaged to obtain one mOsm value for each
sample. The water activity was calculated from the average
mOsm using the relationship below (35).

mOsm x MWy, 0 )
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Derivation of nearest-neighbor parameters for duplexes in
20% PEG 200

Nearest-neighbor parameters were derived from the ther-
modynamic values for each duplex using linear regres-
sion performed by Microsoft Excel’s LINEST function
(complete linear least squares curve fitting routine). The
LINEST function yielded linearly independent parameters
for each combination of nearest neighbors and duplex sym-
metry, as well as penalties for duplex initiation and terminal
A-U pairs.

RESULTS AND DISCUSSION

While PEG 200 is not an exact replica of the cellular envi-
ronment (36), studies with neutral cosolvents such as PEG
can shed light on the stability of RNA duplexes in molecu-
lar crowding conditions, conditions more representative of
the cellular environment, and can improve RNA structure
prediction methods.

Experimental thermodynamic parameters in 20% PEG 200

Thirty-four duplexes were melted in a buffer containing
20% PEG 200. The optical melt curves for each duplex were
fit two ways, by averaging the fits of the melt curves and by
creating van’t Hoff plots. An example melt curve is shown
in Supplementary Figure S1. Table 1 shows the thermody-
namic parameters of duplex formation derived from melt
curve fits and van’t Hoff plots for 38 duplexes, 34 measured
here and four melted previously (20). All van’t Hoff plots
derived from the optical melting data showed a linear re-
lationship when the 7,,~! was plotted against the log of
the concentration. This suggests that duplex formation, not
unimolecular folding, was occurring. A single, sharp tran-
sition in the sigmoidal melt curves suggests that there are
not competing structures in solution. A two-state transition
during melting is assumed when deriving thermodynamic
parameters. Because all of the enthalpy parameters derived
from the average of the melt curve fits are within 15% of
the enthalpy values derived from the van’t Hoff plots, the
two-state transition assumption is valid (34).

Comparison of experimental thermodynamic parameters in
20% PEG 200 to the standard nearest neighbor parameters

In order to determine the effect of 20% PEG 200 on the
stability of RNA oligonucleotides, the experimental data



Table 1. Thermodynamic parameters for duplex formation.
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Ty ~" versus log Cr plots

Average curve fits

AH® AS°® AG°37 T AH® AS°® AG3; Tm
Duplex® (kcal/mol) (eu) (kcal/mol) ({©) (kcal/mol) (eu) (kcal/mol) [§©)]
5'-UCAUGA-3 -56.2 + 5.0 -171.6 + 6.9 -3.00 + 0.26 229 -54.5 + 4.7 -165.7 + 15.5 -3.08 £ 0.15 229
5-ACUGCG-3 574 + 1.6 -163.3 + 5.2 -6.73 + 0.02 38.1 -64.4 + 13.1 -186.0 + 42.3 -6.67 £+ 0.15 37.7
5'-AUGGAC-3 -48.1 + 3.5 -135.8 £ 11.6 -5.94 + 0.13 332 -59.1 £ 15.6 -171.8 + 50.0 -5.85 £ 0.11 335
5'-GCGAUA-3 -52.4 + 3.5 -151.8 £ 11.8 -5.32 £ 0.15 30.0 -54.8 + 3.5 -159.7 £ 17.3 -5.24 £ 0.11 29.8
5'-GCUAUG-3 -58.8 £ 5.5 -172.8 + 18.0 -5.18 £ 0.23 30.0 -62.2 + 8.7 -183.9 + 28.1 -5.16 £ 0.21 30.3
5-ACCGGU-3 -53.8 +£ 2.9 -150.5 + 9.1 -7.12 + 0.06 45.6 -54.1 + 4.0 -151.5 + 124 -7.11 £ 0.20 45.4
5-AGCGCU-3' -53.5 + 29 -150.4 + 9.4 -6.80 + 0.05 43.6 -54.0 + 1.9 -152.2 + 59 -6.79 £ 0.11 43.6
5'-CACGUG-3 -53.7 £ 2.8 -1544 £ 9.0 -5.81 + 0.04 37.8 -59.3 + 4.0 -172.2 + 124 -5.84 + 0.21 37.9
5'-CAGCUG-3 -54.3 + 0.8 -156.2 +£ 2.7 -5.85 + 0.01 38.0 -549 + 1.0 -158.1 + 3.2 -5.86 + 0.04 38.0
5-CCAUGG-3 -59.8 + 1.0 -171.9 +£ 3.3 -6.52 + 0.01 414 -60.4 + 2.0 -173.6 + 6.4 -6.52 £+ 0.05 41.4
5'-CCUAGG-3 -54.8 + 0.8 -154.3 +£ 2.7 -6.92 + 0.01 44.2 -59.9 + 4.1 -170.6 + 12.8 -6.98 £ 0.16 439
5'-CUGCAG-3' -532 + 2.7 -151.6 + 8.7 -6.19 + 0.05 40.0 -552 + 29 -157.9 £ 9.0 -6.18 £ 0.11 39.9
5-GACGUC-3 547 + 1.4 -155.0 + 4.6 -6.56 + 0.01 42.1 -59.3 + 3.3 -170.0 + 10.3 -6.61 £ 0.10 42.0
5-GAGCUC-3 -58.1 + 3.8 -165.0 + 12.0 -6.90 + 0.08 43.7 -58.0 + 4.9 -164.7 + 15.4 -6.94 £+ 0.19 439
5'-GCAUGC-3¥ -58.7 + 3.1 -167.2 £ 9.9 -6.85 + 0.05 433 -62.1 + 2.4 -178.1 + 7.4 -6.88 £+ 0.16 43.1
5-CGCGCG-3 -52.0 + 3.8 -142.6 + 11.9 -7.72 £ 0.16 49.7 -55.6 £ 1.3 -153.9 + 43 -7.85 £ 0.17 49.6
5-CGGCCG-3' -543 + 1.8 -147.7 £ 5.4 -8.49 + 0.08 54.0 -579 £ 5.7 -159.0 + 17.9 -8.62 £ 0.17 53.6
5-GCCGGC-3 -65.6 + 6.8 -178.4 + 20.7 -10.23 + 0.46 60.1 -66.3 + 8.0 -180.6 + 24.2 -10.31 + 0.58 60.3
5-GCGCGC-3 -61.8 + 7.0 -170.0 + 21.4 -9.03 + 0.39 54.8 -62.3 + 6.2 -171.4 + 18.6 -9.10 £ 0.49 55.0
5'-UAUAUAUA-3 -62.5 + 2.6 -194.2 +£ 9.0 -2.30 + 0.17 21.1 -63.1 + 2.2 -196.1 + 7.4 -2.27 £ 0.09 21.1
5'-UAAUAUUA-3 -58.8 + 4.9 -183.4 +£ 17.0 -1.88 + 0.37 18.2 -59.0 + 1.9 -184.1 + 6.2 -1.88 £ 0.11 18.2
5'-AACUAGUU-% -56.1 + 1.1 -161.4 + 3.6 -6.02 + 0.01 38.9 -62.8 + 4.4 -183.1 + 14.1 -6.01 £ 0.09 38.7
5'-ACUAUAGU-3 -62.7 + 2.1 -183.2 + 6.9 -5.82 + 0.03 37.7 -66.0 + 2.4 -194.0 + 7.6 -5.79 £ 0.09 37.6
5'-AGAUAUCU-3' -56.5 + 2.8 -163.8 + 9.3 -5.72 + 0.06 37.2 -61.2 +£ 2.5 -178.9 + 8.0 -5.68 £+ 0.07 37.0
5'-GAUAUAUC-3 -66.0 + 2.4 -195.0 £ 7.9 -5.48 + 0.04 36.1 742 + 4.4 -221.7 + 142 -5.41 £ 0.06 359
5'-GAAUAUUC-3 -66.4 + 4.7 -198.7 +£ 15.5 -4.72 + 0.14 32.6 -68.0 + 2.1 -204.1 + 6.7 -4.68 £+ 0.10 325
5-AACCGGUU-¥ -63.0 + 5.7 -1742 £ 17.5 -8.98 + 0.31 54.1 -61.3 £ 7.1 -168.8 + 21.9 -8.95 + 0.35 54.5
5'-ACUGCAGU-3 7157 £ 1.5 2144 + 4.8 -9.19 + 0.06 52.1 -74.7 + 1.8 2113 + 5.6 -9.13 £ 0.09 52.1
5-GCAAUUGC-3 -78.1 + 1.7 22257 +£ 5.3 -8.09 + 0.05 46.9 -79.4 + 3.8 -229.8 + 11.9 -8.15 £ 0.12 47.0
5-GAACGUUC-% 2742 + 2.8 -214.3 + 8.8 -7.76 £ 0.07 46.0 -77.1 £ 3.2 -2234 + 104 -7.82 £ 0.05 459
5'-AGCGCGCU-% -82.6 + 6.0 -226.1 + 17.8 -12.45 + 0.48 64.7 -82.0 + 0.8 -224.5 + 2.8 -12.41 + 0.12 64.7
5-AGCCGGCU-3' -85.8 + 2.5 -232.0 £ 7.5 -13.86 + 0.23 69.7 -86.3 + 6.4 -233.4 + 189 -13.94 + 0.57 69.8
5'-GCGAUCGC-3¥ -97.0 + 6.7 -272.9 + 20.2 -12.38 + 0.43 60.0 -97.1 £33 -273.3 + 10.3 -12.38 + 0.18 60.0
5-GACCGGUC-3' -88.3 + 2.9 2429 + 8.5 -12.93 + 0.22 64.8 -88.1 + 3.7 2425 + 114 -12.92 + 0.20 64.8
5'-UUAUCGAUAA-3'® -62.8 + 2.5 -180.0 &+ 8.0 -6.94 + 0.04 434 2723 £ 9.2 -220.0 + 28.5 -7.02 £ 0.48 42.6
5-UAUCGAUA-3"® -64.3 + 2.3 -188.6 + 7.6 -5.83 + 0.03 37.7 -63.9 + 2.6 -187.0 + 8.3 -5.85 £ 0.08 37.9
5-AGCGCU-3"® -51.9 + 54 -1549 +£ 17.3 -6.60 + 0.16 42.6 -533 + 34 -150.7 + 11.5 -6.57 £ 0.18 42.3
5'-CGCGCG-3'° -67.1 + 4.3 -188.9 + 13.3 -8.55 + 0.16 50.9 -57.6 £ 2.0 -159.2 + 6.8 -8.23 £ 0.17 51.4

2All listed strands are paired with their Watson—Crick complement.
bThermodynamic data for these strands are from (20).

collected here was compared to predictions using the stan-
dard nearest neighbor parameters (Table 2). On average,
the Ti, of RNA oligonucleotides in 20% PEG 200 is 6.0°C
lower than that predicted in standard buffer, with a range
of 11.1°C lower to 1.2°C higher than standard buffer. Simi-
larly, on average, the A G°37 values of RNA oligonucleotides
in 20% PEG 200 are 1.02 kcal/mol less stable than that
predicted in standard buffer, with a range of 0.39 to 2.27
kcal/mol less stable. The changes in both T}, and A G°3; val-
ues are indicative of destabilization due to the presence of
20% PEG 200.

To determine if 20% PEG 200 destabilized RNA oligonu-
cleotides differently based on the length of the oligonu-
cleotide, we compared the thermodynamics of the 21 6-mers
to the 16 8-mers (the data from the one 10-mer was not
included in any comparisons). On average, the ATy, and
AAG°37 values for the 6-mers were —6.0 £ 0.5°C and 1.01
4 0.08 kcal/mol, respectively. On average, the AT, and
AAG°37 values for the 8-mers were —6.0 £ 0.7°C and 0.98
4 0.10 kcal/mol, respectively. Overall, there is no meaning-

ful difference in the destabilization experienced by 6-mers
and 8-mers in the presence of 20% PEG 200. It is likely
that larger length differences would result in different de-
grees of destabilization, as was seen in DNA for 8-, 17- and
30-mers (16); however, experimental constraints prevent us
from studying significantly shorter or longer duplexes via
optical melting.

To determine if 20% PEG 200 destabilized RNA oligonu-
cleotides differently based on Fgc, we compared the ATy,
for each Fgc value (Supplementary Figure S2, the one value
for Fgc = 0.20 was not used in this comparison). In gen-
eral, it appears as if ATy, increases as Fgc increases (R>
= 0.86). Similarly, we compared the AAG°3;7 for each Fgc
value (Supplementary Figure S2, the one value for Fgc =
0.20 was not used in this comparison). In general, it appears
as if AAG°37 is independent of changes in Fgc (R*> = 0.17).
In both cases, the wide range of values for each Fgc value
(asillustrated by the error bars in Supplementary Figure S2)
prevents us from concluding anything specific. It is likely
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Table 2. Comparison between experimental thermodynamic parameters measured in 20% PEG 200 and predicted parameters using either the standard

or derived 20% PEG 200 nearest neighbor parameters.

Predicted
Predicted AG°371in AG°37in PEG NN
Tm in Tm in PEG Hzob PEG AAG°37C AG°37d AAGO:We

Duplex® Length Fae H,0 (°C) O ATy (°C) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
5-UCAUGA-3 6 0.33 25.5 229 2.6 -4.60 -3.00 1.60 -3.26 0.26
5-ACUGCG-3 6 0.33 44.2 38.1 -6.1 -7.67 -6.73 0.94 -6.76 0.03
5-AUGGAC-3 6 0.50 36.9 332 -3.7 -6.52 -5.94 0.58 -5.91 -0.03
5'-GCGAUA-3 6 0.50 339 30.0 -39 -6.02 -5.32 0.70 -5.30 -0.02
5-GCUAUG-3 6 0.50 31.8 30.0 -1.8 -5.95 -5.18 0.77 -5.25 0.07
5-ACCGGU-3 6 0.67 53.7 45.6 -8.1 -7.94 -7.12 0.82 -7.16 0.04
5-AGCGCU-3' 6 0.67 53.5 43.6 9.9 -7.94 -6.80 1.14 -6.74 -0.06
5-CACGUG-3 6 0.67 424 37.8 -4.6 -6.54 -5.81 0.73 -5.42 -0.39
5'-CAGCUG-3 6 0.67 46.6 38.0 -8.6 -7.28 -5.85 1.43 -6.03 0.18
5-CCAUGG-%¥ 6 0.67 46.6 41.4 -5.2 -7.32 -6.52 0.80 -6.30 -0.22
5-CCUAGG-3 6 0.67 48.1 44.2 -39 -7.49 -6.92 0.57 -6.79 -0.13
5'-CUGCAG-3 6 0.67 46.6 40.0 -6.6 -7.28 -6.19 1.09 -6.03 -0.16
5-GACGUC-3 6 0.67 45.1 42.1 -3.0 -7.02 -6.56 0.46 -6.32 -0.24
5-GAGCUC-3 6 0.67 49.0 43.7 -5.3 -7.76 -6.90 0.86 -6.93 0.03
5'-GCAUGC-3 6 0.67 48.3 433 -5.0 -7.64 -6.85 0.79 -6.52 -0.33
5-CGCGCG-3' 6 1.0 58.5 49.7 -8.8 -9.40 2772 1.68 -8.14 0.42
5-CGGCCG-3 6 1.0 62.2 54.0 -8.2 -10.14 -8.49 1.65 -9.17 0.68
5-GCCGGC-3' 6 1.0 66.6 60.1 -6.5 -11.20 -10.23 0.97 -10.42 0.19
5-GCGCGC-3 6 1.0 63.1 54.8 -8.3 -10.46 -9.03 1.43 -9.39 0.36
5'-UAUAUAUA-3 8 0.0 25.3 21.1 4.2 -3.20 -2.30 0.90 -2.42 0.12
5'-UAAUAUUA-3 8 0.0 17.0 18.2 1.2 -2.63 -1.88 0.75 -1.69 -0.19
5-AACUAGUU-% 8 0.25 43.5 38.9 -4.6 -6.41 -6.02 0.39 -5.51 -0.51
5'-ACUAUAGU-3 8 0.25 46.2 37.7 -8.5 -6.98 -5.82 1.16 -6.24 0.42
5-AGAUAUCU-3 8 0.25 45.6 37.2 -8.4 -6.97 -5.72 1.25 -6.01 0.29
5-GAUAUAUC-3 8 0.25 39.4 36.1 -3.3 -6.14 -5.48 0.66 -5.52 0.04
5'-GAAUAUUC-3' 8 0.25 36.6 32.6 -4.0 -5.57 -4.72 0.85 -4.79 0.07
5-AACCGGUU-%¥ 8 0.50 59.8 54.1 -5.7 -9.80 -8.98 0.82 -8.92 -0.06
5-ACUGCAGU-3 8 0.50 63.2 52.1 -11.1 -10.86 -9.19 1.67 -9.65 0.46
5'-GCAAUUGC-3 8 0.50 55.0 46.9 -8.1 -9.50 -8.09 1.41 -8.28 0.19
5-GAACGUUC-3¥ 8 0.50 525 46.0 -6.5 -8.88 -7.76 1.12 -8.08 0.32
5-AGCGCGCU-3 8 0.75 74.2 64.7 9.5 -13.72 -12.45 1.27 -12.37 -0.08
5-AGCCGGCU-3' 8 0.75 77.0 69.7 273 -14.46 -13.86 0.60 -13.40 -0.46
5-GCGAUCGC-3 8 0.75 67.1 60.0 7.1 -12.84 -12.38 0.46 -11.80 -0.58
5-GACCGGUC-3 8 0.75 70.3 64.8 -5.5 -13.54 -12.93 0.61 -12.98 0.05
5-UUAUCGAUAA-3'* 10 0.20 49.0 43.4 -5.6 -9.21 -6.94 2.27 -7.24 0.30
5-UAUCGAUA-3'* 8 0.25 41.4 37.7 -3.7 -7.10 -5.83 1.27 -5.48 -0.35
5'-AGCGCU-3'" 6 0.67 51.6 42.6 -9.0 -7.94 -6.60 1.34 -6.74 0.14
5-CGCGCG-3'F 6 1.0 58.5 50.9 -7.6 -9.40 -8.55 0.85 -8.14 -0.41
Average -6.0 1.02 0.238

2All listed strands are paired with their Watson-Crick complement.
®Values were predicted using the standard nearest neighbor model (7).

“Difference between values predicted using the standard nearest neighbor model and experimental values for duplexes in 20% PEG 200 (7).

4AG°3; values predicted using the derived parameters for a 20% PEG 200 solution.

¢Difference between experimental A G°3; values in 20% PEG 200 and values predicted by the derived model for 20% PEG 200.

"Thermodynamic data for these strands are from (20).
2Average of the absolute value of each AG°37 value.

that factors beyond Fgc are affecting the thermodynamics
of short RNA oligomers in the presence of 20% PEG 200.

Circular dichroism experiments

CD experiments were performed on one 6-mer (5'-
GCCGGC-3'); and one 8-mer (5-ACUGCAGU-3'), du-
plex in both standard and 20% PEG 200 buffers at 25°C.
The CD spectra at 25°C are shown in Figure 1. Both sets
of CD spectra at 25°C display a minimum at 210 nm, a
maximum at 260 nm, and a small negative region between
300 and 310 nm, consistent with an A-form helical con-
formation (37). It should be noted that although the right-
handed, A-form helical structure is not significantly altered,
there is a decrease in the magnitude of CD between the

standard buffer and 20% PEG 200 curves at certain wave-
length ranges (~250-280 nm). The magnitude of CD de-
pends largely on the spatial orientation of each base chro-
mophore (38). It is, therefore, plausible that the addition of
20% PEG 200 results in a slight alteration of the spatial ori-
entation of each base chromophore without affecting the
global structure of the helix. This shift has the potential to
affect the energetics of the helix and have an overall desta-
bilizing effect on the stability of the duplexes (38).

In addition to room temperature CD, experiments were
performed on one 6-mer 5-GCAUGC-3' and one 8-mer
5-ACUAUAGU-3" at 65°C (above their melting tempera-
tures) to determine if 20% PEG 200 affects the structure
of single-stranded oligonucleotides, potentially resulting in
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Figure 1. CD spectra of (5'-GCCGGC-3'); (top left) and (5-ACUGCAGU-3'), (top right) in 20% PEG 200 and standard (water) buffers at 25°C and of
5-GCAUGC-3’ (bottom left) and 5'- ACUAUAGU-3' (bottom right) in 20% PEG 200 and standard (water) buffers at 65°C.

the destabilization of the duplexed state. Single-stranded
oligonucleotide conformation is sequence and temperature
dependent and does not have well-defined CD character-
istics compared to the A-form helical structure (39). Even
without strict definitions of single-stranded spectra, Fig-
ure 1 shows that all four CD spectra of the single-stranded
oligonucleotides have similar features: a maximum around
275 nm, a minimum between 230-240 nm, and no CD
above 300 nm, indicating that the global conformation of
the single-stranded structures are not significantly altered
by the presence of 20% PEG 200. Similar to the CD spec-
tra at 25°C, there is a slight decrease in the magnitude of
the CD peaks between 20% PEG 200 and standard wa-
ter buffer, however; as previously mentioned, this is not in-
dicative of a significant conformational change. The spectra
from both CD experiments at 25°C and 65°C indicate that
the presence of 20% PEG 200 does not result in a signifi-
cant global conformational change in either the duplexed
or single-stranded state.

Water activity measurements in water and PEG 200 buffers

Previous studies have suggested that one cause of duplex
destabilization due to molecular crowding is a reduction of
solution water activity (15,18,27,29). It has been suggested
that G—C rich duplexes may be destabilized more in molec-
ular crowding conditions than A—U rich sequences because
G-C pairs are more hydrated than A-U pairs (40). Thus,
the lowering of water activity would have a greater effect
on G—C rich duplexes in molecular crowding conditions,
resulting in a greater degree of destabilization (40). Vapor-
pressure osmometry experiments were completed to deter-
mine the difference in water activity in standard and 20%
PEG 200 buffers. The water activity (ay) of the standard
buffer decreased from 0.9646 a,, to 0.9365 a,, when 20%
PEG 200 was introduced to the solution (P value < 0.001).
The observed data was consistent with previous studies re-

porting a lowered water activity in molecular crowding so-
lutions (15,18,27,29,40). Based on observations here and in
previous studies with DNA and RNA duplexes in molec-
ular crowding conditions, it is likely that the reduction of
the water activity of solution by the addition of 20% PEG
200 is a contributor to the destabilization of duplexes in the
presence of 20% PEG 200.

Derivation of nearest neighbor parameters for RNA duplexes
in 20% PEG 200 buffer

In addition to studying the relationship between destabiliza-
tion and sequence length and composition, linearly inde-
pendent nearest-neighbor parameters were derived for du-
plexes in 20% PEG 200 (Table 3). Four sequences previously
studied in the literature with available thermodynamic pa-
rameters in 20% PEG 200 were also included in the deriva-
tion of the model so that all available thermodynamic data
was utilized (20).

The 20% PEG 200 nearest neighbor parameters were
used to calculate AH°, AS° and AG°3; values for each du-
plex (Table 2, Supplementary Tables S1 and S2). The aver-
age differences between experimental values and those pre-
dicted by the 20% PEG 200 parameters for AH®, AS°, and
AG°37 are 4.0 kecal/mol, 11.8 eu, and 0.23 kcal/mol, respec-
tively. The average differences between experimental A H°,
AS° and AG°3; values and those predicted using the stan-
dard nearest neighbor parameters are 5.4 kcal/mol, 19.4
eu, and 1.02 kcal/mol, respectively. The 20% PEG 200
nearest neighbor parameters result in AG°3; values ~0.8
kcal/mol closer to the experimental values than when us-
ing the standard nearest neighbor parameters.

The average deviation between the predicted free energies
using the new 20% PEG 200 nearest neighbor parameters
and the measured free energies for all duplexes was 0.23
kcal/mol, illustrating the goodness-of-fit for the derived
model. To test the predictive nature of the derived near-
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Table 3. Nearest neighbor parameters for RNA duplexes in 20% PEG 200

Nearest neighbors? # Occurrences

AH° in PEG (kcal/mol)

AS° in PEG (eu) AG°37 in PEG (kcal/mol)

AA 14 -6.3 £ 1.5 -17.5 £ 49 -0.88 £ 0.09
uu
AU 25 -6.7 + 3.1 -18.2 +£ 10.4 -1.13 £ 0.20
UA
UA 21 -12.7 £ 3.1 -36.6 + 9.8 -1.36 £ 0.19
AU
CuU 25 -8.8 £ 2.1 -21.7 £ 6.6 -2.03 £ 0.12
GA
CA 19 -13.0 £ 2.5 -36.0 + 8.0 -1.91 £ 0.15
GU
GU 20 -12.8 £ 1.9 -33.7 £ 6.1 -2.36 £ 0.12
CA
GA 25 -14.5 £ 2.0 -39.1 £ 6.9 -2.36 £ 0.13
CuU
CG 29 9.0 £ 25 -22.0 £ 8.0 -2.19 £ 0.15
GC
GG 17 -14.6 £ 2.0 -36.3 + 6.4 -3.32 £ 0.12
cC
GC 30 -189 + 2.3 -499 +£ 7.3 -3.44 + 0.14
CG
Terminal AU 33 28 £ 1.3 73 £ 42 0.55 £ 0.08
Initiation 38 53+ 7.7 22 4242 4.63 £+ 0.46
Symmetric 34 1.0 £ 3.5 1.0 £ 109 0.68 £ 0.21

4For each nearest neighbor, the top sequence is written 5'-3" and the bottom is written 3'-5’.

Table 4. Difference in predicted and experimental A G°37 values for d(ATGCGCAT); in the presence of small molecular weight crowders

20% PEG 200
Experimental RNA NN Standard RNA RNA Standard DNA

Crowding AG°37 AG°37 PEG AAG°37* NN AG°37 AAG°37° NN AG°y7 DNA AAG°37¢
Agent (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
20% EG -9.30 -8.74 0.56 -10.20 -0.90 -8.65 0.65

20% PEG 200 -8.70 -8.74 -0.04 -10.20 -1.50 -8.65 0.05

20% PEG 1000 -9.90 -8.74 1.16 -10.20 -0.30 -8.65 1.25
Average! 0.59 0.90 0.65

4Difference between experimental AG°37 and AG°37 predicted using 20% PEG 200 RNA nearest neighbor parameters.
bDifference between experimental AG°37 and AG°37 predicted using standard RNA nearest neighbor parameters.
°Difference between experimental AG°37 and AG°37 predicted using standard DNA nearest neighbor parameters.

dAveralge of the absolute value of each AG°37 value.

est neighbor parameters for RNA duplexes in 20% PEG
200, a leave-one-out cross validation was performed. In this
validation, one duplex was selected as the test set, and the
LINEST function was used on the remaining duplexes to
derive nearest neighbor parameters with the test duplex
excluded. The resulting nearest neighbor parameters were
used to predict the AG°37 value of the test duplex. This pro-
cedure was repeated for every duplex included in the dataset
and resulted in an average difference of 0.35 kcal/mol be-
tween the experimental and predicted AG°3; values, illus-
trating the potential predictive power of the derived nearest
neighbor parameters for RNA duplexes in 20% PEG 200.
To our knowledge, the effects of molecular crowding by
neutral cosolutes on the thermodynamics of short RNA

oligomers have only been studied using 20% PEG 200. To
test the generality, the 20% PEG 200 RNA model was
tested on a DNA oligomer with small molecular crowd-
ing agents to predict the experimental A G°3; values (16,18).
The AG°3; values predicted by the 20% PEG 200 RNA
nearest neighbor parameters were compared to previously
reported experimental AG°3; values of DNA duplexes in
20% PEG 200, PEG 1000, and ethylene glycol (EG) (Table
4) (16,18). The average difference between the experimen-
tal AG°37 values and those predicted by the 20% PEG 200
RNA nearest neighbor parameters is 0.59 kcal/mol. As ex-
pected, the difference in the AG°3; values for these DNA
sequences is slightly higher than the leave-one-out predic-
tive difference of the RNA sequences in 20% PEG 200 (0.35



kcal/mol). However, the AG°3;7 values predicted by the 20%
PEG 200 RNA nearest neighbor parameters are closer to
the experimental values than AG°3; values predicted by ei-
ther the RNA or DNA standard nearest neighbor models
(average differences of 0.90 and 0.65 kcal/mol, respectively)
(41). This illustrates that for this particular DNA sequence,
the 20% PEG 200 RNA nearest neighbor parameters are
better, on average, at predicting AG°37 values than either the
standard RNA or DNA parameters. More data is needed to
determine if these 20% PEG 200 RNA nearest neighbor pa-
rameters are generalizable to RNA in the presence of other
small, inert molecular crowders (MW < 1000 g/mol) and if
these 20% PEG 200 RNA nearest neighbor parameters are
better than the standard DNA nearest neighbor parameters
at predicting the stability of DNA in the presence of small,
inert molecular crowders.

The thermodynamic data from this study shows that
molecular crowding by 20% PEG 200 results in the destabi-
lization of short RNA duplexes. The nearest neighbor pa-
rameters derived for RNA duplexes in 20% PEG 200 can be
used to predict the stability of short RNA oligonucleotides
in 20% PEG 200 solutions. This derived model for RNA
duplexes in the presence of 20% PEG 200 was more suc-
cessful at predicting AG®3;7 values of short RNA duplexes
in the presence of 20% PEG 200 than the standard RNA
nearest neighbor parameters. Additionally, for one DNA
duplex in the presence of three inert crowding agents, this
model was more successful, on average, than the standard
RNA nearest neighbor parameters and the standard DNA
nearest neighbor parameters at predicting the stability of
the DNA duplex. The continuation of studies of this nature
is worthwhile to shed light on the stability of RNA duplexes
in the cellular environment. The implementation of the 20%
PEG 200 nearest neighbor parameters in structure predic-
tion programs will provide insight on the stability of RNA
and DNA duplexes in simulated cell-like conditions.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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