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ABSTRACT
Ever since the discovery of RNA as an integral biomolecule in cellular function,
the principles governing RNA folding and function have been studied. These studies
have primarily focused on the thermodynamics and kinetics of RNA folding in conditions
that are folding-favorable and non-physiological including dilute solution with relatively
high ionic strength and Mg2+ ion concentrations. While these studies have imparted
invaluable knowledge towards the understanding of RNA biophysics, there is still a great
need to characterize RNA folding and function in conditions that are much closer to those
of a cell; however, because of the intricacies of the cellular environment, elucidating
meaningful biophysical properties from experiments directly in living cells remains
difficult. In an effort to capture the effects of this complex environment on RNA folding,
in vitro experiments focusing on distinct features of the cellular environment are
performed in attempt to learn how these specific properties of the cellular matrix impact
RNA. In this thesis, RNA structure, folding, and function are assessed from both a
thermodynamic and kinetic prospective under conditions that mimic those of cells. In
particular, effects of compartmentalization, macromolecular crowding, and low
molecular cosolutes are examined in terms of RNA catalysis and RNA folding using an
array of techniques including RNA partitioning, ribozyme kinetics, small angle X-ray
scattering (SAXS), structure mapping methods, and RNA folding thermodynamics.
One key aspect of cells is their ability to compartmentalize biomolecules; thus,
allowing them to control local concentrations of these molecules. In Chapter Two and
Three of this thesis, it is revealed that local concentrations of RNA can be controlled
using an aqueous two-phase system composed of two high molecular weight polymers.

iii

Additionally, increasing the local concentration of an enzyme strand of a two-piece
ribozyme within one of the aqueous phase compartments, leads to a significant
enhancement in catalysis under single-turnover conditions. This work indicates that
compartmentalization could be very important for RNA function in modern cells as well
as in RNA regulation and activation in early-earth protocells.
Another key factor of the cellular environment is the concentration of free Mg2+,
which is only ~0.5 mM and ~2 mM in eukaryotic and prokaryotic cells, respectively.
These values are considerably lower than the free Mg2+ (~10 mM) typically used in RNA
structure and folding studies in the literature. Additionally, there are high concentrations
of molecules (both high- and low-molecular weight) inside cells that can interact with
RNA, exclude volume, and alter solvent conditions. These molecules can have large
impacts on RNA structure, folding, and function especially when Mg2+ concentrations are
physiological. It is revealed in Chapter Four of this thesis that the self-cleavage of a small
catalytic RNA, the cytoplasmic polyadenylation element–binding protein 3 HDV-like
ribozyme (CPEB3), is stimulated by high- and low-molecular weight molecules under
physiological free Mg2+ concentrations. Furthermore, SAXS experiments reveal
compactness of the ribozyme under such conditions. These findings suggest RNA
structure-function-relationships that uniquely arise from cellular conditions.
To link the RNA folding pathway with RNA activity assays in cellular conditions,
in Chapter Five, folding cooperativity of RNA was assessed in physiological
concentrations of Mg2+, macromolecular crowders, and low molecular weight cosolutes.
Through a combination of biophysical characterization and structure mapping techniques,
it was found that tRNAPhe folding cooperativity increases in the presence of
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macromolecular crowding agents under physiological concentrations of Mg2+.
Conversely, in physiological concentrations of Mg2+ and low molecular weight cosolutes,
tRNAPhe folding cooperativity is either increased or decreased depending on the identity
of the cosolute. These experiments demonstrate that cellular conditions increase the
steepness of the unfolding transition for RNA and may possibly facilitate native RNA
folding despite having low concentrations of free Mg2+. The work presented in this thesis
reveals the effects of the cellular environment on RNA structure, folding, and function
and further strengthens the biological structure-function relationship that is so vital to
RNA behavior.

v

TABLE OF CONTENTS
LIST OF FIGURES ...........................................................................................................x
LIST OF TABLES ......................................................................................................... xiv
ABBREVIATIONS ..........................................................................................................xv
ACKNOWLEDGEMENTS ......................................................................................... xvii
Chapter 1 Introduction......................................................................................................1
1.1
1.2
1.3
1.4
1.5

Recent advances in RNA structure analysis and function ....................1
The cellular environment and RNA structure and folding....................2
Low molecular weight cosolutes and RNA structure and folding ........4
Macromolecular crowding and RNA structure and folding .................5
RNA folding cooperativity ...................................................................7

1.6 Compartmentalization of RNA in contemporary
biology and early-earth .......................................................................10
1.7 Summary of dissertation work ............................................................14
1.8 References ...........................................................................................16
Chapter 2 RNA catalysis through compartmentalization ............................................27
2.1 Abstract ...............................................................................................27
2.2 Introduction .........................................................................................28
2.3 Materials and Methods ........................................................................30
2.3.1 Materials ..............................................................................30
2.3.2 RNA sequences and preparation ..........................................30
2.3.3 Aqueous two-phase systems ................................................32
2.3.4 RNA partitioning .................................................................34
2.3.5 Hammerhead ribozyme kinetics ..........................................36
2.3.6 Calculation of RNA concentration in phases of
ATPS with different VD:VP ratios .......................................37
2.4 Results .................................................................................................39
2.4.1 Study overview ....................................................................39
2.4.2 Length-dependence of RNA partitioning.............................41
2.4.3 Effect of compartmentalization on ribozyme catalysis ........43
2.4.4 Effect of compartment size on ribozyme catalysis ..............46
2.5 Discussion ...........................................................................................49
2.6 Acknowledgements .............................................................................52
2.7 References ...........................................................................................52
vi

Appendix A Supporting Information: Chapter 2 .........................................................57
A.1 Control experiments ...........................................................................57
A.1.1 PEG-rich contribution toward catalysis ..............................57
A.1.2 Alternative initiation of reaction kinetics............................60
A.1.3 Probing for enzyme aggregation .........................................60
A.2 Supporting figures ..............................................................................61
A.3 Supporting tables................................................................................68
A.4 References ..........................................................................................72
Chapter 3 RNA catalysis in vesicle-stabilized all-aqueous emulsions .........................73
3.1 Abstract ...............................................................................................73
3.2 Introduction .........................................................................................75
3.3 Materials and Methods ........................................................................78
3.3.1 Materials ..............................................................................78
3.3.2 ATPS preparation.................................................................78
3.3.3 LUV preparation ..................................................................78
3.3.4 RNA preparation and purification .......................................79
3.3.5 Ribozyme partitioning and cleavage assessed
by PAGE..............................................................................80
3.3.6 Ribozyme cleavage assessed by
fluorescence microscopy .....................................................81
3.4 Results and Discussion .......................................................................84
3.4.1 Ribozyme kinetics in varying ionic
strength conditions ..............................................................84
3.4.2 Emulsion formation and stability in varying ionic
strength conditions ..............................................................89
3.4.3 Fluorescent ribozyme partitioning and catalysis in
vesicle-stabilized ATPS emulsions ....................................92
3.4.4 Real-time monitoring of ribozyme catalysis
in vesicle-stabilized ATPS emulsions .................................97
3.4.5 Implications of ribozyme catalysis in stable
aqueous emulsions .............................................................104
3.5 Acknowledgements ...........................................................................105
3.6 References .........................................................................................106
Chapter 4 Molecular crowding favors reactivity of a human
ribozyme under physiological ionic conditions .............................109
4.1 Abstract .............................................................................................109
4.2 Introduction .......................................................................................111
vii

4.3 Materials and Methods ......................................................................114
4.3.1 RNA preparation ................................................................114
4.3.2 Cleavage experiments and data fitting ...............................115
4.3.3 Model of human CPEB3 ribozyme ....................................116
4.3.4 SAXS data collection .........................................................117
4.3.5 SAXS data analysis ............................................................118
4.4 Results ...............................................................................................120
4.4.1 Ribozyme reactivity is favored by crowding
and cosolute agents in low but not high
magnesium concentrations ................................................120
4.4.2 Ribozyme reactivity is favored by crowding
and cosolute agents in low and high magnesium
concentrations in the presence of urea ..............................125
4.4.3 Reactivity of fast-reacting C-2A mutant is also favored
by crowding and cosolute and agents ................................129
4.4.4 SAXS studies reveal compaction in the
presence of crowder...........................................................130
4.4.5 SAXS reconstructions overlay well with
a structural model ..............................................................136
4.5 Discussion .........................................................................................140
4.6 Acknowledgements ...........................................................................144
4.7 References .........................................................................................144
Appendix B Supporting Information: Chapter 4 .......................................................150
B.1 Supporting methods..........................................................................150
B.1.1 Vapor pressure osmometry................................................150
B.1.2 Native gel electrophoresis .................................................151
B.2 Supporting figures ............................................................................152
B.3 Supporting table ...............................................................................160
B.4 References ........................................................................................160
Chapter 5 Molecular crowders and cosolutes promote folding cooperativity
of RNA under physiological ionic conditions ................................161
5.1 Abstract .............................................................................................161
5.2 Introduction .......................................................................................163
5.3 Materials and Methods ......................................................................166
5.3.1 Chemicals ...........................................................................166
5.3.2 RNA preparation ................................................................166
5.3.3 RNA thermal denaturation monitored
by UV absorbance .............................................................167
viii

5.4

5.5

5.6
5.7
5.8

5.3.4 Temperature gradient gel electrophoresis ..........................168
5.3.5 Temperature-dependent SHAPE ........................................169
5.3.6 SHAPE data analysis .........................................................170
Results ...............................................................................................172
5.4.1 Folding cooperativity of wild type tRNAPhe in
the absence of additives .....................................................172
5.4.2 Impact of macromolecular crowders on the folding
cooperativity of wild type tRNAPhe ...................................174
5.4.3 Impact of low molecular weight cosolutes on the
folding cooperativity of wild type tRNAPhe ......................183
5.4.4 Impact of crowders and cosolutes on the folding
cooperativity of mutated tertiary tRNAPhe.........................186
5.4.5 Mapping of tRNAPhe structure by SHAPE as a
function of temperature in the absence and
presence of additives .........................................................192
Discussion .........................................................................................198
5.5.1 Study overview ..................................................................198
5.5.2 Origins of folding cooperativity and its relationship
to thermostability...............................................................198
5.5.3 Evidence that unfolding of RNA is only partially
cooperative ........................................................................202
Conclusions .......................................................................................203
Acknowledgements ...........................................................................204
References .........................................................................................204

Appendix C Supporting Information: Chapter 5 .......................................................212
C.1 Supporting table ................................................................................212
C.2 Supporting figures ............................................................................215

ix

LIST OF FIGURES
Figure 1.1: Depiction of interior of an E. coli cell ..................................................6
Figure 1.2: RNA folding pathways for a non-cooperatively folding
RNA and a cooperatively folding RNA ...............................................9
Figure 1.3: Proposed compartmentalization of RNA on early-earth ....................13
Figure 2.1: Hammerhead ribozyme and its rate acceleration
through compartmentalization ............................................................40
Figure 2.2: Length-dependence of RNA partitioning ...........................................42
Figure 2.3: Kinetics for hammerhead ribozymes in kcat/KM regime .....................45
Figure 2.4: Kinetics for HHL in ATPS with varying phase volume ratios ..........47
Figure A.1: Hammerhead constructs ....................................................................61
Figure A.2: Relationship between CD and log K in ATPS ....................................62
Figure A.3: Kinetics for hammerhead ribozymes in kcat regime ...........................63
Figure A.4: HHL kinetics in the dextran-rich phase ............................................64
Figure A.5: Kinetics for HH16 in kcat/KM regime .................................................65
Figure A.6: Autoradiogram of EHHL under native conditions in
1:100 (VD:VP) ATPS ..........................................................................66
Figure A.7: HHL kinetics in PEG-rich phase and PEG 8 kDa
in 0.5 mM Mg2+ ..................................................................................67
Figure 3.1: Structures of lipids and divalent ion chelator used
for vesicles-stabilized ATPS emulsions .............................................86
Figure 3.2: HHS kinetics under various ionic strength conditions .......................88
Figure 3.3: Fluorescence microscopy images of vesicle-stabilized
ATPS emulsions .................................................................................91
Figure 3.4: FRET hammerhead ribozyme substrate for monitoring
RNA cleavage in vesicle-stabilized ATPS emulsions ........................93

x

Figure 3.5: Partitioning and reaction of SHHFRET monitored
by denaturing PAGE ..........................................................................95
Figure 3.6: Reaction scheme for the hammerhead reaction
in a vesicle-stabilized ATPS emulsion ...............................................98
Figure 3.7: Fluorescence images of SHHFRET in a vesicle-stabilized
ATPS emulsion in the absence of EHHS ...........................................100
Figure 3.8: Fluorescence images of SHHFRET in a vesicle-stabilized
ATPS emulsion in the presence of EHHS ..........................................102
Figure 3.9: Fluorescence images of SHHFRET in an ATPS in the
presence of EHHS without LUVs ......................................................103
Figure 3.10: Fluorescence intensity of FAM in the PEG-rich phase ..................104
Figure 4.1: Secondary structure of WT CPEB3 ribozyme..................................121
Figure 4.2: Stimulation of WT CPEB3 ribozyme kinetics by
crowding and cosolute agents in physiological magnesium ............123
Figure 4.3: Self-cleavage of the WT CPEB3 ribozyme in 0.5 mM Mg2+
and 2.5 M urea with crowding and cosolute agents .........................127
Figure 4.4: Stimulation of WT CPEB3 ribozyme kinetics by
crowding and cosolute agents in various concentrations
of magnesium and urea.....................................................................128
Figure 4.5: Stimulation of C-2A CPEB3 ribozyme kinetics by
crowding and cosolute agents in various concentrations of
magnesium and urea .........................................................................130
Figure 4.6: SAXS scattering profiles, p(r) plots, and Kratky
plots in 0.5 mM Mg2+ help describe global folds .............................135
Figure 4.7: Model of CPEB3 ribozyme agrees well with SAXS data ................137
Figure 4.8: CPEB3 reaction progress in terms of free energy ............................141
Figure B.1: Concentration effects of crowding and cosolute
agents on self-cleavage ofCPEB3 ribozyme in 0.5 mM Mg2+ .........152
Figure B.2: WT CPEB3 ribozyme kinetics in the presence of
larger molecular weight crowding agents in
physiological magnesium .................................................................153
xi

Figure B.3: Water activity in additive/magnesium solutions
measured by vapor pressure osmometry ..........................................154
Figure B.4: Observed cleavage rate for CPEB3 ribozyme in
0.5 mM Mg2+ and various concentrations of urea ............................155
Figure B.5: Water activity in additive/urea solutions measured
by vapor pressure osmometry...........................................................156
Figure B.6: Native gel analysis of cleaved 1/68 CPEB3
ribozyme in conditions used for SAXS ............................................157
Figure B.7: Size exclusion chromatographic analysis of CPEB3
ribozyme in 10 mM Mg2+ .................................................................158
Figure B.8: SAXS scattering profiles and p(r) plots in 10 mM Mg2+ .................159
Figure 5.1: Secondary structure and first derivative melt
curves of WT and MT tRNAPhe ........................................................173
Figure 5.2: Melts of WT tRNAPhe in additives with increasing
Mg2+ concentration ...........................................................................175
Figure 5.3: Max dA/dT plot of WT and MT tRNAPhe with crowding
and low molecular weight cosolute agents in increasing
Mg2+ concentration ...........................................................................176
Figure 5.4: Difference plots of melts of WT tRNAPhe in additive
minus buffer alone with increasing Mg2+ concentration ..................178
Figure 5.5: Perpendicular TGGE plot for WT and MT
tRNAPhe melting transitions..............................................................187
Figure 5.6: Melts of MT tRNAPhe in additives with
increasing Mg2+ concentration .........................................................189
Figure 5.7: Difference plots of melts of MT tRNAPhe in additive
minus buffer alone with increasing Mg2+ concentration ..................191
Figure 5.8: Temperature-dependent SHAPE analysis of WT
tRNAPhe in the presence and absence of PEG8000
in 0.5 mM Mg2+ ................................................................................195
Figure 5.9: Summary of effects of cosolutes and crowders on
thermostability and RNA folding cooperativity in the
presence of 0.5 mM Mg2+.................................................................199
xii

Figure C.1: Melts of WT tRNAPhe in additives with 10 mM Mg2+ ....................215
Figure C.2: SHAPE reactivities in buffer and PEG8000 mapped
onto WT tRNAPhe secondary structure ...........................................216
Figure C.3: Temperature-dependent SHAPE PAGE gels in
buffer and PEG8000 .......................................................................217
Figure C.4: SHAPE reactivities in buffer and betaine mapped
onto WT tRNAPhe secondary structure .............................................218
Figure C.5: SHAPE reactivities in buffer and methanol
mapped onto WT tRNAPhe secondary structure ...............................219
Figure C.6: Temperature-dependent SHAPE analysis of WT
tRNAPhe in the presence of betaine and
methanol in 0.5 mM Mg2+ ................................................................220
Figure C.7: Temperature-dependent PAGE gel in the absence
of SHAPE reagent ............................................................................221

xiii

LIST OF TABLES
Table 1.1: Glossary of key terms concerning the cellular environment................15
Table 2.1: Observed kinetic parameters for HHL in varying
ATPS phase volume ratios ...................................................................48
Table A.1: Partitioning of enzyme and substrate strands in ATPS .......................68
Table A.2: Observed kinetic parameters for HH16, HHS, and HHL ..................69
Table A.3: Predicted amounts of EHHL and S in PEG- and
dextran-rich phases for various ATPS .................................................70
Table A.4: Polymer phase compositions of 0.5 and 10 mM Mg2+ ATPS .............71
Table 3.1: Partitioning of hammerhead enzymes as well as fluorescentlyand radioactive-labeled substrate strands in ATPS and
vesicle-stabilized ATPS emulsions ......................................................96
Table 4.1: SAXS-determined Rg and DMax values for CPEB3 ribozyme
with crowding and cosolute and agents .............................................139
Table B.1: Observed rates of CPEB3 ribozyme with crowding
and cosolute agents in 0.5 and 10 mM Mg2+ and urea.......................160
Table 5.1: Tm and max dA/dT values for WT and MT tRNAPhe
unfolding with increasing Mg2+ concentration ..................................179
Table C.1: Thermodynamic parameters for WT tRNAPhe unfolding
with increasing Mg2+ concentration ...................................................212

xiv

ABBREVIATIONS

ATPS, aqueous two-phase system

HHL, long hammerhead ribozyme

CD, concentration of RNA in the dextranrich phase

HHS, short hammerhead ribozyme

CP, concentration of RNA in the PEG-rich
phase

HRB, hammerhead reaction buffer

C-2A, variant of CPEB3 ribozyme where
the upstream -2 position C is mutated to an
A
CPEB3, cytoplasmic polyadenylation
element–binding protein 3

IVC, in-vitro compartmentalization

DLS, dynamic light scattering

LUV, large unilamellar vesicles

EDDS,
acid

K, RNA partitioning coefficient

ethylenediamine-N,N’-disuccinic MT, mutated tertiary

EHH16, hammerhead16 enzyme

nt, total moles of RNA

EHHL, long hammerhead enzyme

nt, nucleotide

EHHS, short hammerhead enzyme

PAGE, polyacrylamide gel electrophoresis

FAM, 6-FAM fluorescein

PC, phosphatidylcholine

FRET, Förster resonance energy transfer

PEG, polyethylene glycol

HDV, hepatitis delta virus

PFAM, cleaved RNA product containing
FAM

HH16, hammerhead16 ribozyme

PG, phosphatidylglycerol

xv

PTAMRA, cleaved RNA product containing
TAMRA
S, long and short hammerhead substrate

SAXS, small-angle X-ray scattering

SEC, size-exclusion chromatography
SHAPE, selective 2’-hydroxyl acylation
analyzed by primer extension
SHH16, hammerhead16 substrate
SHHFRET, short hammerhead FRET
substrate
TAMRA, carboxytetramethylrhodamine
TGGE, temperature-gradient gel
electrophoresis
TMAO, trimethylamine N-oxide

VD, volume of the dextran-rich phase
VP, volume of the PEG-rich phase
VPO, vapor pressure osmometry

xvi

ACKNOWLEDGEMENTS
I would first like to thank my family and friends for their support throughout my
entire existence, and especially my time at Penn State. From what I have heard, dealing
with me is not always the easiest thing to do, so I thank all of you for your
encouragement. Without all of these positive influences in my life, I would not have been
able to accomplish this goal. I hope I have made you all proud.
To my current and former Bevilacqua lab mates as well as those who I worked
with throughout graduate school, I am deeply indebted to you for your contributions to
my growth and accomplishments as a scientist. I hope that wherever I go in the future,
the culture is like the one we shared in the Bevilacqua lab. I have been spoiled to work
with great scientists, but more importantly, great people. It was blessing to go to work
with amazing friends.
I would like to thank Dr. Squire Booker, Dr. Tae-Hee Lee, and Dr. Kenneth
Keiler for serving on my seminar, oral exam, and doctoral committee.
I also want to thank Dr. Kristi Kneas. Dr. Kneas provided me with my first
research experience and really opened my eyes to what it means to be a scientific
professional. I thank her most of all for her influence in helping to guide my decision to
attend graduate school.
I was lucky enough to have two great research mentors, Dr. Christine Keating
and Dr. Philip Bevilacqua. Chris, thank you for giving me the opportunity to be a part of
your lab and for never hesitating to answer the vast number of questions I have asked you
through the years. Phil, I am going to miss working with you from a scientific and

xvii

personal perspective. In particular, I will miss our all-day-and-night paper writing
sessions and especially your group meetings. Hopefully, one day we’ll both hit it big.
I want to specifically thank Matt, Andrew, Julie, Michelle, Mom, and Dad, you
guys are the best and I love you. Finally, I want to give a shout out to my best friend and
roommate. Earl, you’re a good boy.

xviii

Chapter 1

Introduction

1.1 Recent advances in RNA structure analysis and function
Remarkable progress towards the study of RNA structure and folding has been
made in the past several decades1-4. Breakthroughs in experimental structure analysis
have let researchers probe complex RNA tertiary structures, ribozymes, RNA•RNA
interactions, RNA•DNA interactions, and RNA•protein interactions5-7. In addition,
pioneering work in the field has led to robust RNA secondary structure predictions8, 9 and
much improved tertiary structure predictions10, 11. While much of this work has been
applied toward specific RNAs or pathways, the advances in RNA structure and folding
determination may play a key future role in disease state diagnosis and treatment12-14;
however, despite the significant progress that has been made, gaps in our knowledge of
RNA structure and folding remain. One main factor is that structure and folding studies
of RNA are typically performed under idealized, in vitro conditions, where salt
concentrations are high and the complexity of the cellular environment is lost. In order
for our understanding of RNA structure and folding to continue to make significant
growth, an emphasis must be placed on evaluating RNA structure and folding within
cells. Moreover, the role that the cellular environment plays on the RNA folding
pathway must be evaluated15-17. A more comprehensive knowledge of the effects of the
cellular environment on RNA structure and folding will further strengthen the biological
structure-function relationship that is so vital to RNA behavior.
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RNA plays a diverse set of roles within cells that are important to both cellular
function and human health18, 19. Traditionally, RNA is thought of as the intermediate
between DNA and protein during translation19, yet recent studies have shown that RNA
has a wider range of responsibilities within cells. RNA structure and dynamics are
essential in ribozymes20-22, the spliceosome23-25, riboswitches20, 26, controlling gene
expression through base pairing (miRNA, siRNA)27, 28, aqueous compartment
formation29, and in ribosome function30. Furthermore, it has been shown that
approximately three-quarters of the human genome is transcribed into RNA and the
functions of many of these RNAs are unknown31. With new functions of RNAs still to be
discovered and exploration into the function of long noncoding RNAs needed32, a
thorough understanding of the effects of the cellular matrix on RNA structure and folding
is critical.
1.2 The cellular environment and RNA structure and folding
Initial work on RNA function in cells has provided a framework that supports a
disparity between RNA structure-and-function in cells versus in folding-favorable in vitro
conditions. RNA folding studies on the hairpin ribozyme in yeast demonstrated that the
uniqueness of the intracellular environment imparts thermodynamic stability to the RNA
when compared to studies performed in vitro33. Similarly, when engineered RNA
sequences with predicted and confirmed structures in vitro were expressed in vivo,
different conformations of the RNA were reported that could not be predicted by the
principles derived from in vitro studies34. Early work on the Tetrahymena group I intron
showed that the group I intron self-splices ~30-fold more effectively in cells than in
vitro35. In addition to these studies, RNA structure mapping performed in Arabidopsis6,
2

yeast36, and mammalian cells36-38 revealed significant differences between in vitro and in
vivo structure, especially for mRNAs. These results extend earlier studies that
established that mRNA secondary structure exchanges conformations more rapidly in
vivo than in vitro39. Taken together, these findings suggest that the cellular environment
has a substantial impact on RNA structure and folding. Specifically, general cellular
conditions, not just specific RNA binding proteins, may be driving the difference
between in vivo RNA properties and in vitro RNA properties. This makes identification
of key differences that affect RNA structure and folding between in vitro and in vivo
conditions imperative, and certainly provides a basis to establish a fundamental
understanding of how the general cellular conditions impact structure and folding of
RNA.
The majority of knowledge concerning RNA structure and folding has
predominantly been performed in ‘standard literature conditions’ of ~10 mM Mg2+ or 1
M Na+/K+, which favor RNA folding. While these studies have imparted valuable
knowledge, the conditions inside cells are significantly different. One of the most
striking differences between folding-favorable in vitro conditions and cellular conditions,
as it pertains to RNA, is the amount of free Mg2+. Estimates of the free Mg2+
concentration in eukaryotic cells varies from cell-type to cell-type and also varies
depending on the region of the cell, but most estimates report free Mg2+ as ~0.1-1.0
mM18, 40-42. In prokaryotic cells, the estimates for free Mg2+ are slightly higher with
reported values ~1.5-3.0 mM43, 44. With the structure and folding of RNA so highlydependent upon counter ions45, 46, evaluating RNA function under these ionic conditions
may lead to drastically different RNA structures and folding pathways.
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1.3 Low molecular weight cosolutes and RNA structure and folding
The low free Mg2+ in cells will alter the structure and folding of cellular RNAs,
but it may have an even larger impact when the concentration of low molecular weight
cosolutes, metabolites, and osmolytes are high. Estimates of the total amounts of urea,
amino acids, polyols and sugars, methylamines, and methylsulfonium compounds inside
cells are ~600 mM47, 48. Additionally, the concentration of NTPs and their derivatives
can reach up to tens of millimolar49. An extreme example of the high concentrations of
low molecule weight cosolutes is in the kidneys of mammals where urea concentrations
can reach up to 5 m47. When concentrations cosolutes are high, and free Mg2+
concentrations are relatively low, as in cells, the potential for direct interactions between
RNA and low molecular weight cosolutes exists. The impact of these interactions on
RNA structure and folding can vary greatly depending on the identity of the cosolute.
Studies evaluating the effects of polyamines on the Tetrahymena ribozyme revealed that
polyamines, in a size and charge-dependent manner, help to fold the ribozyme to near
native state conformations50. Likewise, studies involving the influence of putrescine2+ on
RNA folding have shown that putrescine2+ adds stability to RNA structure51. Positive
charged small molecules are not the only cellular components that influence RNA
structure and folding. Evaluation of the effects of urea52-55, TMAO56, 57, proline58,
betaine58, and various low molecular weight polyethylene glycols (PEG)59-62 on free
energy of RNA has established strong stabilizing or destabilizing effects on the
thermodynamics of RNA folding. To a lesser extent, these studies have been translated
to ribozymes to determine the effects on catalysis59, 61, 63. Again the impacts on catalysis
are highly-dependent upon the identity of the cosolute59, 61, 63. Low molecular weight
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molecules are not only capable of interacting directly with RNA to affect its structure and
folding, but can additionally alter the properties of the solvent by interacting with water63,
64

. These altered solvent properties can also have dramatic effects on RNA metal

binding, which certainly affects folding63, 64.
1.4 Macromolecular crowding and RNA structure and folding
The cellular environment contains an abundance of low molecular weight
cosolutes as discussed above, and it also contains a high concentration of
macromolecules65, 66. Estimates place the concentration of macromolecules in E. coli at
300-400 mg/mL or between 30-40% of the cell47. The composition of the
macromolecules in E. coli is 200 mg/mL protein, 75 mg/mL RNA, and 10-20 mg/mL
DNA. Eukaryotic cells have different concentrations of macromolecules, with reported
concentrations of 50-400 mg/mL in the cytoplasm, 100-400 mg/mL in the nuclei, 100200 mg/mL in nuclear organelles, and 270-560 mg/mL in the mitochondrial matrix47.
These are estimates and can vary depending on the cell type and cell cycle. Figure 1.1
displays a cartoon depiction of the interior of an E. coli cell, where the crowdedness of
the interior of the cell is evident. This illustration of the interior of a cell opposes the
‘standard literature conditions’ that are typically used to study RNA structure and
folding, where only 1-10 mg/mL background macromolecules are present65.
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Figure 1.1 Depiction of interior of an E. coli cell showing the complexity of the cellular
interior. Representative macromolecules are shown to illustrate the shape, number, and
density of macromolecules. This figure was reprinted with permission67.

While any one macromolecular species may not be present at high concentrations
within cells, when all of the individual species of macromolecules are totaled, the media
can be termed crowded. The impenetrability of the solute macromolecules gives rise to
the excluded volume effect66. In conjunction with excluding volume, macromolecules in
cells may directly interact with RNA, which can influence RNA structure and folding
properties60. For proteins, the impacts of macromolecules on structure and folding have
been well-studied68, 69, but parallel studies involving RNA are much more limited.
The influence of macromolecular crowders on RNA function and folding has
been evaluated for several RNAs to-date and a variety of macromolecular crowding
agents. Studies analyzing the effects of macromolecular crowding on hammerhead
ribozyme catalysis revealed that crowding agents, such as high molecular weight PEGs,
dextrans, and ficolls, in 10 mM Mg2+ stimulate ribozyme cleavage up to 7-fold59, 61 and
6

comparable results were found using biological macromolecular crowders70. Similar
studies on the group I ribozyme have demonstrated that macromolecular crowding agents
increase the biological activity of the ribozyme in vitro71. Thermodynamic studies on
DNA triplexes72-74 and DNA junctions75 in the presence of macromolecular crowders
showed that thermostability of these nucleic acid motifs is greatly enhanced. Moreover,
macromolecular crowders have been shown to alter the equilibrium between hairpin and
pseudoknot structures76.
The effects of macromolecular crowders on RNA have not been limited to just
functional assays as mentioned above. Structural impacts of macromolecular have also
been examined for structured RNAs. Analysis of the group I ribozyme in the presence of
PEG1000 revealed that macromolecular crowder decreased the Mg2+ requirement for
RNA compaction to the native state77. Furthermore, it was shown with several
macromolecular crowders that stabilization of the native state of the ribozyme is favored
over compact intermediate folds71. In addition, theoretical predictions concerning RNA
compaction in the presence of macromolecular crowders have been performed and
support the experimental conclusions drawn78, 79. While these studies on the structure
and function of RNA in the presence of macromolecular crowders have established a
strong influence of macromolecular crowders on RNA behavior, unifying biophysical
studies linking the gain in function from compaction of RNA in the presence of
macromolecular crowder are still needed.
1.5 RNA folding cooperativity
The effect of the cellular environment on RNA structure and function is only a
piece of the puzzle in evaluating the total influence of the cellular environment on RNA
7

behavior. Since RNA has a high propensity for misfolding80, 81, establishing what role
the cellular environment plays in the RNA folding pathway is paramount. RNA folding,
for the most part, is a hierarchical process, where secondary structure formation precedes
tertiary structure formation3, 82, 83. Examples of hierarchical folding are found in tRNA84,
85

, which folds through five helical intermediates and in the HDV ribozyme86-88, which

folds through several base pairing states and misfolds. The folding pathway for a model
RNA containing secondary and tertiary structure is shown in Figure 1.2, where the
folding pathway goes from the unfolded state, U, through two folding intermediates, I1
and I2, to the native state, N. For Figure 1.2.a, the RNA folding pathway is noncooperative because the intermediate state, I1, populates to a significant degree since the
energy barrier between I1 and I2 is higher than the preceding barrier.
The folding pathway for RNA is considered cooperative if the intermediate states
along the folding pathway are poorly populated or ‘hidden’89, 90. For Figure 1.2.b, the
RNA folding pathway is cooperative because the energy barrier between each state is
relatively low compared to the preceding barrier and the intermediate states do not
appreciably populate.
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Figure 1.2 RNA folding pathways for a non-cooperatively folding RNA and a
cooperatively folding RNA. a, non-cooperative RNA folding pathway. b, cooperative
RNA folding pathway. For both panels, U, unfolded RNA; I1, intermediate 1 RNA; I2,
intermediate 2 RNA; N, natively folded RNA. In panel a, the energy barrier between I1
and I2 on the folding pathway is high compared to the preceding barrier which leads to
population of I1, resulting in non-cooperative RNA folding. In panel b, there are no high
energy barriers relative to the preceding barrier in going from U to N; therefore,
intermediate states are not readily populated, resulting in cooperative RNA folding.
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Cooperativity of RNA folding has been studied extensively for DNAs91, 92 and
RNAs93-99 in folding-favorable non-physiological ionic conditions, but assessing the
effects of the cellular environment on RNA folding pathways is relatively unexplored.
Cooperative folding of RNA in cellular conditions can arise from two most-likely
scenarios: (1) when tertiary structure interactions are strengthened over secondary
structure interactions, or (2) when secondary structure interactions are weakened more
than tertiary structure interactions. There is strong reason to believe that cellular
conditions will influence the folding pathway of RNA, especially as it pertains to
cooperativity. Thermodynamic analysis of DNA and RNA duplexes in the presence of
low molecular weight cosolutes58-60, 62 and macromolecular crowders59, 60 have
demonstrated that these agents have differing effects on RNA secondary and tertiary
structure, which could either enhance or diminish RNA folding cooperativity. Analysis
of the effects of these cellular environment components on the RNA folding pathway can
provide keen insight into how the cellular milieu participates in the fundamental process
of RNA folding.
1.6 Compartmentalization of RNA in contemporary biology and early-earth
One aspect of the cellular environment that cells use to control and carry out
cellular processes is spatial compartmentalization18. The compartmentalization of RNA
in contemporary biology plays a role in the localizing RNA populations, driving RNAprotein interactions100, controlling neuron development101, processing and degrading
RNAs102, performing ribonucleoprotein processing and assembly103, cell polarization101,
and transcription control104. Many of these processes are contained within the nucleus,
although the compartmentalization of RNA is not limited to this region of the cell. RNA
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compartmentalization has a profound effect on cellular function, yet the details about
what changes in RNA structure and folding occur when RNA is in this environment are
unknown.
Cellular organelles are the most common example of cellular compartments, but
non-uniform distribution of macromolecules can lead to different local environments,
termed microcompartments105-107. One hypothesis for the formation of
microcompartments is that aqueous phase separation within the cytoplasm is driving their
formation 106. This hypothesis has recently been bolstered by studies that have
demonstrated that P granules in C. elegans, which are composed of RNAs and protein
and function in germ cell specification, exhibit liquid-like behavior, and are found as
liquid droplets within the cytoplasm108. Furthermore, Cajal bodies, processing bodies,
and paraspeckles, which are all composed of RNA and protein, also exhibit liquid-like
behavior100. This work provides evidence that these structures may result from aqueous
phase separation, since additional studies have shown that aqueous phase separation is
possible from histones and RNA109. Conveniently, mimics of cytoplasmic
microcompartments, aqueous two-phase systems (ATPS), can be readily prepared.
Specifically, ATPSs composed of two neutral high molecular weight polymers are ideal
mimics of cytoplasmic microcompartments because they provide distinct non-membrane
bound compartments, form by means of aqueous phase separation, and can be used to
partition biological molecules110, 111. Exploration of RNA structure and folding in
aqueous phase systems, where compartmentalization of RNA occurs, could provide
critical knowledge into the properties, formation, and dynamics of microcompartments.
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In addition to the importance of RNA compartmentalization in modern biology,
the study of RNA localization has implications for understanding fundamental processes
in the emergence of life on Earth. A widely recognized model for the origin of life is the
RNA World Hypothesis, where RNA once acted both as a catalyst and genetic storage
material112-114. Yet, a significant challenge for the development of protocells is how the
functional and/or prefunctional material responsible for genetic and metabolic function
could have become concentrated enough within a semipermeable boundary.
Compartmentalization of RNA would have been vital for maintaining appropriate
concentrations of RNA as well as for controlling the location of products that resulted
from RNA mediated reactions115. Moreover, the inclusion of RNA into a localized
region allows potential enzyme and substrate strands to associate readily, which is
depicted in Figure 1.3.
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Figure 1.3 Proposed compartmentalization of RNA on early-earth. Left panel, RNA is
dilute in solution and enzyme strands (black) cannot find the substrate strands (green) in
order to associate. Intramolecular base pairing within the black strand is still possible
since this is a unimolecular process. Right panel, Contrary to the panel on the left, RNA
has been localized into a small region (blue) allowing the enzyme and substrate to
associate.

Aqueous phase separation has been proposed previously as a method for
compartmentalization in the RNA world and/or in the first cells116-118. Some advantages
for aqueous phase separation as a means to compartmentalize RNA on early-earth are
that phase separation can occur with relatively small amounts of polymer, partitioning of
biomolecules (including RNA) can be achieved, and accumulation of amphiphilic
materials at the interface of phase separated systems is possible118. Additionally, ATPSs,
mentioned above, provide a means to evaluate RNA compartmentalization from an earlyearth prospective. The importance of RNA localization on early-earth and in
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contemporary biology provide a rationale for assessing RNA structure and function when
it has been localized in aqueous phase-separated environments.
1.7 Summary of dissertation work
In this thesis, I present my work on RNA structure and function in cellular-like
conditions. In Chapter 2, a study assessing the impacts of localization on ribozyme
catalysis was performed. Major findings are that ribozyme function can be greatly
enhanced when RNA is localized and that compartment size plays a major role in
determining the enhancement in function. Chapter 3 is an extension of the work
contained in Chapter 2, and focuses on ribozyme function in aqueous emulsions. This
work reveals a possible means for early-life to maintain cell-size droplets of aqueous
material and demonstrates that RNA catalysis is possible within these specific aqueous
emulsions. Chapter 4 contains an investigation into the effects of macromolecular
crowders and low molecular weight cosolutes on ribozyme function under physiological
ionic conditions. Key findings are that ribozyme function is enhanced when molecular
crowders are present under biological concentrations of free Mg2+. Additionally, smallangle X-ray scattering experiments reveal that the ribozyme is compacted in the presence
of a macromolecular crowder. Chapter 5 explores the effects of macromolecular
crowders and low molecule cosolutes on RNA folding cooperativity under physiological
ionic conditions. This work shows that cooperativity is enhanced in presence of
macromolecular crowders under physiological Mg2+ conditions. Moreover, low
molecular cosolutes either enhance or decrease folding cooperativity under physiological
ionic conditions in a manner that is identity-dependent. A glossary of keywords and
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terms concerning low molecular weight cosolutes and macromolecular crowders is
provided in Table 1.1.
Table 1.1 Glossary of key terms concerning the cellular environment used throughout
this thesis.
excluded volume

Volume that is unavailable to a solute of interest in
solution because of steric repulsions of additional solutes
molecules in solution, which are either of different or the
same identity of the solute of interest. Excluded volume
is independent of additional electrostatic or hydrophobic
interactions and arises because of the impenetrability of
solute molecules66, 119.

low molecular weight
cosolutes

Either cellular cosolutes (metabolites, osmolytes) or
representatives of cellular cosolutes (polymers) that have
molecular weights lower than 500 Da.

macromolecular crowding

Refers to the effects of volume exclusion120.

molecular crowding

Refers to the effects of either macromolecules or low
molecular weight cosolutes in a crowded solution15.

specific or preferential
interactions

Favorable or unfavorable direct chemical interactions of
macromolecular crowders or low molecule weight
cosolutes with RNA60. Low molecular weight cosolutes
predominantly affect RNA through specific/preferential
interactions, while macromolecular crowders affect
RNA through a combination of specific/preferential
interactions and excluded volume.
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Chapter 2
RNA Catalysis Through Compartmentalization

[Published as a paper entitled “RNA Catalysis Through Compartmentalization” by
Christopher A. Strulson, Rosalynn C. Molden, Christine D. Keating, and Philip C.
Bevilacqua in Nature Chemistry 2012 4: 941-946.]

2.1 Abstract
RNA performs important cellular functions in contemporary life forms. Its ability to act
both as a catalyst and a storage mechanism for genetic information is also an important
part of the RNA world hypothesis. Compartmentalization within modern cells allows the
local concentration of RNA to be controlled and it has been suggested that this was also
important in early life forms. Here, we mimic intracellular compartmentalization and
macromolecular crowding by partitioning RNA in an aqueous two-phase system (ATPS).
We show that the concentration of RNA is enriched by up to 3,000-fold in the dextranrich phase of a polyethylene glycol/dextran ATPS and demonstrate that this can lead to
approximately 70-fold increase in the rate of ribozyme cleavage. This rate enhancement
can be tuned by the relative volumes of the two phases in the ATPS. Our observations
support the importance of compartmentalization in the attainment of function in an
RNAWorld as well as in modern biology.
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2.2 Introduction
Compartmentalization allows cells to control local concentrations of biological
molecules. A low copy number of specific biological molecules, corresponding to
subnanomolar concentrations in cells, creates a selective pressure for cells to develop
such strategies1. The localization of RNA, in particular, has cellular significance because
of the wide array of functions performed by RNA: RNA localization drives reaction
between otherwise dilute RNA or proteins, controls the site of translation, and activates
local ribozyme populations. Moreover, RNA localization affects ribonucleoprotein
processing and assembly, cell polarization, and transcription control2.
In addition to its importance in modern cells, RNA compartmentalization may
have been influential in early life forms. According to the RNA world hypothesis, RNA
once acted both as the primary catalyst and as the genetic storage material, properties that
still that can still be found in extant life3. RNA compartmentalization would have been
crucial in the RNA world to bind dilute substrates and to prevent reaction intermediates
from diffusing away.
Here, we substantially enhance RNA catalysis by varying local oligonucleotide
concentrations using an aqueous two-phase system (ATPS). An ATPS containing two
neutral polymers—polyethylene glycol (PEG 8 kDa) and dextran (10 kDa)—was used as
a primitive model of RNA compartmentalization, because it provides distinct nonmembrane bound compartments, formed by means of aqueous phase separation4-7, into
which biological molecules can be concentrated by partitioning. The polymers in an
ATPS act as volume excluders, mimicking the macromolecularly crowded environment
in the cell8, 9. Both phases of the system consist mostly of water (similar to cells), with
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the top phase containing a greater amount of one polymer (PEG) and the bottom
containing a greater amount of the other (dextran)4. Partitioning into the dextran-rich
phase provides a mechanism for local accumulation of RNA as a simple model for
intracellular RNA compartmentalization10, 11.
We chose the hammerhead ribozyme for study of RNA catalysis. This ribozyme
is ideal for studying effects of compartmentalization on catalysis because its kinetics have
been well-characterized under a variety of conditions12-14, and its sequence can be
lengthened in a simple and rational manner. In particular, the kinetic regime of the twopiece enzyme reaction (that is, whether the reaction is under kcat/KM or kcat conditions
single-turnover conditions) can be controlled by enzyme concentration and through the
strength of base pairing between the enzyme strand (E) and substrate strand (S) (Figure
2.1). So-called ‘native’ or ‘extended’ hammerhead ribozymes, which have enhanced
tertiary interactions outside of the catalytic core14, 15, were not used in this study because
our goal was to look at enhancement from compartmentalization, which necessitates only
a well-characterized two-piece ribozyme. Detailed kinetic and crosslinking studies
support that minimal and native ribozymes have similar active sites and reaction
mechanisms16, 17. In this study, we demonstrate an up to 3,000-fold enrichment of RNA
into the dextran-rich phase of an ATPS and show that the extent of ribozyme
compartmentalization enhances the rate of ribozyme cleavage up to at least 66-fold,
providing a substantial contribution to catalysis.
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2.3 Materials and Methods
2.3.1 Materials
PEG 8 kDa was purchased from Research Organics (Cleveland, OH), and dextran
10 kDa was purchased from Sigma-Aldrich (St. Louis, MO). Both polymers were used
within the first 3-4 months of opening. Absence of ribonuclease contaminants in the
ATPS and other components was ascertained by the lack of degradation products of endlabeled RNA from ATPS on polyacrylamide gels. Hammerhead substrate strand RNA
oligonucleotides were purchased from Integrated DNA Technologies (IDT) (Coralville,
IA) and purified as described below. Transcription template DNA oligonucleotides were
also from IDT and used without further purification. Transcription was similar to
previously described18. Polynucleotide kinase was from New England Biolabs (Ipswich,
MA). Buffers were prepared using ultra-purified deionized water and filtered using 0.5
μm filters.
2.3.2 RNA sequences and preparation
Following are the ribozyme enzyme (E) strands (E portion in bold font) and
substrate (S) strands used in this study. The underline portion is the L11 binding site.

EHHS (43 nt)

5 GGAUCCAGCUGAUGAGUCCCAAAUAGGACGAAACGCGCCUAAC

EHH16 (39 nt)

5 GGCGAUGACCUGAAGAGGCCGAAAGGCCGAAACGUUCCC

EHHL (159 nt) 5 GGAGCCAGGAUGUAGGCUUAGAAGCAGCCAUCAUUUAAAG
AAAGCGUAAUAGCUCACUGGUAAAAAUAAAACUAAACUAAA
GGAUCCAGCUGAUGAGUCCCAAAUAGGACGAAACGCGCCUACC
AAAAAUAAAAUAAAAAAUAAAAUAAGGAUCCCCGG
S (15 nt)

5 CCGUGCGUCCUGGAU
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SHH16 (17 nt)

5 GGGAACGUCGUCGUCGC

The HHS ribozyme is a short hammerhead derived from the Schistosoma
mansoni sequence19, 20, where ‘EHHS’ refers to the 43 nt enzyme strand, and ‘S’ refers to
the 15 nt substrate strand, which is common to EHHL and EHHS (Figure A.1). We
investigated a second short hammerhead, HH16, designed by Uhlenbeck and co-workers
to have no stable alternative structures and a rate of cleavage faster than substrate
dissociation, owing to 16 strong base pairs to substrate21, 22 (Figure A.1). Here, EHH16 is
39 nt and SHH16 is 17 nt. A third hammerhead, HHL, was also studied (Figure A.1,
Figure 2.1.a). HHL contains the EHHS sequence as its core, together with long flanking
sequences on both ends. Here, EHHL is 159 nt and its substrate is S. A long ribozyme
was chosen for study because long RNAs have exceptional partitioning into the dextranrich phase, as shown herein. Sequences immediately flanking the ribozyme both on the
5 and 3-ends are AU-rich and were designed to not interact with and disrupt the core of
the ribozyme23. The L11 RNA (58 nt) (underlined above) at the very 5end of EHHL is
from the ribosome and was chosen as a flanking element because it folds into a wellcharacterized, stable, and globular tertiary structure24, 25.
All three hammerhead enzyme strands were prepared by in vitro T7 transcription.
In an effort to remove self-structure from the template strand of EHHL, extension of DNA
top and bottom strand primers with a 57 nt overlap was used to produce a doublestranded (ds) template. Top and bottom strands (0.5 μM final concentration) were mixed
with dNTPs (0.5 mM) and Pfu polymerase, incubated at 94 oC for 1 min, annealed at
58 oC for 1 min, and extended at 68 oC for 10 min. This process was repeated for 10
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cycles. Elongated ds DNA was phenol-chloroform extracted and precipitated prior to T7
transcription. All RNA was PAGE purified, 5 end-labeled with [-32P] ATP and
polynucleotide kinase, and repurified by PAGE prior to use in experiments.
2.3.3 Aqueous two-phase systems
All partitioning and kinetic experiments were performed at 23 °C. Stock
aqueous two-phase systems (ATPS) with a total mass of 10 g were prepared at room
temperature by weighing water, PEG 8 kDa, and dextran 10 kDa into pH-adjusted buffer.
ATPS compositions initially based on the literature4 were optimized for RNA
partitioning. Our stock ATPS, prepared from solids prior to each experiment, was 10
wt/wt % PEG/ 16 wt/wt % dextran in 1X hammerhead reaction buffer (1x HRB is 50 mM
Tris (pH 7.5)/100 mM NaCl) supplemented with 0.5 or 10 mM MgCl2. Aliquots of the
PEG-rich (top) and dextran-rich (bottom) phases of this stock ATPS were removed after
centrifugation to give clear phases. The two phases were then remixed with specific
PEG-rich:dextran-rich phase volume ratios to form small volume ATPS. This approach
allowed us to vary relative phase volumes without changing the polymer composition of
the phases6, 26. For partitioning experiments, the PEG- and dextran-rich phase volumes
were 125 µL each, while for kinetics experiments, the PEG- and dextran-rich phase
volumes were varied. Some kinetic experiments were also conducted with larger volume
ATPS (up to 1.2 mL) in an attempt to improve mixing and ensure reliable pipetting.
Determination of the compositions of the phases in the 10 wt/wt % PEG/ 16
wt/wt % dextran ATPS were performed using a Perkin Elmer Model 343 Polarimeter and
a Leica Auto Abbe Refractometer as previously described7. The basis for this
determination is the fact that one of the polymers is optically active (dextran) while the
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other (PEG) is not. Hence, based on measurements of refractive index and polarimetry,
the composition of each phase can be determined. Table A.4 shows the experimentallydetermined compositions of each phase for ATPS with 10 and 0.5 mM Mg2+. Both
ATPS had initial volume ratios of approximately 2:1 PEG-rich to dextran-rich phase in
the stock solutions. Note that these compositions also apply to all of the different volume
ratios described in the text, because by mixing these pre-separated phases together in
different volume ratios, we stayed on the same tie line. This eliminated any matrix
effects due to differences in phase composition between our different volume ratio
systems (i.e., because there were no differences in phase composition). See references 10
and 11 for further information on ATPS phase compositions and tie lines6.
In addition to partitioning of RNA, partitioning of Mg2+ was analyzed. This is
important because uneven partitioning of Mg2+ between the two phases could confound
interpretation of kinetics measurements. Magnesium partitioning was assayed by atomic
absorption spectroscopy (Varian Spectra 220 FS) using a 1000±4 mg/L standard solution
of MgCl2 obtained from Sigma-Aldrich (St. Louis, MO) to prepare standards for
generation of a calibration curve. The Mg2+ partitioned evenly into the PEG- and
dextran-rich phases, with K values of 0.98± 0.07 and 1.04± 0.07 at 0.5 and 10 mM Mg2+,
respectively. Thus, catalytic improvements upon partitioning in 0.5 and 10 mM Mg2+ are
not attributable to concentrating of Mg2+ into one phase. Furthermore, solutions of PEG
8 kDa and dextran 10 kDa were prepared separately at 30 wt/wt% and tested for any
Mg2+ impurities. Mg2+ due to impurities in the polymer solutions was found to be
insignificant compared to the Mg2+ concentrations used in the experiments.
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2.3.4 RNA partitioning
The partitioning coefficient, K, is defined as the concentration of RNA in the
PEG-rich phase (CP) relative to the concentration of RNA in the dextran-rich phase (CD),

K

[RNA] PEGrich
C
 P
[RNA] dextran rich CD

(2.1)

The partitioning coefficient is often expressed as log K, where a negative value indicates

partitioning into the dextran-rich phase. ATPS containing the desired salt and polymer
concentrations were prepared as described above. In an effort to remove aggregates and
dimers, RNA (0.5 pmol) was renatured by heating in 1XTE (10 mM Tris, 0.1 mM EDTA,
pH 7.5) at 90 oC for 3 min and cooling at room temperature for 10 min. (Control
experiments support absence of such aggregates, see below.) Radiolabeled RNA was then
added to an ATPS containing 125 μL each of PEG- and dextran-rich phases. The ATPS
was initially vortexed and then mixed by rotating at a rate of 1 inversion per second.
Partitioning experiments lasted at least 2 h, which was sufficient for complete
partitioning. Following mixing, ATPS were centrifuged to separate the two phases. To
obtain the partitioning coefficient, samples from the PEG- and dextran-rich phases were
collected by pipetting 10 μL of each phase, and the concentration of RNA in each phase
was determined.
Two approaches were used to determine the concentration of RNA in each phase:
liquid scintillation counting, and PAGE of labeled RNA. In the scintillation counting
method, aliquots of PEG-and dextran-rich phases from the ATPS were counted on a
Beckman LS 6500 scintillation counter. Since counts per minute (cpm) are proportional
to RNA concentration, the ratio of cpm in the PEG- and dextran-rich phases provides the
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partitioning coefficient. In the PAGE method, a hydrolysis ladder of the RNA was first
prepared. The 159 nt [532P]-labeled EHHL RNA was incubated for 6 min at 90 oC in 10
mM carbonate buffer (pH 9). The sample was then partitioned in an ATPS as described
above. Next, 10 μL aliquots from the PEG- or dextran-rich phases of the ATPS were
fractionated on a 12% denaturing polyacrylamide gel. To assign bands and RNA length,
a denaturing RNase T1 sequencing ladder was also run. In some instances, samples were
loaded in additional lanes 30 min after the first loading in order to achieve better
resolution of shorter bands. Gels were dried and visualized using a PhosphorImager
(Molecular Dynamics), and analyzed using ImageQuant software (Molecular Dynamics).
The value of K was calculated for each length of the fragmented RNA. The principal
advantages of this method are that partitioning coefficients for many lengths of RNA can
be measured in a single experiment and the measurements are not impacted by any RNA
that may be degraded. Partitioning coefficients from PAGE for intact RNA agreed with
those from scintillation counting suggesting that the presence of many different RNAs
did not affect partitioning.
Partitioning was also visualized using a confocal microscopy with EHH16 RNA,
which was 5-end labeled with fluorescein. RNA was transcribed as described above and
labeled as previously described27. Briefly, the transcription was 5-end activated with S-ATP, which was then reacted with 5-iodoacetamidofluorescein and gel purified28.
Fluorescent RNA was PAGE purified before use in partitioning experiments. In addition,
Alexa647 (Invitrogen) labeled dextran 10 kDa was doped into the ATPS for these
experiments to allow unambiguous identification of the dextran-rich phase. Confocal
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images were collected on a Leica TCS SP5 confocal instrument with excitation at 633
(for Alexa647) and 488 (for fluorescein).
2.3.5 Hammerhead ribozyme kinetics
ATPS were prepared using 1X HRB with 0.5 or 10 mM Mg2+, and variable
volumes of each phase were used in kinetics experiments. For example, the 1:12.5 ATPS
was made with 20 L dextran-rich and 250 µL PEG-rich phases. Prior to partitioning,
hammerhead enzyme (E) and end-labeled substrate (S*) strands were renatured
separately at 90 ˚C in TE for 3 min and cooled at room temperature for 10 min. Next, E
strand and S strand were partitioned in separate ATPS with constant mixing for at least 2
h, as described above.
Ribozyme cleavage was initiated by mixing the two ATPS, one of which
contained excess E strand and the other of which contained trace amounts (pM) of
radiolabeled S strand to assure single-turnover conditions. This newly formed, single
ATPS was mixed throughout the course of the experiment by rotating and was vortexed
before taking time points to ensure dispersion of the dextran-rich phase droplets.
Reaction progress was monitored by removing 3 L aliquots at various times and
quenching with an equal volume of 95% formamide loading buffer. Aliquots were
fractionated on a 16% PAGE. Gels were dried, visualized, and analyzed on a
PhosphorImager. In addition, control experiments were performed in PEG-rich phase
alone, dextran-rich phase alone, or buffer, each of which contained either 0.5 or 10 mM
Mg2+.
Plots of fraction product versus time were generated and fit to either a linear
equation, single exponential equation (equation 2),
36

f c  A  Bekobst

(2.2)

where ƒc is the fraction of precursor substrate cleaved, kobs is the observed first-order rate

constant, t is time, A is the fraction of substrate cleaved at completion, and –B is the
amplitude of the observable phase, or double exponential equation (equation 3),

f c  A  Bek1t  Cek2t

(2.3)

where ƒc is the fraction of precursor substrate cleaved, k1 and k2 are the observed first
order rate constants for the fast and slow phases, respectively, t is time, A is the fraction
of substrate cleaved at completion, and –B and –C are the amplitude of the observable
phases. All kinetic traces that gave 10% or less reaction after 4 h were fit to the linear
equation. In addition, some traces remained linear past 10% reaction and so were also fit
the linear equation. Each data point was the average of at least two trials ± standard
deviation of the experiments. All kinetic parameters were obtained using least-squares
fitting by KaleidaGraph (Synergy Software).
2.3.6 Calculation of RNA concentration in phases of ATPS with different VD:VP
ratios
The partitioning coefficient for a given RNA, K, in an ATPS is given in equation
1. The concentration of RNA in the dextran-rich phase of an ATPS can be calculated
using K, the volumes of the phases, and the total number of moles of RNA. Using this, K
can be rewritten as,

K

n t  n D /Vp
n D /VD

(2.4)
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where nt is the total number of moles of RNA in the ATPS, nD is the number of moles of
RNA in the dextran-rich phase, VP is the volume of the PEG-rich phase, and VD is the
volume of the dextran-rich phase. Equation 4 can be rearranged to solve for CD in terms
of the known quantities nt, VP, VD, and K as shown in equation 5.
CD 

nt
VpK  VD

(2.5)

Equation 5 is used to estimate
the concentration of the RNA in the dextran-rich phase

from nt, VP, VD, and K. At the limit K<<VD/VP (i.e. all RNA in dextran-rich phase)
equation 5 becomes CD = nt/VD.
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2.4 Results
2.4.1 Study overview
In the experimental model used herein for intracellular RNA
compartmentalization, partitioning into the dextran-rich phase of the ATPS supplies the
mechanism for non-membrane bound compartmentalization. Once compartmentalized,
ribozyme catalysis provides a measure of how RNA function has been impacted. The
three hammerhead ribozymes studied were HHL, HHS, and HH16 (Figure A.1). HHS
and HHL are identical in their core sequences, with weaker base pairing to their common
substrate S than HH16 has to its substrate SHH16. In addition, HHL has long flanking
sequences of AU-rich elements at its 5’- and 3’-ends and an additional L11RNA
sequence at its very 5’-end; these sequence additions were made to induce stronger
partitioning of HHL into the dextran-rich phase24. HH16 is a well-studied ribozyme with
strong base pairing and native folding, which favors kcat conditions21, 22.
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Figure 2.1
Hammerhead ribozyme and its rate acceleration through
compartmentalization. a, Long hammerhead ribozyme (HHL), in which EHHL has long
flanking sequences. (See Figure A.1 for further details and other ribozymes.) b, Time
course of hammerhead ribozyme cleavage. Time points are 0, 1, 5, 15, 30, 60, 120, 180,
240 min. Upper panel is in the dextran-rich phase, and lower panel is in a 1:100 VD:VP
ATPS in 0.5 mM Mg2+ showing enhanced rate (See Appendix A for more details.) c,
RNA localizes into dextran-rich phase droplets of ATPS. Dextran 10 kDa was labeled
with Alexa 647, and EHH16 was labeled at its 5’-end with fluorescein. Left panel shows
transmitted light. Middle panel shows dextran 10 kDa fluorescence. Right panel shows
RNA fluorescence.

Figure 2.1 provides an overview of this study, with a schematic of the long
hammerhead ribozyme (HHL), with its enzyme portion (EHHL) bound to its substrate (S,
Figure 2.1.a), demonstration of rate acceleration by the ATPS (Figure 2.1.b), and
evidence that the RNA localizes to the dextran-rich phase of the ATPS (Figure 2.1.c).
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We began by quantifying the partitioning of RNA as a function of sequence length, and
then took advantage of this partitioning to generate locally high ribozyme concentrations
that led to increased catalytic rates.
2.4.2 Length-dependence of RNA partitioning
Compartmentalization in the ATPS depends on the partitioning coefficient, K,
which is defined as CP/CD, where CP and CD are the concentration of RNA in the PEGrich and dextran-rich phases, respectively. Because E and S strands differ in length, and
solute size is known to impact partitioning6,29, we first developed a method for
determining RNA partitioning in our ATPS as a function of strand length. A ladder of
EHHL fragments was prepared by hydrolysis of the RNA allowed to partition in the
ATPS. Aliquots from each phase were then subjected to gel electrophoresis, allowing
quantification of K for multiple lengths of RNA in a single experiment. Intensities of
bands in the PEG-rich phase lane decreased markedly with increasing RNA length, while
bands in the dextran-rich phase lane increased in intensity (Figure 2.2.a), indicating
increasingly strong partitioning into the dextran-rich phase with increasing RNA length.
A near-linear decrease in log K with RNA length occurs for oligonucleotides less than 40
nt, while log K has a weaker dependence on length for longer RNAs (Figure 2.2.b).
Compartmentalization of long RNAs into the dextran-rich phase of this PEG/dextran
ATPS is extremely effective, with more than three orders of magnitude greater local
RNA concentrations there as compared to the PEG-rich phase for the longest RNA tested
(EHHL, 159 nt).
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Figure 2.2 Length-dependence of RNA partitioning. a, Autoradiogram of an RNA
partitioning gel. 5’-end labeled RNA fragments were generated from alkaline hydrolysis
of EHHL. Numbering corresponds to the EHHL sequence provided in Appendix A.
Aliquots from the PEG- and dextran-rich (1:1 VD:VP) phases of the ATPS were then
fractionated by denaturing PAGE 12% acrylamide, 7 M urea. Lanes are numbered at the
bottom of the panel. Lane 1: Full-length EHHL. Lane 2: Denaturing RNase T1 sequencing
ladders for G. Lane 3: PEG-rich phase of the ATPS. Lane 4: Dextran-rich phase of the
ATPS. b, Dependence of log K on RNA length showing preference for dextran-rich
phase. Partitioning coefficients for different length RNA fragments from EHHL were
determined in triplicate from the gel in Figure A.2 and are represented as empty circles
(○). Between 40 and 159 nt, too little material was present in the PEG-rich phase to
enable accurate determination of K by the gel method. Partitioning coefficients for fulllength hammerhead E and S strands were determined by the scintillation counting
method and are represented as filled circles (●). Log K for the full length (159 nt) is 3.5±0.2 (off scale). Error bars represent standard deviation of three trials.
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We then determined K for each of the intact hammerhead enzymes and substrates
by scintillation counting. Each of these RNAs partitioned to the dextran-rich phase, with
1/K values determined by scintillation counting ranging from ~40 for S (15 nt) to 180 for
EHH16 (39 nt) and ~3,000 for EHHL (159 nt) (Table A.1, 10 mM Mg2+ and 2 nM total
RNA), consistent with the length dependence observed in the gel electrophoresis
experiment. While ribozyme function is most often studied under strongly folding Mg2+
concentrations of ≥10 mM, physiological concentrations of Mg2+ are only ~0.5 mM Mg2+
30, 31

. We therefore also measured partitioning under 0.5 mM Mg2+ conditions; similar

results were obtained (Table A.1). Partitioning of EHHL was also measured as a function
of RNA concentration up to 200 nM, and within error K values did not change relative to
those reported for 2 nM total, under both 0.5 and 10 mM Mg2+ conditions. Together,
these results indicated that partitioning into one phase of an ATPS is a viable means of
compartmentalizing RNA.
2.4.3 Effect of compartmentalization on ribozyme catalysis
We studied the effect of RNA compartmentalization in the ATPS on singleturnover kinetics of the three different hammerhead ribozymes. Under single-turnover
conditions, observed rates should be independent of the substrate concentration but
depend on the concentration of E32. A low overall concentration of E (2 nM) was chosen
in an effort to operate under sub-saturating, (i.e. “kcat/KM” conditions), and an ATPS
having a relatively small volume of the dextran rich phase (VD) as compared to the PEGrich phase (VP) was used to provide a high local concentration of enzyme strands (1
VD:12.5 VP). Reaction rates in the ATPS were compared to rates in dextran-rich phase
alone or in polymer-free buffer solution, in either 0.5 or 10 mM Mg2+ (Figure 2.3).
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Cleavage rates were markedly increased in the ATPS as compared to dextran-rich
phase alone or polymer-free buffer solution for both HHS and HHL. For instance, in 10
mM Mg2+ krel (kATPS/kD) for HHS and HHL are 125 and 286, respectively, on the same
order as the increase in local ribozyme concentration (Table A.3). Given that nearly all
of the enzyme strands are localized into the dextran-rich phase of the ATPS (92.1% and
99.2% for EHHS and EHHL respectively), essentially all of the reactivity can be considered
to arise from the dextran-rich phase compartment. Moreover, given that greater than
90% of E is in the dextran-rich phase, the ~2-fold difference in rate between HHS and
HHL is unlikely to be due to increased partitioning of the latter; one possibility for the
difference is release of misfolding for HHL in the ATPS, as it generally reacted slower
than HHS under non-compartmentalized conditions (Table A.2). Overall, observed rate
enhancements for HHS and HHL are consistent with increased local concentration of E
due to compartmentalization in the ATPS.
We also measured reaction kinetics for HHL in the dextran-rich phase alone and
obtained kcat and KM values of 2.350.3 min-1 and 6.02.0 μM respectively (Figure A.4).
In the above 1:12.5 (VD:VP) ATPS, where the local concentration of EHHL in the dextranrich phase would be 25 nM, the kcat and KM confirm that the kinetics are in the kcat/KM
regime, as expected. This analysis further supports the conclusion that the difference in
rates between kinetics in ATPS and dextran-rich phase alone can be understood in terms
of increased local ribozyme concentration due to compartmentalization in the small
volume dextran-rich phase. In contrast to HHS and HHL, HH16 had a krel of only
3.90.7 in 10 mM Mg2+ and 1:12.5 (VD:VP), consistent with a reported KM of ~66 nM22,
and thus being near kcat conditions, even in the presence of just 25 nM local enzyme
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(Figure A.5). Similar effects were found for all three hammerhead constructs under
physiological Mg2+ concentrations of 0.5 mM (Table A.2).

Figure 2.3 Kinetics for hammerhead ribozymes in kcat/KM regime. a, HHL, and b, HHS
kinetics plot in 10 mM Mg2+. Conditions for panels a-b are 0.1 pmol E, 50 μL total
volume for dextran-rich phase alone (■) and 1xHRB buffer (●); or 2 pmol E, 1.08 mL
total volume in an ATPS of 1:12.5 VD:VP (▲). (A larger volume was chosen for the
ATPS to facilitate pipetting in the cases of the extreme volume ratios; note that [E] is 2
nM in all cases.) Panels c-d are identical to above except in 0.5 mM Mg2+. These data
show enhanced rate in ATPS. Error bars represent standard deviation of at least two
trials of experiments. Observed rate constants are given in Table A.2. HH16 kinetics
and kcat kinetics for all three ribozymes are provided in Appendix A.
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To validate our interpretation of the rate increases described above, reactions were
repeated with a much higher total E strand concentration (500 nM). This was done in an
effort to saturate substrate with enzyme (i.e. “kcat” conditions). Figure A.4 suggests that
the final E strand concentration in the dextran-rich phase of the ATPS, which is 6.25 M
(=0.5 M x 12.5), should provide a rate constant within an ~2-fold of kmax; higher
concentration of E were not used to avoid RNA aggregation. As opposed to the above
results in 2 nM E, the reaction rate does not scale with the phase volume ratios of the
ATPS (Figure A.3); indeed, the krel for HHL is just 2.00.4 (Table A.2), as expected
from the near, but not totally saturating conditions, mentioned above. Moreover, HH16,
which was near saturation in 25 nM E (see above), now gives a krel of 1.10.1, revealing
total saturation, as expected for a KM of 66 nM22. In sum, observation that the ATPS
increases the rate proportional to the phase volume ratios under kcat/KM but not kcat
conditions strongly supports the notion that catalysis is arising from
compartmentalization.
We also examined the rate in the PEG-rich phase alone. PEG affects the rate, but
not in a fashion that contributes appreciably to overall rate enhancement in the ATPS.
Both PEG and dextran have been shown to stimulate ribozyme catalysis20; here, because
the reaction occurs in the dextran-rich phase of the ATPS and because we compare to
dextran-rich phase, we deconvolute these effects. See Appendix A for further discussion.
2.4.4 Effect of compartment size on ribozyme catalysis
We next explored the effect of size of the dextran-rich compartment on the
cleavage kinetics for hammerhead ribozymes. We focused on the HHL ribozyme
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because it has the strongest partitioning (Table A.1) and it has a large, experimentally
accessible kcat/KM regime (Figure A.4). The ratio of the dextran- to PEG-rich phase
volumes (VD:VP) was varied from 1:0 (dextran-rich phase alone) to 1:100. (Note that
local crowding conditions in each phase were unchanged. See Appendix A.) The degree
of rate enhancement was found to depend on the VD:VP ratio, with smaller VD providing
greater rate enhancement (Figure 2.4), in line with the greater concentration of EHHL in
the dextran-rich phase (Table 2.1). For example, a 1:5 (VD:VP) ATPS gave rise to 61and 135-fold enhancements in 0.5 and 10 mM Mg2+, respectively (see section 2.3 for
further discussion on the relationship between VD and local concentration).

Figure 2.4 Kinetics for HHL in ATPS with varying phase volume ratios. Phase volume
ratios (VD:VP) were 1:0 (●), 1:5 (■), 1:12.5 (), 1:50 (▲), and 1:100 (▼). a, 10 mM
Mg2+ or b, 0.5 mM Mg2+. For both panels, experiments have 2 pmol of E strand. These
data show that RNA catalysis is enhanced by decreasing compartment size. CD values are
provided in Table 2.1, and amounts of E and S in each phase and volumes of each phase
are provided in Table A.3.
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Extreme phase volume ratios of VD:VP were also tested for ribozyme kinetics. A
1:50 (VD:VP) ratio gave rise to 315- and 383-fold rate enhancements in 0.5 and 10 mM
Mg2+, respectively, which are similar to the increased enzyme concentration expectations
of 45 and 49-fold, respectively (Table 2.1). A 1:100 (VD:VP) gave rise to 668- and
415-fold rate enhancements in 0.5 and 10 mM Mg2+, respectively (Figure 2.4, Table
2.1). These values are within a factor of 1.4 to 2.4 of the values predicted from increased
enzyme concentrations of 92- and 97-fold, respectively (Table 2.1), supporting the notion
that catalysis is originating primarily from concentrating of reagents into a small
compartment.
Table 2.1 Observed Kinetic Parameters for HHL in Varying ATPS Phase Volume
Ratiosa

a

Experiments contain 2 pmol of E strand, which is in excess over S, in a final volume of
at least 1 mL ATPS. (Exact volumes for each phase ratio provided in Table A.3.) bRate
increase due to compartmentalization relative to rate in dextran-rich phase. Error in krel is
propagated from error in rates of the compared conditions. cCalculated relative
concentrations of EHHL in the dextran-rich phase for the two-phase system. Values use
the experimental partitioning coefficient for EHHL (Table A.1) with equation 2.5, and are
relative to a concentration of 2 nM for EHHL found when VD:VP is 1:0.
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2.5 Discussion
Experimental models of the cell should provide a framework for studying
intracellular molecular interactions and individual processes. ATPS provide a model for
non-membrane bound cellular compartmentalization because molecules partition between
the phases on the basis of weak intermolecular interactions, are free to diffuse between
the phases, and the phase systems can form reversibly to mimic the dynamic properties
within cells10, 26. We showed herein that compartmentalization of RNA in an ATPS
causes striking increases in local RNA concentration, which lead to increases in observed
rate of ribozyme cleavage, as long as kcat/KM conditions are maintained. Because the
fraction of S involved in base-pairing is favored by higher concentrations of RNA, gain
of ribozyme function in an ATPS can be considered to mimic an increase in native RNA
base-pairing in virtually any biological system, for example miRNA-mRNA pairing33.
Partitioning of ribozymes in ATPS also suggests advantages RNA might gain from
subcellular compartmentalization. The increase in ribozyme activity induced by colocalization further suggests how ribozymes might have gained activity in dilute solutions
in the RNA world34.
RNA partitioning was studied under a variety of conditions to optimize ATPS as a
model for RNA compartmentalization. To that effect, a new technique for determining
the RNA partitioning coefficient using PAGE was developed. Traditionally, partitioning
coefficients need to be measured separately for each solute. The PAGE-based method
described here offers the advantage that partitioning coefficients for many lengths of
RNA (e.g. 50-100 different RNAs) can be determined in a single, simple experiment.
Another advantage of the PAGE method is that any degraded RNA, which might
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otherwise confound measurement of strongly partitioning RNAs by conventional
methods, is separated based on its length and hence does not contribute to quantification
for the full-length RNAs.
We observed enhanced catalysis of hammerhead ribozymes in ATPS, and
demonstrated that the rate enhancement scales with the local RNA concentration and is
thus due to compartmentalization. This was further confirmed by the partitioning of
RNA observed in fluorescence microscopy (Figure 2.1.c). By changing only the dextranrich phase volume, it was possible to vary the local concentration of RNA in that phase.
Increase in catalysis by compartmentalizing molecules is the simplest form of rate
acceleration and the most fundamental catalytic strategy used by extant enzymes35. We
confirmed that Mg2+ partitioning, reaction initiation, and RNA refolding were not
responsible for the rate enhancement (see Appendix A). Thus, it is clear that
compartmentalization is responsible for most if not all observed rate enhancement.
In vitro compartmentalization (IVC) has been used successfully to evolve RNA36
and protein37, 38 enzymes, specifically where multiple turnover is desired. Here we use
IVC to enhance the rate of single-turnover of extant ribozymes. In modern day cells,
RNA is compartmentalized intracellularly, both in the cytoplasm and in the nucleus in
highly dynamic, non-membrane-bound structures such as P-bodies39, P granules40,
nuclear speckles41, and nucleoli42,43. These structures are especially relevant for
modeling via partitioning in an ATPS for several reasons. First, they are highly dynamic
and form by transient interactions between freely diffusing RNA and RNA processing
and transcription factors42; partitioning in ATPS is also dynamic and is driven by
interactions with the phase-forming polymers. Second, the structures are formed next to
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actively transcribing genes suggesting that high concentrations of macromolecules play a
role in structure formation44; in ATPS, increased concentrations of phase-forming
polymers drives phase segregation and differentiation. Third, the structures can be
reconstituted at high concentrations of inert macromolecules such as PEG, suggesting a
role for macromolecular crowding and phase segregation in structure formation45.
Finally, recent work has demonstrated liquid-like properties for both P-granules and
nucleoli, suggesting that these structures may result from aqueous phase separation.40, 43
There are also implications of the findings for the early Earth. The prevailing
model for the origin of life is the RNA world hypothesis, in which RNA acted as a
catalyst and as a genetic storage molecule46-48. In order for catalytic RNA to evolve in
the RNA world, it would have needed to be compartmentalized to maintain active
concentrations of RNA and to prevent the products and large molecules of RNA
mediated reactions from diffusing away49. Aqueous phase separation has been proposed
previously as a system for compartmentalization in the RNA world and/or in the first
cells50-52. Although we do not suggest that PEG and dextran polymers were present on
the early earth, phase separation is common in macromolecularly crowded polymer
solutions and provides a plausible route to compartmentalization. The results herein show
that aqueous phase compartments can drive reactions such as RNA catalysis by
substantial amounts.
Our results show that RNA can be compartmentalized on the basis of its size in
ATPS. A sorting method like this could have also served an important role in the RNA
world. In a two-phase system such as the one described herein, full-length functional
ribozymes could be sorted and concentrated into one phase where they would have higher
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activity. At the same time, shorter RNA pieces, such as small reaction products that
could inhibit the reaction by base pairing, would exit the phase. A mechanism such as
this could have served as a primitive sorter and been especially important for the
evolution of an RNA replicase, which would have needed to preferentially replicate
functional RNA.
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Appendix A
Supporting Information: Chapter 2
[Published as Supplementary Information for paper entitled “RNA Catalysis Through
Compartmentalization by Christopher A. Strulson, Rosalynn C. Molden, Christine D.
Keating, and Philip C. Bevilacqua in Nature Chemistry 2012 4: 941-946.]
A.1 Control experiments
A.1.1 PEG-rich phase contribution toward catalysis
The PEG-rich phase also increased the reaction rate for all three ribozymes, in
both 0.5 and 10 mM Mg2+ concentrations (Table A.2). Enhanced reactivity in PEG-rich
is likely due to macromolecular crowding and/or chemical interactions of the RNA with
the PEG1-4. Crowding is known to affect binding thermodynamics and reaction rates for
a wide range of biomolecular reactions, and differences between PEG and dextran as
crowding agents have been reported both generally1, 5, and specifically for the
hammerhead ribozyme1. However, in light of a krel of ~50 in the PEG-rich phase at 0.5
mM Mg2+ for HHL (Table A.2), we wanted to verify that the catalytic increase observed
in the ATPS was due to compartmentalization in the dextran-rich phase and not a PEG
effect.
When VD is decreased, the concentration of RNA increases in both phases (Table
A.3). This arises because the partitioning coefficient stays constant for an RNA
regardless of the volumes of the two phases, so the concentration of RNA must change in
both phases in order to maintain a constant K. At extreme phase volume ratios, the great
disparity between the volume of the PEG- and dextran-rich phases creates a large
difference in RNA concentrations in the phases (Table A.3), yet the distribution of total
moles in the phases is not as extreme. For instance, in the 1:100 VD:VP ATPS in 0.5 mM
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Mg2+ approximately 10% of the total moles of EHHL are located in the PEG-rich phase
(Table A.3) even though the RNA is ~1000 more concentrated in the dextran-rich phase.
The kinetics of HHL were performed with 0.5 mM Mg2+ in solutions of 10, 15,
and 25 wt/wt % PEG 8 kDa to determine if there was a krel value similar to the 50-fold in
the PEG-rich phase (Figure A.7.a). Since PEG is the predominant polymer in the PEGrich phase (Table A.4), having only PEG present during the kinetics at similar wt/wt %
as it is in the PEG-rich phase should result in similar effects on HHL catalysis if PEG is
controlling the kinetics. However, the largest krel we found (in 25 wt/wt % PEG) was 5fold slower than the reaction in PEG-rich phase. These results led us to suspect that there
may be trace amounts of dextran-rich phase in the PEG-rich phase, compartmentalizing
the RNA and thereby causing the unexpected large krel value. This could arise from
imperfect removal of the PEG-rich phase, whereby a small amount of dextran-rich phase
remained present as a contaminant. Alternatively, a second phase separation could have
occurred in the PEG-rich phase after it was removed from the stock ATPS due, for
example, to evaporation resulting in a slight increase in polymer concentration. Because
each phase of the ATPS has a composition that lies on the binodal curve, once the top and
bottom phases are physically separated from each other very slight changes in
composition can cause a second phase separation in either solution.
We tested the hypothesis that some dextran-rich phase was present in the PEGrich phase samples in two ways. First, PEG-rich phase was doped with fluorescently
labeled dextran and viewed on the confocal microscope (Figure A.7.b & c). As
suspected, a small amount of dextran-rich phase was located in the PEG-rich phase. In
an effort to eliminate this, the PEG-rich phase was diluted 10% with water. The diluted
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PEG-rich phase was also viewed on the confocal microscope, and the addition of the
small amount of water dissolved the dextran-rich phase (Figure A.7.d & e), while only
slightly decreasing the concentration of the polymer. Second, HHL kinetics were
performed in 10%- and 20%-diluted PEG-rich phase (Figure A.7.a). The observed rates
in the 10%- and 20%-diluted PEG-rich phase were 10- and 12.5-fold slower than the rate
in the undiluted PEG-rich phase. In fact, the kobs of the 10%-and 20%-diluted PEG-rich
phase agreed well with the rates of the experiments conducted with the various PEG 8
kDa-only samples (Figure A.7.a). As the reaction rate in the PEG-rich phase was
decreased by simple addition of water by more than could be accounted for by simple
dilution of the crowding agents, we concluded that at 0.5 mM Mg2+ the observed 50-fold
rate increase was coming from unwanted compartmentalization in dextran-rich phase
contamination rather than from the volume exclusion or chemical interaction effects
exerted by PEG.
To summarize, a PEG-rich phase devoid of dextran compartments accelerates the
rate ~10-fold. This does not appear to be an important contribution to observed catalysis
for the following reason. At the most extreme phase volume ratio (VD:VP=1:100), the
concentration of E in the PEG-rich phase is 1/1,000th that in the dextran-rich phase
(=0.1818 pmol/1000 L)PEG-rich/(1.818 pmol/10 L)dextran-rich. Because we are under
kcat/Km conditions, the rate in the PEG-rich phase is just 1/100th that in the dextran-rich
phase (=10-fold faster/1,000-more dilute). We do note that ~twice as much substrate is in
the PEG-rich phase (Table A.3); however, confronted with 100-fold slower reactivity, it
appears that the reaction approaches completion due to substrate cycling between the two
phases.
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A.1.2 Alternative initiation of reaction kinetics
To determine if strand association was rate limiting, an alternative method of
initiating the HHL reaction between was conducted. Rather than partitioning E and S in
separate ATPS and initiating the reaction by mixing these together, E and S were
partitioned in the same ATPS, and Mg2+ was added to start cleavage. Initiating with
Mg2+ did not significantly change kobs as compared to initiating by mixing the two ATPS.
In particular, rate constants for initiating with Mg2+ compared to initiating by mixing the
two ATPS were 0.0072 ± 0.0005 min-1 versus 0.0073 ± 0.0006 min-1 respectively in 0.5
mM Mg2+, and 0.0121 ± 0.0011 min-1 versus 0.0113 ± 0.0010 min-1 respectively in 10
mM Mg2+.
A.1.3 Probing for enzyme aggregation
We also probed whether EHHL forms aggregates in the 1:100 (VD:VP) ATPS
reaction conditions. This is important because aggregates between E strands of HHL
could result in loss of activity of the enzyme. Native gels were used to determine if RNA
multimers were forming under the same conditions the ATPS reactions were being
performed. Figure A.6 shows that only one band is present for EHHL in a 1:100 (VD:VP)
ATPS, which indicates that aggregate formation under these conditions is highly
unlikely.
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A.2 Supporting figures

Figure A.1 Hammerhead constructs. The substrate strand is depicted in red font and the
enzyme strand in black font. The site of phosphodiester bond cleavage site is denoted
with an arrow, and strand directionality with arrowheads. Non-Watson-Crick base
pairing is denoted with a dot. a, Long hammerhead ribozyme (HHL), in which EHHL has
long flanking sequences of AU-rich elements at the 5- and 3-ends and an additional L11
RNA sequence at the 5-end. Note that EHHL contains EHHS as its core, and so both use
the same substrate, S. b, Minimal hammerhead ribozyme (HHS), derived from
Schistosoma mansoni2. c, Well-characterized minimal hammerhead ribozyme (HH16),
designed to not form alternative structures6, 7. The variable nucleotide at position 14 was
an A.
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Figure A.2 Relationship between CD and log K in ATPS. a, Autoradiogram of an RNA
partitioning gel. 5’-end labeled RNA fragments were generated from alkaline hydrolysis
of EHHL. RNA were partitioned in standard ATPS in 10 mM Mg2+ in triplicate. Aliquots
from the PEG- and dextran-rich phases of the ATPS were then fractionated by denaturing
PAGE 12% acrylamide, 7 M urea. Lanes are numbered at the bottom of the panel. Lanes
2 – 7: dextran-rich phase of the ATPS. Lanes 8 – 13: PEG-rich phase of the ATPS.
Lanes 5 – 7 and 11 - 13 were loaded 30 min prior to lanes 2 – 4 and 8 – 10, respectively.
Lanes 1 and 14 are RNase T1 sequencing ladders for G. b, As the volume fraction of the
dextran-rich phase compartment becomes smaller, the enrichment in the dextran-rich
phase increases, although it takes stronger partitioning to achieve full enrichment. Traces
are shown for VD:VP ratios of 1:5, 1:12.5, 1:50, and 1:100. Simulation is based on
equation 5.
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Figure A.3 Kinetics for hammerhead ribozymes in kcat regime. a, HHL, b, HHS, and c,
HH16 kinetics plot in 10 mM Mg2+. Conditions for panels a-c are 500 nM E in an ATPS
of 1:12.5 VD:VP (▲), the dextran-rich phase alone (■), or polymer-free HRB (●).
Volumes are as provided in Figure 2.3. Rates in the ATPS of 1:12.5 VD:VP should be
compared to 6.1 µM in Figure A.4. Error bars represent standard deviation of at least
two trials of experiments. Observed rates are given in Table A.2. Note the clustering of
the three traces in each panels, as compared to the faster rate of the red trace in Figure
2.3.
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Figure A.4 HHL kinetics in dextran-rich phase. Data are average of at least two trials
and error bars represent standard deviation of measurements in 10 mM Mg2+. For EHHL
concentrations 500 nM or greater, kinetic data are biphasic and fit to equation 2.3. Filled
circles (●) represent the fast-phase and empty circles (○) represent the slow-phase. The
fast-phase, which is the dominant phase (~2/3 of cleaved product), is fit to a MichaelisMenten type equation. The kcat and KM values are 2.35  0.3 min-1 and 6.0  2.0 μM
respectively.
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Figure A.5 Kinetics for HH16 in kcat/KM regime. a, HH16 kinetics plot in 10 mM Mg2+.
Conditions are 0.1 pmol E, 50 μL total volume for dextran-rich phase alone (■) and
1xHRB buffer (●); or 2 pmol E, 1.08 mL total volume in an ATPS of 1:12.5 VD:VP (▲).
(A larger volume was chosen for the ATPS to facilitate pipetting in the cases of the
extreme volume ratios; note that [E] is 2 nM in all cases.) Panel b is identical to above
except in 0.5 mM Mg2+. Error bars represent standard deviation of at least two trials of
experiments. Observed rate constants are given in Table A.2.
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Figure A.6 Autoradiogram of EHHL under native conditions in 1:100 (VD:VP) ATPS.
After 2 h of partitioning, aliquots were taken from ATPS (0 min and 30 min) and loaded
on a 10% PAGE gel run at 15 °C and 4 W under native conditions (50 mM Tris, pH
7.5/100 mM NaCl/10 mM MgCl2). Gel was pre-run for 1 h and samples were run for 4 h
on the gel. Two aliquots from the reaction mixture were taken and loaded on the gel for
both time points. Absence of additional bands suggests that the ATPS does not induce
RNA aggregates.
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Figure A.7 HHL kinetics in PEG-rich phase and PEG 8 kDa in 0.5 mM Mg2+. a, HHL
kinetics in PEG-rich phase (●), 10%-diluted PEG-rich phase (■), 20%-diluted PEG-rich
phase (▲), 10 wt/wt % PEG (○), 15 wt/wt % PEG (□), or 25 wt/wt % PEG (). PEGrich phase was isolated from an ATPS, while PEG solutions were prepared from only
PEG and contained no dextran. Dilution was with water. b, transmitted light. Circular
images with white centers are air pockets and were ignored. c, fluorescence confocal
microscopy image of same sample in b, visualizing Alexa 647-labeled dextran 10 kDa of
PEG-rich phase. d, transmitted light. e, fluorescence confocal microscopy image of
same sample in d, visualizing Alexa 647-labeled dextran 10 kDa of 10%-diluted PEGrich phase.
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A.3 Supporting tables
Table A.1 Partitioning of enzyme and substrate strands in ATPSa

a

A 10% PEG/16% dextran ATPS with 125 µL of each phase was used in both 0.5 and 10
mM Mg2+. K was determined by the scintillation counting method. 1xHRB is used for all
partitioning experiments. bCD and CP are concentrations of RNA in dextran- and PEGrich phases, respectively. These values were calculated from equation 2.5 using values
for nt, VP, and VD of 0.5 pmol, 125 µL, and 125 µL, respectively. CD reaches a
maximum value of 4 nM (=0.5 pmol/125μL).
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Table A.2 Observed kinetic parameters for HH16, HHS, and HHLa

a

Observed rates for HH16, HHS, and HHL in buffer, dextran-rich, PEG-rich phases, and
ATPS. All reactions were performed in 50 mM Tris pH 7.5/ 100 mM NaCl/ 0.5 or 10
mM MgCl2. Volumes are as provided in Figure 2.3. bRelative rate increase compared
the dextran-rich phase for the given set of conditions. Error in krel is propagated from
error in rates of the compared conditions.
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Table A.3 Predicted amounts of EHHL and S in PEG-and dextran-rich phases for various
ATPS

a

Volumes used for experiments in Figure 2.4. By scaling VD with the VD:VP phase
volume ratio, we were able to have the relative amount of E in the dextran-rich phase,
CD, scale with the phase volume ratio, and thus potentially the rate scale with phase
volume ratio. bCalculated from equation 2.5. cCalculated by taking the difference of total
moles and moles in the dextran-rich phase. The concentration of EHHL is important for
driving base pairing with S under kcat/KM conditions. Throughout all experiments S
concentration remains limiting, as is required for single-turnover kinetics.
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Table A.4 Polymer phase compositions of 0.5 and 10 mM Mg2+ ATPSa

a

PEG 8 kDa and dextran 10 kDa concentrations were determined using refractometry and
polarimetry. Both ATPS had initial volume ratios of approximately 2:1 PEG-rich to
dextran-rich phase in the stock solutions.
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Chapter 3
RNA Catalysis in Vesicle-Stabilized All-Aqueous Emulsions

[Portions of this chapter are to be submitted as a paper entitled “Vesicle-Stabilized AllAqueous Emulsions” by Daniel C. Dewey, Christopher A. Strulson, David N. Cacace,
Philip C. Bevilacqua, and Christine D. Keating.

3.1 Abstract
Compartmentalization of RNA is vital in modern cells and likely played a role in early
life. Aqueous phase separation provides a means to compartmentalize RNA; however,
coalescence of phases could have prevented early life from utilizing aqueous-phase
compartmentalization as an evolutionary advantage. In this study, we demonstrate the
viability of RNA catalysis in all-aqueous emulsions stabilized by ~120-nm diameter lipid
large unilamellar vesicles (LUVs). The vesicle-stabilized emulsions, formed via
electrostatic stabilization, encapsulate phases of an aqueous two-phase system (ATPS)
containing polyethylene glycol (8 kDa) and dextran (10 kDa). A two-piece hammerhead
ribozyme, utilizing a substrate containing a Förster resonance energy transfer (FRET)
pair, provided a fluorescent readout for assessing ribozyme cleavage in the vesiclestabilized ATPS emulsions. Ribozyme catalysis was observed in the vesicle-stabilized
emulsions using fluorescent microscopy and demonstrated that LUVs stabilize the
emulsion throughout the time-course of the reaction. Intermediate chelation through the
use of a divalent cation chelator stabilized the emulsion in the presence of magnesium
while still allowing ribozyme cleavage. In addition, various sizes of RNA were found to
pass through the LUVs at the interface in order to migrate between phases. This study
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demonstrates a possible route for the compartmentalization of early-life biomolecules and
that LUV-stabilized aqueous emulsions can function as biomimetic microreactors.
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3.2 Introduction
From an early earth perspective, the compartmentalization of progenitor cellular
material would have been crucial for the emergence of life1. It has been suggested that
the emergence of life could have occurred in many diverse environments such as tidal
pools, hydrothermal vents, and the ocean2. While these regions have considerably
different local environments, a means of compartmentalizing progenitor cellular material
would have been necessary. Some suggested routes for compartmentalization include
lipid vesicles, fatty-acid vesicles3, ice4, peptide-nucleotide droplets5, and aqueous phase
separation6. Of these potential compartmentalization methods, aqueous phase separation
is a particularly attractive mechanism because separation can occur with relatively small
amounts of polymer7, biomolecules can be partitioned into these systems6, and
amphiphilic materials can accumulate at the interface of the phases 7. However, without a
discrete membrane or method for the stabilization of aqueous droplets (i.e. through
electrostatics), simple localization of early-life molecules into aqueous compartments
would have been complicated by the coalescence of the phase leading to a larger phase
volume where, eventually, the benefits of compartmentalization would have been lost to
early-life. We chose to evaluate stabilization of aqueous droplets by partitioning
amphiphilic materials to the interface of aqueous droplets because this system can be
amended to stabilize aqueous droplets without electrostatics in the future.
In contemporary life forms, cell membranes provide a barrier between the intraand extracellular space allowing cells to maintain concentration gradients of vital
materials. Without modern cell membranes, early-life would have needed to develop
alternative strategies to maintain a small volume compartment, where concentration
gradients could be sustained. In addition to stabilization of droplets, these primitive
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membranes would have needed to allow the passage of large biomolecules from phase to
phase or from droplet to droplet, without the assistance of modern proteins. One
approach to stabilizing droplets of an aqueous phase system is to encapsulate the droplets,
which can be single or multi phasic, within giant lipid vesicles (GVs)8, 9. Previous work
demonstrated that GV lipid bilayers can encapsulate aqueous droplets containing protein
in cell-sized volumes8. While these giant vesicles do stabilize cell-sized droplets and
allow biological molecules to be encapsulated within the droplets, they do not allow
biomolecules to pass through the membrane8.
To overcome these challenges associated with aqueous phase
compartmentalization, we partitioned PEGylated large unilamellar vesicles (LUVs) ~120
nm to the interface of a polyethylene glycol (PEG)/ dextran aqueous two-phase (ATPS)
to create a stable emulsion. The LUVs strongly partition to the interface, which is similar
to published results for particulates and liposomes10-12, creating a primitive lipid
membrane at the interface between the two phases that allows formation of a vesiclestabilized ATPS emulsion. This approach to aqueous emulsion formation offers two
distinct advantages as a model system for early-earth compartmentalization. First,
aqueous droplets can be stabilized for lengthy periods of time preventing coalescence of
phases and second, the LUVs form a porous membrane that allows molecules to pass
through.
Herein we demonstrate that large unilamellar vesicles composed of phospholipids
form a primitive membrane around droplets of a PEG/ dextran aqueous two-phase
system. The LUVs allow the ATPS to maintain a stable emulsion through electrostatic
stabilization. Furthermore, this system can be adapted, through the use of a divalent
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cation chelator, to maintain stability in modest concentrations of magnesium. This would
have been crucial from an early-life prospective, since RNA, whose folding and function
is highly-dependent upon the presence of cations, is widely believed to have been the
genetic and catalytic material for progenitor cells13, 14. Using intermediate chelation we
were able to test whether these vesicle-stabilized ATPS emulsions can promote biological
reactions. A two-piece hammerhead ribozyme reaction was performed in these vesiclestabilized ATPS emulsions and ribozyme cleavage and emulsion stability were
monitored. Fluorescence experiments demonstrated that ribozyme cleavage readily
occurs in vesicle-stabilized ATPS emulsions and that emulsions are stable throughout the
course of the cleavage. Lastly, LUVs at the interface of the PEG/dextran ATPS do not
appreciably hinder the migration of the RNA in or out of the droplet.
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3.3 Materials and Methods
3.3.1 Materials
For ATPS preparation, dextran 10 kDa was supplied by Sigma and PEG 8 kDa by
Amresco. L-α-phosphatidylglycerol (sodium salt) (egg PG); 1,2-dioleoyl-sn-glycero-3phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (DOPERhodamine); 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3benzoxadiazol-4-yl) (ammonium salt) (DOPE-NBD); 1,2-dioleoyl-sn-glycero-3phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (DOPEPEG2k) were obtained from Avanti Polar Lipids and came dissolved in chloroform.
Water was purified to 18.2 MΩ (Barnstead) and passed through a 20 nm pore filter
(Whatman). Sodium chloride was supplied by BDH. Ethylenediamine-N,N’-disuccinic
acid (EDDS) was supplied by Sigma.
3.3.2 ATPS preparation
A stock ATPS was prepared by massing PEG, dextran, and water in a glass
container and stirring until dissolved. The mixture was allowed to sit overnight or
centrifuged at 5000 × g. When fully settled, both phases appear clear. Volume ratios were
prepared by separating and recombining phases from the stock. For all experiments, a 10
wt/wt % PEG/ 16 wt/wt % dextran ATPS was used.
3.3.3 LUV preparation
The gentle hydration method was used to prepare a mixture of giant unilamellar
and multilamellar vesicles15. For vesicle formation, 98.4 mol%, egg PG, 0.1 mol%
DOPE-Rhodamine, and 1.5 mol% DOPE-PEG2000 were mixed and diluted to 100 µL
total volume in chloroform in glass vials. Chloroform was evaporated with a low Argon
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flow (< 1 psi) while rotating the vial to create a thin lipid film. The vial was dried under
vacuum for 2 hours to remove residual chloroform. PEG-rich phase was added to the
vials to make a lipid concentration of 2.5 mg/mL and they were covered and stored at 3740 °C for two days to hydrate. The hydrated lipids were then extruded with 11 passes
through a 200 nm pore size filter (Whatman filters, Avanti Mini-Extruder).
3.3.4 RNA preparation and purification
The hammerhead ribozyme is a short hammerhead derived from the Schistosoma
mansoni sequence16, 17. Enzyme strand was prepared using by in vitro T7 transcription
similar to published procedure6. Following are the ribozyme enzyme (EHHS) strands and
substrate (SHHFRET) strands used in this study.

EHHS (43 nt)

5 GGAUCCAGCUGAUGAGUCCCAAAUAGGACGAAACGCGCCUAAC

SHHFRET (14 nt) 5’ TAMRA-CGUGCGUCCUGGAU-FAM
The secondary structure enzyme-substrate complex for EHHS and SHHFRET is
identical to Figure A.1.a with one slight modification, the 5’-most C on the substrate
stand is absent in SHHFRET. EHHS was transcribed off a template DNA oligonucleotide
purchased from Integrated DNA Technologies (IDT). The enzyme transcription reaction
was in a 100 µL total volume containing 0.7 µM DNA template and was incubated at 37
°C for 4 h. The transcription reaction was terminated by adding an equal volume of 95%
formamide loading buffer. The reaction mixture was then fractionated on an 8%
denaturing PAGE gel. The RNA was visualized by UV shadowing and the RNA was
excised and eluted in TEN250. RNA was ethanol precipitated and brought up in TE and
stored at -20 oC.
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SHHFRET RNA oligonucleotide was purchased from IDT and denaturing PAGE gel
purified as described above for EHHS. SHHFRET contains a 3’ 6-FAM fluorescein (FAM)
and 5’ carboxytetramethylrhodamine (TAMRA, NHS ester) for RNA visualization when
using PAGE and fluorescence microscopy.
3.3.5 Ribozyme partitioning and cleavage assessed by PAGE
Ribozyme partitioning and cleavage was assessed in vesicle-stabilized ATPS
emulsions using polyacrylamide gel electrophoresis (PAGE). For these experiments,
ATPS and LUVs were prepared as described above. The phase volume ratio of the ATPS
1.2:1 PEG-rich phase relative to dextran-rich phase was used for partitioning
experiments. EHHS was renatured at 90 ˚C in TE for 3 min and cooled at room
temperature for 10 min prior to addition to the ATPS. A vesicle-stabilized ATPS
emulsion was prepared with a total volume of 100 L, with final concentrations of: 2 mM
Mg2+, 4 mM EDDS, 1.4 × 1015 LUVs/L, 0.5 M SHHFRET, and 5 M EHHS (when it was
present). All ribozyme kinetic experiments performed were under single-turnover
conditions, where the enzyme strand was in great excess over the substrate strand.
Partitioning experiments were performed with SHHFRET alone and with both SHHFRET and
EHHS strands present. When EHHS was not present, water was added to ensure same final
concentration of mixture components between experiments. The order of addition was
Mg2+/EDDS, PEG-rich phase, SHHFRET, LUVs, dextran-rich phase, and optional EHHS.
The ATPS was mixed by vortexing initially and then mixed by rotating at a rate of 1
inversion per second throughout the duration of the experiment. Partitioning experiments
were carried out at 23 ˚C for 1 h, which was sufficient for complete partitioning6.
Following mixing, ATPS were centrifuged to separate the PEG- and dextran-rich phases.
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Samples from the PEG- and dextran-rich phases were collected by pipetting 5 μL of each
phase into a separate eppendorf test tube. These aliquots were added to an equal volume
of 95% formamide loading buffer and fractionated on a 16% PAGE gel. Gels were run at
15 W for 0.5 h and analyzed using a PhosphorImager (Molecular Dynamics). The FAM
fluorescence was obtained using an excitation wavelength of 488 nm and emission
wavelength of 532 nm. The TAMRA fluorescence was obtained using an excitation
wavelength of 532 nm and emission wavelength of 580 nm. Gel images were overlaid
using Adobe Photoshop.
The partitioning coefficient for the RNA, K, is defined as the concentration of
RNA in the PEG-rich phase (CP) relative to the concentration of RNA in the dextran-rich
phase (CD),

K

[RNA] PEGrich
C
 P
[RNA] dextran rich CD

(3.1)

The partitioning coefficients were obtained from the gels using ImageQuant software

 The K values for the partitioning of EHHS, SHHFRET, 6 nt cleaved
(Molecular Dynamics).
product containing FAM (PFAM), and 8 nt cleaved product containing TAMRA (PTAMRA)
were calculated.
3.3.6 Ribozyme cleavage assessed by fluorescence microscopy
Ribozyme cleavage was assessed in vesicle-stabilized emulsions using confocal
fluorescent microscopy. The volume ratio of the ATPS was 97:3 PEG-rich phase relative
to dextran-rich phase. Prior to introduction to the emulsion, EHHS was renatured at 90 ˚C
in TE for 3 min and cooled at room temperature for 10 min. An ATPS/LUV emulsion
was prepared with a total volume of 100 µL, with final concentrations of 2 mM Mg2+, 4
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mM EDDS, 1.4 × 1015LUVs/L, 0.05 µM SHHFRET, and 5 µM EHHS. For controls where
EHHS was absent, EHHS was replaced with water. For controls where LUVs were absent,
LUV solution was replaced with PEG-rich phase. The order of addition was Mg2+,
EDDS, PEG-rich phase, SHHFRET, LUVs, dextran-rich phase, and EHHS. Adding the
enzyme strand last ensured that cleavage was not initiated until after the emulsion was
formed. The reaction was initiated by two different methods. In one method, samples
were vortexed after all components were added, then a slide was immediately prepared.
This experiment disturbed the LUVs, allowing RNA to enter the dextran-rich phase while
LUVs were not at the interface. In the second method, the reaction was diffusion-limited,
and for these experiments, every component but EHHS was present on the microscope
slide, and EHHS was added as dropwise (1 µL drops) to the sample on the coverslip to
initiate the reaction. This experiment maintained the LUVs at the interface of the ATPS
and tested the mobility of EHHS through the LUVs at the interface. Each reaction was
carried out at 23 ˚C.
Images were acquired with a Leica TCS SP5 inverted confocal microscope at 63x
magnification and native zoom. An excitation wavelength of 488 nm (for FAM) or 543
nm (for TAMRA) was used. For spectra, a 10 nm emission window from 500-650 nm in
10 nm step sizes was used. Time points of the emission window were captured every 3
min (~10 sec/scan) on the microscope to assess ribozyme cleavage with the shutter
closed in between image capturing. These time points were well within the half-life of
the reaction and this process minimized photobleaching. Additionally, rhodamine was
excited with a 543 nm HeNe laser and fluorescence was detected using a 488/543 nm
double dichroic mirror and emission window from 555 to 650 nm. Images were acquired
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at 1024 × 1024 or 2048 × 2048 resolution. The LUVs were imaged concurrently with
TAMRA, due to spectral overlap. Donor emission was quantified by averaging three 5 ×
5 µm boxes.
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3.4 Results and Discussion
3.4.1 Ribozyme kinetics in varying ionic strength conditions
We began by evaluating the two-piece hammerhead ribozyme (HHS, Figure A.1)
reaction under conditions that are favorable for the formation of a vesicle-stabilized
ATPS emulsion. The short hammerhead ribozyme construct was chosen for this study
because it demonstrated strong partitioning to the dextran-rich phase (see Chapter 2), and
it has decreased strength of base-pairing between the enzyme and substrate strand
allowing fast product release. In contrast to the results obtained in Chapter 2, where
experiments were performed in only an ATPS and ionic strength could be varied without
disturbing the properties of the system, lipid vesicle-stabilized emulsions are highly
sensitive to ionic strength. The sensitivity to ionic strength arises from the phosphatecontaining anionic lipids, which tend to aggregate with increasing ionic strength18, 19.
This presents a challenge to a ribozyme reaction, since ribozyme folding and cleavage is
highly-dependent upon the presence of monovalent and divalent cations20, 21. In an effort
to overcome this obstacle, we employed a multifaceted approach of varying ionic
strength conditions, use of intermediate chelation, and using lipids less sensitive to
cations. These efforts were aimed at optimizing emulsion formation, while still allowing
the ribozyme cleavage reaction to occur.
We first describe the results for conditions where intermediate chelation was not
employed. Initially, a radiolabled substrate (SHHS, Figure A.1) was used for monitoring
ribozyme reaction progress under varying ionic strength conditions. All emulsions used a
10 wt/wt % PEG (8 kDa)/ 16 wt/wt % dextran (10 kDa) ATPS, and the ribozyme reaction
was under single-turnover conditions, where the EHHS strand was in excess relative to the
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substrate so reaction kinetics were not limited by product release. We used
phosphatidylglycerol (PG) vesicles ~120 nm, which were PEGylated, to create vesiclestabilized ATPS emulsions (Figure 3.1.a). These lipids partition to the interface between
the PEG- and dextran-rich aqueous phases, forming stable aqueous emulsions (previously
acquired data by Dan Dewey).
The SHHS reaction was performed in the PG vesicle-stabilized emulsions under
varying ionic strength conditions to determine the kinetics of the ribozyme reaction
(Figure 3.2.a). We found that in 2 mM free Mg2+, the ribozyme reaction proceeds
quickly with a rate constant of 0.14 ± 0.05 min-1. This finding was promising since it
indicates that the PG lipids do not outcompete the ribozyme for the free Mg2+. However,
since 2 mM Mg2+ is a relatively high amount of free Mg2+ for the formation of a vesiclestabilized emulsion, we probed whether lowering the amount of free magnesium would
still promote appreciable ribozyme cleavage on a reasonable timescale. We tested the
ribozyme reaction in the vesicle-stabilized ATPS emulsion in 0 and 0.01 added mM free
Mg2+ and found the rate of the reaction decreased significantly, as expected, with rate
constants of 0.00072 ± 0.00001 and 0.0010 ± 0.0001 min-1 in 0 and 0.01 mM added
Mg2+, respectively (Figure 3.2.a). Cleavage in the absence of added free Mg2+ was not
unexpected in this experiment since SHHS was buffer exchanged in a solution containing
20 mM Mg2+ presumably saturating Mg2+ binding sites on the substrate. (Note that SHHS
was exchanged into Mg2+ only for this experiment since intermediate chelation was found
to work well instead, see below.) Even though ribozyme cleavage was observed,
decreasing the Mg2+ led to an increase in reaction half-life from 20 min-1 in 2 mM free
Mg2+ to ~6 and ~4 hours in 0 and 0.01 mM free Mg2+, respectively. This increase in the
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reaction time was concerning since the stability of the emulsion and RNA may begin to
be affected at these times. Therefore, despite the advantage of low ionic strength for the
stability of the emulsion, we chose to pursue other strategies to achieve ribozyme
cleavage in this system.

Figure 3.1 Structures of lipids and divalent ion chelator used for vesicle-stabilized ATPS
emulsions. Two lipids a, phosphatidylglycerol (PG) b, phosphatidylcholine (PC), and the
divalent ion chelator c, ethylenediamine-N,N’-disuccinic acid (EDDS) were used to
create vesicle-stabilized ATPS emulsions in the presence of RNA. Note that a small
population of PC and PG lipids were PEGylated (PEG2000) in the LUV emulsions.
To achieve ribozyme cleavage with minimal free Mg2+ present we used
intermediate chelation, where a divalent metal ion chelator, ethylenediamine-N,N’disuccinic acid (EDDS) (Figure 3.1.c), was added to the emulsion along with free Mg2+.
EDDS was chosen as the chelator because of its weaker affinity for Mg2+ versus that of a
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stronger binding divalent metal ion chelator such as EDTA22. Specifically, EDDS binds
Mg2+ 2.5 logs weaker than EDTA22.

We hypothesized that free Mg2+ would be

predominantly sequestered by either the RNA or EDDS as opposed to the lipids, thus
preventing aggregation of the lipids and maximizing the stability of the emulsion under
these conditions23. Furthermore, since the EDDS has a relatively weak affinity for Mg2+,
the RNA should be able to compete with the EDDS for the Mg2+. The ribozyme reaction
was tried with 1:1 ratio (2 mM Mg2+: 2 mM EDDS) of added Mg2+ to EDDS and a 1:2
ratio (2 mM Mg2+: 4 mM EDDS) in the vesicle-stabilized emulsion. Figure 3.2.a shows
the kinetic traces for these reactions. The observed rate constants of ribozyme cleavage
were 0.096 ± 0.025 and 0.069 ± 0.009 min-1 with a 1:1 and 1:2 ratio of Mg2+ to EDDS,
respectively. These rate constants are in good agreement with the rate constant of 0.14 ±
0.05 min-1 in 2 mM Mg2+ without any EDDS as well as have similar half-lives for the
reaction. These experiments demonstrate that the intermediate chelation provided by
EDDS is a viable option for ensuring emulsion stability and ribozyme cleavage.
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Figure 3.2 Hammerhead ribozyme (HHS) kinetics under various ionic strength
conditions. All reactions were carried out in ATPS with 97:3 PEG-rich phase relative to
dextran-rich phase with a, 1.4 × 1015LUVs/L PG LUVs or b, 1.4 × 1015LUVs/L PG/PC
(1:1) LUVs. Reactions contained 1 µM EHHS and trace amounts (pM) of SHHS and were
initiated by addition of Mg2+. Time points are 0, 5, 15, 30, 60, 120 min. Error bars
represent the range of two separate trials. Both panels show that hammerhead ribozyme
reaction occurs in the presence of both types of LUVs as well as in the presence of
varying amounts of EDDS.
In addition, to the PG LUVs, we also evaluated LUVs composed of a 1:1 mixture
of PG and phosphatidylcholine (PC) vesicles. The structure of PC is shown in Figure
3.1.c. PC is a zwitterionic lipid and should be able to tolerate higher ionic strength
without aggregating relative to PG24. We chose to use a mixture of PG and PC lipids
since the mechanism for stabilization of the emulsion is through electrostatic
stabilization, and loss of the anionic charge from PG will destabilize the emulsion. We
conducted analogous ribozyme cleavage experiments to the ones described above and
obtained similar results (Figure 3.2.b). The rate constants of cleavage in 2 mM Mg2+
with a 1:1 ratio of PG to PC vesicles were 0.086 ± 0.015 min-1 and 0.068 ± 0.006 and
0.040 ± 0.003 min-1 with a 1:1 and 1:2 ratio of free Mg2+ to EDDS, respectively. Since
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the HHS reaction kinetics were similar for emulsions containing only PG vesicles and for
emulsions containing a 1:1 ratio of PG to PC vesicles, we evaluated both systems for
emulsion stability.
3.4.2 Emulsion formation and stability in varying ionic strength conditions
To evaluate emulsion stability in varying ionic strength conditions we used
fluorescent microscopy. DOPE-rhodamine was included in the vesicle-stabilized ATPS
emulsions to provide a fluorescent readout of the emulsion formation. Since the
individual LUVs are small and in close proximity, resolution of individual LUVs on the
fluorescent microscope was not obtained. Therefore, the LUVs at the interface of the
PEG- and dextran-rich phases appear as a band of continuous red fluorescence rather than
as individual vesicles. For conditions that do form stable emulsions, small spherical or
near-spherical shapes of red fluorescence around the dextran-rich phase are observed,
while for those conditions that lead to aggregation, larger irregular clots of red
fluorescence are observed around and in the dextran-rich phase droplets.
We began by evaluating the emulsion formation and stability for vesiclestabilized ATPS emulsions containing PG vesicles. Identical ionic strength conditions
for experiments analyzing ribozyme cleavage discussed above were used in this analysis,
however RNA was absent. Figure 3.3.a shows fluorescence of DOPE-rhodamine in
varying ionic strength conditions. Images were captured after allowing ~15 min for the
droplets to settle to the bottom of the microscope slide. In 2 mM free Mg2+, where
ribozyme cleavage rate was maximal, significant aggregation of the liposomes was
observed indicating that stable emulsions were not formed. This finding confirmed the
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need for alternative pathways to obtain ribozyme cleavage in vesicle-stabilized ATPS
emulsions.
In contrast to 2 mM free Mg2+, in 0 and 0.01 mM free Mg2+ stable emulsions
with spherical droplets were formed, as illustrated in Figure 3.3.b & c. This was
expected because of the low concentration of Mg2+ added. In conditions where Mg2+ and
EDDS were present, intermediate behavior of the emulsions was observed. With a 1:1
ratio of added Mg2+ to EDDS (2 mM Mg2+:2 mM EDDS) an emulsion was formed but it
contained droplets that were a mixture of spherical and near-spherical (Figure 3.3.d).
Conversely, when the ratio of added Mg2+ to EDDS was changed to 1:2, stable emulsions
were formed that appeared similar to the emulsions formed under conditions of 0 and
0.01 mM Mg2+ (Figure 3.3.e).
Vesicle-stabilized emulsions containing a mixture 1:1 mixture of PC:PG vesicles
were also evaluated using fluorescent microscopy, since these should have a great
tolerability to ionic strength (Figure 3.3). Analogous results were obtained for the
formation and stability of the emulsions as observed with the PG vesicles; however, we
observed a greater number of spherical droplets in the conditions containing Mg2+ and
EDDS (Figure 3.3.i & j). This is likely due to the increased tolerance to ionic strength
that PC:PG vesicles have over PG vesicles. Since similar ribozyme kinetic data were
obtained for vesicles composed of only PG when compared to vesicles composed of a 1:1
mixture of PC:PG vesicles, we chose to use PC/PG vesicles in further studies, as systems
with the combination of these lipids showed slightly enhanced tolerance to Mg2+.
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Figure 3.3 Fluorescence microscopy images of vesicle-stabilized ATPS emulsions.
Images were obtained for emulsions that had identical solution conditions defined in
Figure 3.2 however RNA was absent in these experiments. Panels a-e show emulsions
in the presence of PG LUVS, while panels f-j show emulsions in the presence of PG/PC
(1:1) LUVS. In all panels, fluorescence of rhodamine-labeled DOPE was monitored.
Stable emulsions, which contain spherical or near-spherical droplets, were formed in all
cases for both types of membranes except in the presence of 2 mM free Mg2+ and no
chelator. Note that a small population of PC and PG lipids were PEGylated (PEG2000) in
the LUV emulsions.
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3.4.3 Fluorescent ribozyme partitioning and catalysis in vesicle-stabilized ATPS
emulsions
Having identified conditions that led to both ribozyme cleavage and stable
emulsion formation, we wanted to observe both events simultaneously. To monitor
ribozyme cleavage using fluorescence microscopy, we designed a variant of the HHS
substrate that uses Förster resonance energy transfer (FRET) to provide a fluorescent
readout. The fluorescent substrate (SHHFRET), which was based on previously designed
constructs25, 26, is shown in Figure 3.4. SHHFRET has an identical sequence to SHHS with
the exception of the 5’ most C, which is absent in SHHFRET in order to promote product
release, which is critical in order to obtain a change in FRET. In addition to this
nucleotide deletion, SHHFRET contains the fluorophore 6-FAM fluorescein (FAM) on the
3’-end and the fluorophore carboxytetramethylrhodamine (TAMRA) on the 5’-end.
Together these two fluorophores make a FRET pair with FAM acting as the donor
fluorophore and TAMRA acting as the acceptor fluorophore.
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Figure 3.4 FRET hammerhead ribozyme substrate (SHHFRET) for monitoring RNA
cleavage in vesicle-stabilized ATPS emulsions. SHHFRET has an identical sequence to
SHHS except for the deletion of the 5’-most C in SHHFRET. Additionally, SHHFRET contains
a FRET pair, FAM (green) modification on its 3’-end and TAMRA (red) modification on
its 5’-end, which allows fluorescence monitoring of cleavage in real-time on the
fluorescent microscope. When the substrate is uncleaved, shown on the left, excitation of
the FAM leads to FRET resulting in predominantly TAMRA fluorescence. Following
cleavage of the SHHFRET by EHHS, excitation of the FAM leads to fluorescence of the
FAM as the TAMRA is no longer in close enough spatial proximity to lead to FRET.
Increase in the FAM fluorescence signal provides a means to monitor reaction progress.

The fluorescent readout of ribozyme activity of HHS provided by SHHFRET is
illustrated in Figure 3.4. Briefly, when the substrate is intact and FAM is excited, the red
fluorescence of TAMRA should dominate due to FRET (Figure 3.4, red star). However,
following cleavage by EHHS, the fluorophore pair is no longer in close proximity resulting
in the loss of FRET, and the excitation of FAM should lead to the green emission of
mostly FAM (Figure 3.4, green star). At this point, TAMRA should have minimal
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fluorescence as FAM and TAMRA only have a slight excitation overlap. Additionally, to
minimize the direct excitation of TAMRA, excitation of FAM was blue-shifted to 488 nm
from 495 nm which is its absorbance maximum27.
We began by assessing partitioning and cleavage of SHHFRET in both an ATPS and
a vesicle-stabilized ATPS emulsion using polyacrylamide gel electrophoresis (PAGE).
This assay was performed because PAGE analysis allows for the determination of
partitioning of many sizes of RNAs, specifically SHHFRET, the six nt product containing
FAM (PFAM), and the eight nt product containing TAMRA (PTAMRA), during the same
experiment. This procedure also allows determination of the impact of LUVs and
fluorophores on partitioning of the RNA.
Partitioning and cleavage of SHHFRET assessed by PAGE are shown in Figure 3.5.
In addition, the partitioning of PFAM and PTAMRA are shown in Figure 3.5. For all
experiments using the fluorescent substrate, 2 mM Mg2+ and 4 mM EDDS were used
since under these conditions reasonable cleavage was observed and the emulsion was
stable (see above). We first monitored SHHFRET partitioning in the ATPS in the absence of
LUVs which is shown in lane 2 (PEG-rich phase) and 3 (dextran-rich phase) of Figure
3.5. We found that the full-length SHHFRET partitions slightly favorably into the dextranrich phase, with a K value 0.57 ± 0.04 (Table 3.1). However, this K is considerably
larger than the 0.05 ± 0.01 K value for the radiolabeled SHHS, indicating that the presence
of the fluorophores (containing multiple large aromatic rings) substantially decreases the
partitioning to the dextran-rich phase. When a 1:1 mixture of PC:PG LUVs were added
to the ATPS creating an emulsion, lane 6 (PEG-rich phase) and 7 (dextran-rich phase),
the measured K value for SHHFRET was 0.49 ± 0.12, which is in good agreement with the
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K value in the absence of LUVs; thus, providing evidence that the LUVs do not greatly
affect partitioning (Table 3.1).

Figure 3.5 Partitioning and reaction of SHHFRET monitored by denaturing PAGE.
SHHFRET was partitioned in an ATPS with 1.2:1 (PEG-rich: dextran-rich) phase volume
ratio in a total volume of 100 L containing final concentrations of: 2 mM Mg2+, 4 mM
EDDS, 1.4 × 1015LUVs/L PG/PC (1:1) LUVs, 0.5 M SHHFRET, and 5 M EHHS strand
(when present). Lane 1 shows full-length SHHFRET that has not been partitioned.
Partitioning was performed without LUVS (lanes 2-5) and with LUVs (lanes 6-7). EHHS
was present in lanes 4 and 5 as well as in lanes 8 and 9. In every case, aliquots were
removed from the PEG-rich and dextran-rich phase after one hour. Partitioning K values
are provided in Table 3.1. The gel was scanned for FAM (top panel) fluorescence (ex.
488 nm/ex. 532 nm), for TAMRA (middle panel) fluorescence (ex. 532 nm/em. 580 nm),
and the images were overlaid (bottom panel). The RNA partitions favorably to the
dextran-rich phase but that the attachment of the fluorescent dye decreases partitioning of
the RNA to the dextran-rich phase. However, the partitioning and reaction of SHHFRET
does not appear to be influenced greatly by the presence of PG/PC LUVs.
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Table 3.1 Partitioning of hammerhead enzyme as well as fluorescently- and radioactivelabeled substrate strands in ATPS and vesicle-stabilized ATPS emulsions.a

a

A 10% PEG/16% dextran ATPS was used for partitioning experiments. For partitioning
experiments using fluorescently-labeled RNA, a 1.2:1 PEG-rich phase relative to dextranrich phase volume ratio was used, and the Mg2+ concentration was 2 mM Mg2+ with 4
mM EDDS present. For partitioning experiments containing LUVS, 1.4 × 1015 LUVs/L
PG/PC (1:1) LUVs were used. For partitioning experiments using radiolabled-RNA, a
1:1 PEG-rich phase relative to dextran-rich phase volume ratio was used and the Mg2+
concentration was 10 mM Mg2+; these values were previously reported6.
In addition to monitoring full-length SHHFRET partitioning, we also monitored
reaction cleavage by adding EHHS to the systems (Figure 3.5). This experiment
demonstrated that the EHHS cleaves SHHFRET and also allowed for the quantification of
PFAM and PTAMRA partitioning. When EHHS was added to the ATPS containing no LUVs,
PFAM and PTAMRA were observed nearly equally in both the PEG- and dextran-rich phases
(Figure 3.5, lanes 4 and 5). Likewise, when EHHS was added to the vesicle-stabilized
ATPS, similar results were obtained to those in the absence of LUVs, where PFAM and
PTAMRA were observed almost equally in the PEG- and dextran-rich phases (Figure 3.5,
lanes 8 and 9). Notably, the reaction cleavage did not appear to be significantly
influenced by the presence of the LUVs, as the extent of reaction was similar in both the
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bulk ATPS and the vesicle-stabilized ATPS emulsion at 52% and 55%, respectively. In
the absence of LUVs, the K value for the six nt product, PFAM, was 0.88 ± 0.11, while in
the presence of LUVs the K value was 0.78 ± 0.07 (Table 3.1). For the eight nt product,
PTAMRA, the K value was 0.70 ± 0.04 in the absence of LUVs and 0.66 ± 0.15 in the
presence of LUVs (Table 3.1). These findings agree well with the above results for
partitioning for the full-length SHHFRET, suggesting that LUVs do not appreciably affect
partitioning of small RNAs after one hour. An overlay of the images containing PFAM
and PTAMRA fluorescence was created that shows the smaller product, PFAM, runs faster
on the gel than the larger product, PTAMRA, consistent with the expected site of cleavage
(Figure 3.5). Lastly, it is important to note that partitioning of fluorescently-labeled
RNA to the dextran-rich phase decreases with size as observed in an earlier study6. This
suggests that the decrease in partitioning due to the fluorescent label is approximately
equal for FAM and TAMRA.
3.4.4 Real-time monitoring of ribozyme catalysis in vesicle-stabilized ATPS
emulsions
With the partitioning properties of SHHFRET established, we wanted to test whether
ribozyme cleavage was occurring in the dextran-rich phase of the vesicle-stabilized
ATPS emulsions. The proposed reaction scheme for monitoring the fluorescent
hammerhead ribozyme reaction and emulsion stability in real-time is shown in Figure
3.6. Initially, SHHFRET partitions strongly to the dextran-rich phase, as was previously
demonstrated through PAGE. Upon addition of EHHS, binding and cleavage of SHHFRET
occurs resulting in the formation and repartitioning of PFAM and PTAMRA. Since the
partitioning of PFAM and PTAMRA to the dextran-rich phase is weaker than the precleaved
SHHFRET, the increase in PFAM fluorescence in the PEG-rich phase provides a suitable
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signal for monitoring cleavage. Simply plotting the change in FAM fluorescence relative
to TAMRA fluorescence was not performed due to the complications of repartitioning of
the cleaved products (Table 3.1).

Figure 3.6 Reaction scheme for the hammerhead reaction in vesicle-stabilized ATPS
emulsion, where the blue circle is the dextran-rich phase, the yellow background is the
PEG-rich phase, and red circles are the PG/PC vesicles. Initially, excitation of SHHFRET
leads predominantly to TAMRA fluorescence (red star) in the dextran-rich phase, as
shown in the left panel. Addition of the enzyme (middle panel) initiates the reaction as
the EHHS strand has a high affinity for the dextran-rich phase. Binding of the EHHS strand
to SHHFRET proceeds before cleavage. Following cleavage of SHHFRET, PFAM and PTAMRA
form and repartition according to their K values, which leads to an increase in FAM
(green star) fluorescence in the PEG-rich phase.

We started by monitoring the FAM fluorescence of SHHFRET in a vesiclestabilized ATPS emulsion without EHHS to determine if FAM fluorescence in the PEGrich phase changed with time in the absence of enzyme. Figure 3.7 shows the FAM
signal immediately after adding SHHFRET to the emulsion and after 30 min. Immediately
after addition of SHHFRET, the RNA localizes in the dextran-rich phase, while the PEGrich phase appears dark indicating lack of RNA (Figure 3.7.a). After 30 min, the
SHHFRET remained in the dextran-rich phase and the FAM fluorescence intensity stayed
constant (Figure 3.7.b & d). (More droplets are visible after 30 min since the dextran-
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rich droplets have settled to the bottom of the microscope slide.) This is strong evidence
supporting stability of the RNA in the emulsion in the absence of enzyme. Additionally,
the constant intensity of the FAM fluorescence suggests that photobleaching was not
occurring significantly. Figure 3.7.c shows fluorescence of DOPE-rhodamine. After 30
min, LUVs were still located at the interface of the PEG- and dextran-rich phases without
significant LUV aggregation, providing evidence that the emulsion was stable after 30
min. This was a crucial control experiment that allows us, in upcoming experiments, to
attribute fluorescence changes in the presence of EHHS to cleavage of SHHFRET.
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Figure 3.7 Fluorescence images and fluorescence intensity of SHHFRET in a vesiclestabilized ATPS emulsion in the absence of EHHS. Emulsion with an ATPS with 97:3
PEG-rich phase relative to dextran-rich phase in a total volume of 100 L and final
concentrations of: 2 mM Mg2+, 4 mM EDDS, 1.4 × 1015LUVs/L PG/PC (1:1) LUVs, and
0.05 M SHHFRET was used. a, FAM fluorescence immediately after addition of
SHHFRET. b, FAM fluorescence 30 min after addition of SHHFRET. c, Rhodamine and
TAMRA fluorescence 30 min after addition of SHHFRET. d, Fluorescence intensity of
FAM (520 nm) and TAMRA (580 nm) in the PEG-rich phase (ex. 488 nm) plotted over
30 min after addition of SHHFRET. This experiment shows that stable emulsions were
formed in the presence of RNA and that no appreciable cleavage of SHHFRET occurred
without the addition of EHHS.
In contrast to experiments containing no EHHS, when EHHS was added to the
vesicle-stabilized ATPS emulsion significant changes in FAM fluorescence intensity and
location were observed (Figure 3.8). Immediately after the EHHS was added to the
emulsion, FAM fluorescence signal was localized in the dextran-rich phase (Figure
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3.8.a) similar to the experiment discussed above; however, after 30 min the FAM
fluorescence increased significantly in the PEG-rich phase as evidenced by the brighter
fluorescence signal outside of the dextran-rich droplets (Figure 3.8.b & d). The increase
in fluorescence intensity in the PEG-rich phase could be understood since cleavage of
SHHFRET leads to PFAM formation and its K value is higher than the K value for SHHFRET.
Cleavage of SHHFRET led to a 2-fold increase in FAM fluorescence in the PEG-rich phase
over the course of the experiment (Figure 3.8.d). Additionally, the DOPE-rhodamine
fluorescence showed a stable emulsion existed 30 min after addition of the enzyme
(Figure 3.8.c), just like in the absence of enzyme. Taken together, these observations
support the conclusion that ribozyme cleavage occurs in vesicle-stabilized ATPS
emulsions and specifically, that RNA reacts predominantly in the dextran-rich phase and
migrates through the LUV membrane to the PEG-rich phase.
We also monitored the fluorescent hammerhead ribozyme reaction in a bulk
ATPS containing no LUVs in order to determine if the LUVs play a role in ribozyme
cleavage and product repartitioning. The results of this experiment are shown in Figure
3.9. Similar to the reaction where the LUVs were present, addition of EHHS led to an
increase in FAM fluorescence in the PEG-rich phase after 30 min (Figure 3.9.b & c).
The rate of the FAM fluorescence increase in the PEG-rich phase in the bulk ATPS was
nearly identical to the rate observed in the presence of the LUVs (Figure 3.10).
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Figure 3.8 Fluorescence images and fluorescence intensity of SHHFRET in a vesiclestabilized ATPS emulsion in the presence of EHHS. Emulsion with an ATPS with 97:3
PEG-rich phase relative to dextran-rich phase in a total volume of 100 L and final
concentrations of: 2 mM Mg2+, 4 mM EDDS, 1.4 × 1015LUVs/L PG/PC (1:1) LUVs, 0.05
M SHHFRET, and 5 M EHHS strand. a, FAM fluorescence immediately after addition of
EHHS. b, FAM fluorescence 30 min after addition of EHHS. c, Rhodamine and TAMRA
fluorescence 30 min after addition of SHHFRET. d, Fluorescence intensity of FAM (520
nm) and TAMRA (580 nm) in the PEG-rich phase (ex. 488 nm) plotted over 30 min after
addition of EHHS. Addition of EHHS led to cleavage of SHHFRET as shown by the
fluorescence increase in the PEG-rich phase. The increase in fluorescence occurred most
noticeably in the PEG-rich because of the repartitioning of the cleaved substrate PFAM.
This experiment shows that stable emulsions were formed in the presence of RNA and
salt.
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Figure 3.9 Fluorescence images and fluorescence intensity of SHHFRET in an ATPS in the
presence of EHHS without LUVs. An ATPS with 97:3 PEG-rich phase relative to
dextran-rich phase in a total volume of 100 L and final concentrations of: 2 mM Mg2+, 4
mM EDDS, 0.05 M SHHFRET, and 5 M EHHS strand. a, FAM fluorescence
immediately after addition of EHHS. b, FAM fluorescence 30 min after addition of EHHS.
c, Fluorescence intensity of FAM (520 nm) and TAM (580 nm) in the PEG-rich phase
(ex. 488 nm) plotted over 30 min after addition of EHHS. This experiment shows that
without LUVs to form an emulsion the hammerhead ribozyme reaction occurs with
similar reaction progress as compared to when LUVs are present.
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Figure 3.10 Fluorescence intensity of FAM in the PEG-rich phase. Fluorescence
intensity in PEG-rich FAM fluorescence (520 nm) in ATPS (blue circles) (Figure 3.9),
vesicle-stabilized ATPS emulsion (red circles) (Figure 3.8), and vesicle-stabilized ATPS
emulsion where no EHHS was present (black circles) (Figure 3.7). There was a
significant and similar increase in FAM fluorescence in the PEG-rich phase when EHHS
was present in both the ATPS and vesicle-stabilized ATPS, indicative of SHHFRET
cleavage. When enzyme was absent there was no increase in FAM fluorescence in the
PEG-rich phase, indicative of SHHFRET remaining intact and in the dextran-rich phase.
3.4.5 Implications of ribozyme catalysis in stable aqueous emulsions
In this study, we demonstrated that RNA catalysis, which is relevant for earlyearth and contemporary biology, occurs within vesicle-stabilized ATPS emulsions.
These experiments show that two opposing processes, ribozyme catalysis, which requires
high concentrations of cations, and vesicle-stabilized ATPS emulsion formation and
stability, which is highly disfavored by high concentrations of cations, can occur
simultaneously. The use of EDDS as an intermediate chelator of Mg2+ was instrumental
for allowing for both of these processes to transpire.
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The vesicle-stabilized ATPS emulsion used in this study provides major
advantages over traditional compartmentalization models, which is important from both
an early-life and contemporary biology perspective. From an early-life scenario, the
stabilization of individual cell-sized droplets allows for progenitor life molecules to
perform vital reactions within droplets without coalescence of the entire bulk phase over
time. The prevention of coalescence would have been vital for early-earth life to
maintain the advantages of aqueous phase compartmentalization. Furthermore, an
additional advantage this system provides is that RNA is able to migrate through the
LUV membrane without major interference by the LUVs. From a contemporary biology
perspective, the emulsions studied herein, which have tunable size droplets, provide a
viable model system for studying the effects of varying size compartments on biological
reactions. It will be of great interest to pursue further studies of these emulsions so that
different membrane and aqueous phase properties can be attained. This could potentially
add additional stability to the system in the presence of ions, which would be a key
component for the facilitation of more complex RNA chemistry. Moreover, developing
intermediate chelators more akin to early-earth type species and modern day biology will
further increase the attractiveness of these systems.
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Chapter 4
Molecular Crowding Favors Reactivity of a Human Ribozyme Under Physiological
Ionic Conditions
[Published as a paper entitled “Molecular Crowding Favors Reactivity of a Human
Ribozyme Under Physiological Ionic Conditions” by Christopher A. Strulson, Neela H.
Yennawar, Robert P. Rambo, and Philip C. Bevilacqua in Biochemistry 2013 52: 81878197.]
4.1 Abstract
In an effort to relate RNA folding to function under cellular-like conditions, we
monitored the self-cleavage reaction of the human hepatitis delta virus (HDV)-like
CPEB3 ribozyme in the background of physiological ionic concentrations and various
crowding and cosolute agents. We found that under physiological free Mg2+
concentrations (~0.1 to 0.5 mM Mg2+), both crowders and cosolutes stimulate the rate of
self-cleavage, up to ~6-fold, but that in 10 mM Mg2+—conditions widely used for in vitro
ribozyme studies—these same additives have virtually no effect on self-cleavage rate.
We further observe a dependence of self-cleavage rate on crowder size, wherein rate
stimulation is diminished for crowders larger than the size of the unfolded RNA.
Monitoring effects of crowding and cosolute agents on rates in biological amounts of
urea revealed additive-promoted increases in both low and high Mg2+ concentrations,
with a maximal stimulation of more than 10-fold and a rescue of the rate to its urea-free
values. Small-angle X-ray scattering (SAXS) experiments reveal a structural basis for
this stimulation in that higher molecular weight crowding agents favor a more compact
form of the ribozyme in 0.5 mM Mg2+ that is essentially equivalent to the form under
standard ribozyme conditions of 10 mM Mg2+ and no crowder. This finding suggests that
at least a portion of the rate enhancement arises from favoring the native RNA tertiary
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structure. We conclude that cellular-like crowding supports ribozyme reactivity by
favoring a compact form of the ribozyme, but only under physiological ionic and cosolute
conditions.
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4.2 Introduction
An overarching question in biological catalysis is whether and how cellular
conditions act to facilitate function. Two key features of cells that differ from dilute
solution are compartmentalization of biomolecules and the presence of molecular
crowding and cosolute agents. We recently demonstrated that compartmentalization of
RNA in aqueous phase compartments can improve ribozyme catalysis by nearly 100fold1. However, the extent to which molecular crowding and cosolutes affect catalysis
remains unclear.
Up to 20-30% of the cellular volume in eukaryotic and prokaryotic cells is
occupied by biopolymers, which provide crowded conditions that can affect RNA
structure and function2-6. These high molecular weight crowding agents exclude volume,
alter solvent properties, and in some cases, have weak interactions with nucleic acids. In
addition, low molecular weight cosolutes such as NTPs7, amino acids8, and metabolites9
are present in tens of millimolar concentrations in the cell. These species can have strong
interactions with nucleic acids as well as alter solvent properties10-13. Molecular crowders
profoundly alter the thermodynamic and kinetic properties of biological
macromolecules2. For example, physiological reaction rates and equilibria can differ
from those in dilute buffers by orders of magnitude3.
Studies analyzing proteins revealed that protein stability, association rates,
secondary structure folding, compaction and function can be substantially impacted in the
presence of macromolecular crowders10, 14, 15. For instance, kinetic studies on the
monomeric protein enzyme EntC revealed that macromolecular crowders increase
enzymatic activity through potential conformational and structural changes16.
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Futhermore, protein folding studies on ribonuclease A uncovered that macromolecular
crowding agents PEG20000 and Ficoll70 restore compaction of the native state in the
presence of chemical denaturant17. We note that effects in these cases are moderate, with
only 1.2- to 2.5-fold effects on kcat. The above studies provide significant insight into
protein behavior in cellular conditions, however parallel studies on RNA are much more
limited.
Recently, several studies of ribozyme folding and catalysis in the presence of
crowder and cosolute additives have been conducted4, 6, 18, 19. Such additives include
higher molecular weight polymers such as PEG1000, PEG8000, Dextran10 and
Dextran70, which have average MW of 1 kDa, 8 kDa, 10 kDa and 70 kDa, respectively,
which serve as crowders, as well as lower molecular weight species such as urea, proline,
betaine, sugars, glycerol, and PEG200, which serve as cosolutes or osmolytes13, 20. While
the above studies have provided insight into RNA function, thermodynamics, and
compaction in the presence of such cellular additives, no study to date has linked
ribozyme catalysis to molecular structure under cellular-like conditions, nor have they
examined a human ribozyme.
An attractive RNA for studying the effects of crowding on catalysis is the selfcleaving human HDV-like CPEB3 ribozyme. This ribozyme is structurally similar to the
HDV ribozyme, with a double-pseudoknotted structure having five pairings. However, a
few differences are found between these two RNAs21. One distinction is that the CPEB3
ribozyme contains a weakened P1.1 pairing that is comprised of just a single GC WatsonCrick base pair (Figure 4.1), as opposed to the two GC base pairs found in the HDV
ribozyme21. We previously demonstrated that this weakened P1.1 pairing leads the
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CPEB3 ribozyme to switch between the native state and a misfolded state incapable of
catalysis22. In addition, several residues in the CPEB3 ribozyme are single stranded in
the native state and so are likely mobile (Figure 4.1). Since macromolecular crowding
generally shifts the equilibrium of large biomolecules towards compact structures, we
reasoned that the CPEB3 ribozyme might show improved kinetic activity in the presence
of crowding agents.
Herein, we demonstrate that crowding and cosolute agents stimulate human
ribozyme kinetics in physiological magnesium concentrations, but not high magnesium
concentrations. In addition, we show that crowding and cosolute agents protect as well as
refold the RNA in the presence of a denaturant. SAXS studies reveal that under
physiological magnesium concentrations larger molecular weight crowders act to
appreciably compact the RNA, while stabilizing cosolute has relatively little effect on the
global structure.
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4.3 Materials and Methods
4.3.1 RNA preparation
Following are the sequences of the CPEB3 WT and C-2A mutant pre-cleaved
ribozymes used in this study. Sequence upstream of the cleavage site is in lowercase
font, and the mutated nucleotide (nt) is shown in red.
WT (76 nt)

5’ggauaacaGGGGGCCACAGCAGAAGCGUUCACGUCGCAGCCCCUGUC
AGAUUCUGGUGAAUCUGCGAAUUCUGCUG

C-2A (76 nt)

5’ggauaaaaGGGGGCCACAGCAGAAGCGUUCACGUCGCAGCCCCUGUC
AGAUUCUGGUGAAUCUGCGAAUUCUGCUG

For RNA transcribed for kinetics studies, the following procedure was used to
isolate full length pre-cleaved (–8/68) RNA. Both the WT and C-2A mutant were
transcribed from linearized plasmid (Bsa I-digested) DNA using a modified transcription
procedure to limit self-cleavage during the transcription process and this procedure was
followed without modification22. Specifically, to prepare uncleaved RNA for kinetic
reactions, transcriptions were performed at a reduced temperature of 23°C and for only 2
h. The WT and C-2A CPEB3 ribozymes were transcribed in the presence of [γ-32P]GTP
to 5’-end label the RNA. This procedure eliminates the need for dephosphorylation and
end-labeling steps that lead to extensive self-cleavage during these steps. Labeled full
length pre-cleaved RNA was gel purified and precipitated for use in kinetics experiments.
The following procedure was used to isolate large amounts of fully cleaved (1/68)
RNA for SAXS experiments. The WT CPEB3 RNA was transcribed from linearized
plasmid DNA at 37 °C for 4 h—a higher temperature and longer time to promote both
enhanced transcription yields and extent of cleavage during transcription. At this point,
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negligible full-length RNA was present, as most had cleaved during transcription. The
cleaved ribozyme was purified by denaturing PAGE and precipitated. RNA was then
buffer exchanged using an Amicon Ultra centrifugal filter (MWCO 3 kDa) in either 25
mM HEPES (pH 8)/100 mM KCl/0.5 mM MgCl2 or 25 mM HEPES (pH 8)/100 mM
KCl/10 mM MgCl2. PEG200 and PEG8000 stock solutions were prepared in the same
buffer so as to not dilute the buffer and salt concentrations.
4.3.2 Cleavage experiments and data fitting
For each reaction, ~2nM of [γ-32P]GTP 5’-end labeled RNA was renatured at 90
°C for 3 min in 1xTE and allowed to cool to room temperature for 10 min. Reaction
buffer consisted of 25 mM HEPES (pH 8), 100 mM KCl, and varying Mg2+
concentrations. Buffers were prepared using ultra-purified deionized water and filtered
using 0.5 μm filters. Crowding and cosolute agents were added before Mg2+ unless
otherwise noted. PEG200, Dextran10, Dextran40, Dextran70, and Ficoll70 were from
Sigma-Aldrich (St. Louis, MO) and PEG8000 (average molecular weight 8 kDa) was
from Research Organics (Cleveland, OH), and used within the first 3-4 months of
opening without further purification. Concentration of additives is in % w/v unless
otherwise noted. Reactions were initiated by the addition of Mg2+. Time points were
removed and added to an equal volume of 95% formamide loading buffer with 0.1 M
EDTA and immediately placed on dry ice. Aliquots were fractionated on a denaturing
10% PAGE gel and dried. Gels were visualized using a PhosphorImager and analyzed
using ImageQuant software (Molecular Dynamics).
Plots of fraction product versus time were generated and fit to a single
exponential equation (equation 1),
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(4.1)
where

c

is the fraction of precursor substrate cleaved, kobs is the observed first-order rate

constant, t is time, A is the fraction of substrate cleaved at completion, and –B is the
amplitude of the observable phase. All kinetic parameters were obtained using leastsquares fitting by KaleidaGraph (Synergy Software). Kinetic traces that gave 20% or less
reaction after 2 h were fit to a linear equation. Each data point was the average of at least
two trials ± standard deviation of the experiments. In plots that contain “foldstimulation” the error on the plot is propagated from the errors in the compared
conditions.
4.3.3 Model of human CPEB3 ribozyme
The crystal structure of the HDV ribozyme deposited in the protein data bank
(PDB code 3NKB) was used as the starting point for building a model of the human
CPEB3 ribozyme using COOT software23. The bases were mutated from the HDV to the
human CPEB3 ribozyme sequence, and base pairing in the P1, P1.1, P2, P3 and P4 was
maintained. Of special note, the GC base pair at the base of P1.1 in the HDV ribozyme
was changed to a UU wobble pair, the ‘GCA’ stretch under P1.1 was deleted, and P4
was stacked onto the UU wobble. Other key interactions were maintained, including the
G•U wobble at the base of P1, the reverse G•U wobble at the base of P3, the stacking of
P1/P1.1/P4, the stacking of P2/P3, and the interaction of the N3 of C57 with the 5’OH of
G1. The UGGU loop modeled at the base of P4 was identified using COSSMOS
software24. The resulting coordinates were subjected to energy minimization using the
online YASARA server25. The energy-minimized model was re-checked for known
tertiary interactions and used as the monomer model for fitting with the SAXS data.
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4.3.4 SAXS data collection
Cleaved (1/68) CPEB3 ribozyme was prepared as described above and used for
SAXS analysis. To test for aggregation, three concentrations of the RNA—0.2, 0.4, and
0.6 mg/ml—were prepared at both 0.5 mM and 10 mM Mg2+, with and without the 20%
PEG200 and PEG8000. Dextran was not used because it is known to be a strong
scatterer. RNA was renatured at 55 °C for 3 min and allowed to cool to room
temperature for 10 min followed by addition of cosolute (buffer alone sample was also
renatured). The RNA solution was centrifuged at 14k rpm for 10 min prior to data
collection in order to degas and remove any dust. Initial SAXS data were collected on
CHESS beamline F2 at 9.881 keV (1.2563 Å, the tantalum edge). The X-ray beam was
collimated to 250  250 m2 area and centered on a 2 mm diameter vertical quartz
capillary tube with 10 m thick walls (Hampton Research, Aliso Viejo, CA). To
eliminate air scatter, the capillary tube and full X-ray flight path, including beam-stop,
were kept in vacuo. Sample plugs of approximately 25-30 l were delivered from a 96well plate to the capillary using a Hudson SOLO single-channel pipetting robot (Hudon
Robotics Inc. Springfield, New Jersey). A computer-controlled syringe pump (Aurora
Biomed, Vancouver, B.C., Canada) was used to keep the sample liquid oscillating in the
X-ray beam in order to reduce radiation damage. Fifteen scattering images were collected
on a Quantum 1 CCD detector (Area Detector Systems Corporation, Poway, CA) with
sequential 180-second exposures, to assess possible radiation damage. No radiation
damage was detected in the RNA solutions, as multiple scans of the same sample
provided similar scattering. Sample-to-detector distance was calibrated using silver
behenate powder (The Gem Dugout, State College, PA).
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Solution scattering images were reduced to profiles and buffer-subtracted using
the BioXTAS RAW software26. Scaling of the scattering curves in the presence of
PEG200 and PEG8000 was conducted since macromolecule contrast decreases in the
presence of PEG27. Therefore, scattering profiles obtained in the presence of PEG200
and PEG8000 were scaled to buffer-only profiles. While the useful q-space range

q  4πsin(θ )/λ (with 2 being the scattering angle) was determined on a case-by-case
basis using the Guinier plot as a guide, it was generally the case that qmin= 0.02 Å-1 and
qmax= 0.25 Å-1.
SAXS data at 10 mM Mg2+ in the absence of additive was contaminated by
residual aggregates; therefore, for these samples we performed size-exclusion
chromatography (SEC) of annealed RNA samples immediately prior to SAXS at the
SIBYLS beamline28, 29. Briefly, RNA samples were annealed at either 0.1 or 1 mg/mL as
described above in buffer containing 10 mM MgCl2 and concentrated to 5 mg/mL. Then,
50 L samples were injected onto a Shodex KW402.4 4.2 mL column in buffer preequilibrated with 25 mM HEPES (pH 8), 100 mM KCl and 10 mM MgCl2, and a peak
fraction corresponding to ~1 mg/mL (40 to 60 uL) was taken for SAXS analysis as
previously described29 with two exposures at 0.5 and 1 second.
4.3.5 SAXS data analysis
SAXS data were initially collected on RNA solutions at the above three different
concentrations to determine the extent of inter-particle interference and concentration
effects. Six solution conditions were tested: buffer alone, 20% PEG200, and 20%
PEG8000 each in 0.5 and 10 mM Mg2+. For SAXS data analysis, scattering data at 0.6
mg/mL [RNA] were used for generation of the plots described below in 0.5 mM Mg2+
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because the sample was monodisperse and this concentration showed increased signal to
noise. In 10 mM Mg2+, data collected in the presence of PEG8000 were at 0.4 mg/mL
[RNA], while data in the absence of crowder were collected subsequent to SEC as
described above. Radius of gyration (Rg) was calculated using both the method of
Guinier30 and the inverse Fourier transform (IFT) method as implemented in the GNOM
program (Table 4.1)31. In the Guinier method, linear fitting was performed on data having
a range of qRg<1.3. Interactive fitting was performed using the BioXTAS RAW
program26. The maximum diameter of the RNA (DMax) was determined by plotting the
total estimate scores32 and 2 on a range of DMax values using the RunGnomRun script33.
In addition, for 0.5 mM Mg2+ dimensionless Kratky plots were generated34.
The experimental SAXS data were compared to the model of human CPEB3
ribozyme using the FoXS server35, 36. The program fits a given atomic structure to an
experimental scattering curve optimizing particle hydration. Shape reconstructions were
performed with 10 independent DAMMIF calculations37 using the ATSAS server with no
symmetry conditions. The server outputs a consensus reconstruction using the
DAMAVER program38 and the most probable model from DAMFILT is presented.
Superposition of the DAMFILT model with the RNA model was done using the
SUPCOMB20 program, which was also used to calculate the RMSD and average
excluded volume39. The superposed SAXS reconstruction envelopes and RNA models
were visualized using the PYMOL software (The PyMOL Molecular Graphics System,
Version 1.3, Schrödinger, LLC.).
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4.4 Results
4.4.1 Ribozyme reactivity is favored by crowding and cosolute agents in low but not
high magnesium concentrations
We began by exploring the effects of the cosolute PEG200 and the higher
molecular weight crowding agents PEG8000 and Dextran10 on CPEB3 ribozyme
function. All studies were conducted on a one-piece form of the ribozyme, rather than a
two-piece substrate-enzyme form, since this is the form it assumes in nature and is most
likely to report biologically relevant folding. These polymers were chosen because their
impacts on nucleic acid folding have been described in the literature: PEG200 is a
cosolute that preferentially interacts with nucleic acids11, 13 and changes the dielectric of
the solution13, and PEG8000 and Dextran10 act as macromolecular crowding agents5, 11.
Effects of these additives on CPEB3 ribozyme activity were studied herein under both in
vivo-like free Mg2+ concentrations (0.1 and 0.5 mM) and standard in vitro Mg2+
concentrations (10 mM), both in the background of in vivo-like 100 mM KCl.
Concentrations of free Mg2+ in eukaryotic cells have been estimated to range between 0.2
and 1 mM40-43.
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Figure 4.1 Secondary structure of WT CPEB3 ribozyme. The pairings (P1, P2, P3, P4,
and P1.1) of the ribozyme are represented by blue, green, yellow, orange, and purple
respectively. Shown is precursor –8/68 WT human RNA, where nucleotides upstream of
the cleavage site (-8/-1) are represented in teal.
In the presence of 10 mM Mg2+, the crowding agents and cosolute had essentially
no effect on the rate (Figure 4.2); for instance, kobs for self-cleavage was 0.040±0.006
min-1 without additives and 0.036±0.006 min-1, 0.044±0.008 min-1, and 0.036±0.007 min1

in the presence of 30% w/v PEG200 , 30% w/v PEG8000, and 30% w/v Dextran10,

respectively (Table B.1). Lack of rate enhancement at high Mg2+ concentration suggests
that the ribozyme may already be well folded under standard in vitro conditions, which is
not surprising since these high, non-physiological Mg2+ conditions have been developed
in the field for their ability to strongly promote RNA folding.
In contrast to strongly folding conditions, crowding and cosolute agents do
promote the rate of the reaction in weakly folding ionic conditions of 0.5 mM Mg2+
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(Figure 4.2). In particular, the rate of ribozyme self-cleavage is stimulated ~1.5-2.3-fold
by the presence of PEG200, PEG8000, and Dextran10 (Table B.1). Moreover the rates
in 0.5 mM Mg2+ with additives are identical, within error, to the rates in 10 mM Mg2+.
This indicates that PEG200, PEG8000, and Dextran10 reduce the Mg2+ requirement for
the reaction, leading to maximal rates at biological Mg2+.
To see if rate enhancement from additives could be further enhanced, we
determined the effect of these additives in the presence of just 0.1 mM Mg2+, which is
closer to the lower estimates for physiological free Mg2+.40-43 Under these conditions, the
rate increased from 0.0021±0.0003 min-1 in the absence of additives to 0.011±0.002 min1

, 0.012±0.001 min-1, and 0.007±0.001 min-1 in the presence of PEG200, PEG8000, and

Dextran10, respectively, leading to overall increases in rate of 3- to 6-fold upon addition
of additive (Figure 4.2). It is interesting to note that these effects are substantially larger
than seen for kcat in the above protein enzyme examples, which were 1.2- to 2.5-fold16, 17.

122

Figure 4.2 Stimulation of WT CPEB3 ribozyme kinetics by crowding and cosolute
agents in physiological magnesium. Main plot displays relative rate enhancement
reported as “fold-stimulation” by comparing rate of condition with additive relative to
rate of condition with buffer only (black) for each magnesium concentration, where
PEG200 (blue), PEG8000 (red), and Dextran10 (green) were present at a concentration of
30% w/v. Inset: Raw self-cleavage rates of the WT CPEB3 ribozyme for the abovedescribed conditions. Observed cleavage rate constants are provided in Table B.1.

Next, the dependence of rate on the concentrations of the crowding and cosolute
agents was explored over the range of 10%-40% additive. As shown in Figure B.1,
under conditions of 0.5 mM Mg2+ the stimulation of cleavage was maximal at ~30%
PEG200, 30% PEG8000, and 30% Dextran10, which remarkably is in the realm of
biological crowding3. Higher concentrations of these additives led to either no further
stimulation or to inhibition. In an effort to explore the role of additives in the reaction,
kinetic assays were also performed in 30% PEG200, 30% PEG8000, and 30% Dextran10
but without added Mg2+. As expected, no cleavage was observed for any of these
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conditions (data not shown), consistent with a requirement for a catalytic Mg2+ ion in the
reaction21, 44 and confirming that the additive does not act as a Mg2+ surrogate or contain
significant amounts of contaminating cations.
The effects of larger molecular weight crowders were also tested in the various
magnesium concentrations. Dextran40, Dextran70, and Ficoll70, which have average
MW of 40 kDa, 70 kDa, and 70 kDa, respectively, were used to determine the effects of
larger molecular weight crowders on CPEB3 function. In the presence of 10 mM Mg2+,
the larger molecular weight crowding agents had essentially no effect on the rate (Figure
B.2); for instance, kobs for self-cleavage was 0.040±0.006 min-1 without additives and
0.051±0.006 min-1, 0.044±0.008 min-1, and 0.047±0.007 min-1 in the presence of 30%
w/v Dextran40, 30% w/v Dextran70, and 30% w/v Ficoll70, respectively, consistent with
results above for the crowders PEG8000 and Dextran10 in 10 mM Mg2+. However, in
0.1 and 0.5 mM Mg2+, where substantial increases in cleavage rate were gained by adding
PEG8000 and Dextran10 to the cleavage reaction, the larger molecular weight crowders
also had little or no stimulatory effect. For example, Dextran40 led to ~2.5- and 2-fold
increases in cleavage versus buffer alone in 0.1 and 0.5 mM Mg2+, respectively, while
Dextran70 and Ficoll70 led to minimal stimulatory effects of up to only 1.3-fold in 0.1
and 0.5 mM Mg2+ (Figure B.2). These data reveal a clear size dependence of the
stimulatory effect gained by the presence of macromolecular crowders. Given that the
RNA studied here is ~25 kDa in its pre-cleaved form, this trend is in agreement with
theoretical predictions, where crowders larger than the size of the unfolded RNA are
predicted to have diminishing effects on RNA stability45.
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Since both cosolutes and moderate molecular weight crowders stimulated the
cleavage reaction, we probed whether local magnesium concentrations were being
influenced by interactions between the additives and magnesium. Vapor pressure
osmometry was used to determine the activity of water in the presence of Mg2+, PEG200,
PEG8000, and Dextran 10. The activity of water was determined as a function of 0-10
mmol/kg Mg2+ parametric in 10 and 20 % w/v additives (Figure B.3). It was found that
the additives and magnesium affect the activity of water independently, supporting the
notion that the additives do not significantly influence the free Mg2+ concentration.
4.4.2 Ribozyme reactivity is favored by crowding and cosolute agents in low and
high magnesium concentrations in the presence of urea
We reasoned that because the synthetic polymers rescued ribozyme activity only
in weakly folding Mg2+ concentrations (0.1 and 0.5 mM Mg2+), the polymers may be
acting as renaturants of RNA folding. To test this idea, we assessed whether these
polymers could enhance ribozyme activity in the presence of denaturant. Urea was
chosen as the denaturant for several reasons. First, it is a biologically relevant
denaturant, as it can reach concentrations up to 0.6 m in certain plant and bacterial
species46 and 5 m in kidney cells47. Second, urea is known to generally denature RNA
secondary and tertiary structure20, 48, 49. Indeed, we found self-cleavage of the CPEB3
ribozyme to be sensitive to biological concentrations of urea (Figure 4.3, Figure B.4).
For example in a background of 0.5 mM Mg2+, 0.5 M urea led to ~2-fold slower
cleavage, while 2.5 M urea produced 11-fold slower cleavage. In the background of 10
mM Mg2+, urea also slowed the rate, albeit with smaller, 2-fold effects (Figure 4.4).
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To assess whether crowding and cosolute agents could act as a renaturant and to
better understand the roles crowders and cosolutes might play in vivo, we tested whether
part or all of the 11-fold loss of CPEB3 cleavage activity in 2.5 M urea and 0.5 mM Mg2+
could be rescued by crowding and cosolute additives. Initially, the additive was present
before the urea and Mg2+. As shown in Figure 4.3.a, each additive protected the
ribozyme from the inhibitory effects of urea to some degree; for instance, the cleavage
rate in 0.5 mM Mg2+ and 2.5 M urea was 0.0017±0.0005 min-1, but increased more than
10-fold to 0.018±0.001 min-1, 0.020±0.003 min-1, and 0.018±0.002 min-1 in the presence
of PEG200, PEG8000, and Dextran10, respectively (Table B.1, Figure 4.4). These
rescued values are close to the urea-free rate constant of 0.019 min-1, indicating that the
additives fully rescue the rate. In 2.5 M urea and 10 mM Mg2+, the additives also
stimulated the rate back to urea-free values (Figure 4.4).
We next investigated whether the cosolute and crowding additives could refold
the RNA when the destabilizing osmolyte was already present in the solution. In this
case, the reaction was initiated with 0.5 mM Mg2+ in the presence of 2.5 M urea, and
after 2 h the crowding or cosolute agent was added, while maintaining constant ionic
strength (Figure 4.3.b). Remarkably, crowding and cosolute agents restored catalysis to
the levels observed for the first order-of-addition without any detectable lag. This finding
demonstrates that under biological magnesium conditions, crowding and cosolute agents
can overcome the inhibitory effects of destabilizing osmolytes, effectively acting as nonspecific chaperones to promote RNA folding.
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Figure 4.3 Self-cleavage of the WT CPEB3 ribozyme in 0.5 mM Mg2+ and 2.5 M urea
with crowding and cosolute agents. PEG200, PEG8000, and Dextan10 were present at
final concentrations 30% w/v. a, Crowding and cosolute additives are present in the
reaction solution prior to simultaneous addition of urea and Mg2+. b, Crowding and
cosolute additives were added 120 min after addition of urea and Mg2+, keeping the urea
and Mg2+ concentration constant throughout.

To establish the degree to which crowding and cosolute agents may aid native
RNA folding in lower concentrations of urea, cleavage rates were measured in the
background of just 0.5 M urea in both 0.5 and 10 mM Mg2+. In 10 mM Mg2+, 0.5 M urea
had an approximately 2-fold inhibitory effect on the cleavage rate, and crowding and
cosolute agents rescued this loss (Figure 4.4). In 0.5 mM Mg2+, 0.5 M urea also had an
~2-fold inhibitory effect on cleavage (Figure 4.4), but crowding and cosolute agents had
up to a ~5-fold stimulatory effect restoring the rate to its values in the presence of these
additives and no urea (Figure 4.4).
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Figure 4.4 Stimulation of WT CPEB3 ribozyme kinetics by crowding and cosolute
agents in various concentrations of magnesium and urea. Main plot displays relative rate
enhancement reported as “fold-stimulation” by comparing rate of condition with additive
relative to rate of condition with buffer only (black) for each Mg2+ concentration, where
PEG200 (blue), PEG8000 (red), and Dextran10 (green) are present at concentrations of
30% w/v. Biological free Mg2+ (0.5 mM Mg2+, filled bars) and standard Mg2+ (10 mM
Mg2+, open bars) were both used to evaluate ribozyme function in these conditions.
Three urea concentrations were chosen to represent varying conditions: 0 M urea (highly
folded), 0.5 M urea (denaturing), and 2.5 M urea (highly denaturing). Inset: Raw selfcleavage rates for the WT CPEB3 for the conditions described above. Observed cleavage
rate constants are provided in Table B.1.

We probed whether local urea concentrations were being influenced by
interactions with additives using vapor pressure osmometry. The activity of water was
determined in the presence of 10 and 20 % w/v PEG8000 or 10 and 20 % w/v Dextran10
and 0-2 mol/kg urea (Figure B.5). PEG200 was not used because at these urea
concentrations, the vapor pressure readings were out of the range of linearity for the
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instrument. We found that the additives and urea affect the activity of water in a largely
independent manner.
4.4.3 Reactivity of the fast-reacting C-2A mutant is also favored by crowding and
cosolute agents
As described above, crowding and cosolute agents stimulated wild-type CPEB3
ribozyme self-cleavage both with and without urea present (Figure 4.4). To test the
generality of this trend, a faster cleaving mutant of the CPEB3 ribozyme termed ‘C-2A’
was transcribed, and cleavage assays were carried out in urea, Mg2+, and additive
conditions identical to those described above. The C-2A change functions to destabilize
a misfold termed “Alt P1” between ribozyme sequence and nucleotides upstream of the
cleavage site,22 which is depicted in Figure 4.8.
Despite the absence of the stable Alt P1 misfold, the C-2A ribozyme exhibited
similar kinetic trends as the WT CPEB3 ribozyme in various Mg2+ and urea
concentrations upon the addition of crowding and cosolute agents (Figure 4.5). For
instance, in 0.5 mM Mg2+ 0.5 M urea again inhibited cleavage 2-fold, and additives
restored the rate to values in the presence of additives and no urea. The similarity of the
trends demonstrates that the stimulatory effects of the additives reflect features of the
equilibrium between the intermediate and native state rather than the need to escape an
alternative pairing.
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Figure 4.5 Stimulation of C-2A CPEB3 ribozyme kinetics by crowding and cosolute
agents in various concentrations of magnesium and urea. Main plot displays relative rate
enhancement reported as “fold-stimulation” by comparing rate of condition with additive
(colored as below) relative to the condition containing only buffer (black) for each Mg2+
concentration, where PEG200 (blue), PEG8000 (red), and Dextran10 (green) are present
at concentrations of 20, 40, and 40%, respectively. Biological free Mg2+ (0.5 mM Mg2+,
filled bars) and standard Mg2+ (10 mM Mg2+, open bars) were both used to evaluate the
difference between ribozyme function in these conditions. The three urea concentrations
were chosen as described in Figure 4.4. Inset: Raw self-cleavage rates for the C-2A
CPEB3 for the conditions described above. Observed cleavage rate values are provided
in Table B.1.

4.4.4 SAXS studies reveal compaction in the presence of crowder
In an effort to relate the above rate-stimulatory effects of crowding and cosolute
agents to RNA structure, small angle X-ray scattering (SAXS) experiments were
performed. SAXS was chosen for this portion of the study because it provides
information on the global structure of RNA in the presence of the polymers4. Cleaved
CPEB3 (1/68) was used in the SAXS experiments. The cleaved form is relevant to the
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reaction, as previous studies of the structurally similar HDV ribozyme have demonstrated
that the cleaved form has a very similar fold as the pre-cleaved and captures the critical
catalytic interactions44, 50.
We provide the scattering profiles of the CPEB3 ribozyme in 0.5 and 10 mM
Mg2+, both in 100 mM KCl in Figure 4.6.a and Figure B.8, respectively. Data were
collected in three different conditions in 0.5 mM Mg2+: buffer alone, 20% PEG200, and
20% PEG8000. In 10 mM Mg2+, data were collected for buffer alone and 20% PEG8000.
These data reveal a standard decay of intensity with q, with similar but somewhat
different curves for each condition. Also provided in these figures as insets are Guinier
analyses, which show linearity to small q. The Guinier analyses allow us to obtain radius
of gyration (Rg) values under these various conditions, which are provided Table 4.1.
We assessed Rg values for the cleaved CPEB3 ribozyme in both 0.5 and 10 mM
Mg2+. The Rg value from Guinier analysis in 0.5 mM Mg2+ and buffer is 23.6 Å. Upon
adding PEG200 to 20% the Rg value increased to 26.1 Å, suggesting that PEG200 does
not compact the RNA and in fact may expand it. In contrast, addition of PEG8000 to
20% decreased the Rg to a value of 21.3 Å, which suggests that the above-observed
increase in rate in PEG8000 may arise from compaction of the fold. This is further
bolstered by agreement with an Rg of 20.4 Å from our model of the native state
(described below).
We anticipated that as Mg2+ concentration increased, a compaction of the RNA
would occur, as observed by Woodson and colleagues for a group I ribozyme4. However,
we found that the SAXS-derived Rg values determined in buffer and no additive
increased from 23.6 Å to 28.5 Å as Mg2+ concentration increased from 0.5 to 10 mM
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Mg2+. These data suggest that aggregation of the sample may occur in 10 mM Mg2+ but
not 0.5 mM Mg2+. Aggregation in 10 mM Mg2+ was also supported by dynamic light
scattering (data not shown).
To provide an additional assay for aggregation, native gels were run using
identical buffer conditions and RNA concentrations as those in the SAXS experiments at
both 0.5 and 10 mM Mg2+. Native gel data are provided in Figure B.6. Very low
aggregation was present on native gels in 0.5 mM Mg2+ for 0.2, 0.4, or 0.6 mg/mL RNA.
In contrast, appreciable aggregation was observed in native gels at 10 mM Mg2+ for all
three concentrations of RNA, consistent with the larger Rg values from the SAXS
experiments. Native gel lanes with trace RNA concentrations, similar to those used in
kinetics experiments, showed virtually no aggregation in either Mg2+ concentrations
(Figure B.6).
Since aggregation of RNA was observed in 10 mM Mg2+ buffer alone samples,
we used size-exclusion chromatography (SEC) to isolate a monomeric fraction for SAXS
analysis. A sharp, fast mobility peak correlating to the monomeric RNA was collected
and used for SAXS data collection (Figure B.7). Analysis of this peak revealed an Rg of
22.0 Å, which shows compaction compared to the RNA in 0.5 mM Mg2+ in buffer alone
(Table 4.1). Strikingly, the Rg of 22.0 Å for the RNA in 10 mM Mg2+ buffer alone is
very similar to the Rg of 21.3 in 0.5 mM Mg2+ with 20% PEG8000.
Next, we conducted a GNOM analysis of the data. Both Rg and DMax values from
GNOM analysis are provided in Table 4.1. We begin with analysis of 0.5 mM Mg2+
data. The Rg values from GNOM analysis are in excellent agreement with those from the
Guinier analysis in 0.5 mM Mg2+. The GNOM-generated p(r) plots for 0.5 mM Mg2+ are
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provided in Figure 4.6.b. For 0.5 mM Mg2+, DMax values of 80 Å, 87 Å, and 75 Å were
obtained in buffer, PEG200, and PEG8000, respectively. This trend in Dmax values
agrees well with the trend observed for the Rg values in 0.5 mM Mg2+. Additionally, the
shape of the distribution in 20% PEG8000 and 0.5 mM Mg2+ is somewhat narrower and
the maximum is at a slightly smaller distance than for PEG200 or buffer only (Figure
4.6.b), which is reflected in the smaller Rg for PEG8000 (Table 4.1). Overall, these data
support compaction of the ribozyme by large molecular weight crowders in 0.5 mM
Mg2+.
The p(r) plots for 10 mM Mg2+ were constructed in buffer only and 20%
PEG8000 and are provided in Figure B.8. The Rg values from the GNOM analysis agree
well with the Rg values obtained from the Guinier analysis for both the buffer alone and
PEG8000 in 10 mM Mg2+. In buffer alone, the DMax value was 75 Å, which is identical
to that observed for the RNA in 0.5 mM Mg2+ and PEG8000. This mirrors the similarity
in Rg values for these two conditions, presented above. Introduction of 20% PEG8000 in
the background of 10 mM Mg2+ leads to further compaction, to a DMax value of 67 Å.
Interestingly, this further compaction does not lead to an enhancement in catalysis
suggesting that it may occur outside the catalytic core (see Discussion).
Kratky plots can reveal information about the degree of folding of an RNA. For
example, globular RNAs typically have Kratky plots shaped like an inverted parabola,
while Kratky plots for partially unfolded RNAs do not return to baseline at large q values
and can even drift upwards or show a second feature51, 52. Dimensionless Kratky plots for
0.5 mM Mg2+ are provided in Figure 4.6.c. The Kratky plots in all conditions slope
downward at high q indicating that the RNAs are folded. The peak shift for the PEG200
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Kratky curve is to the right and slightly more elevated, which indicates that the RNA is
less compact as compared to buffer and PEG8000, consistent with Rg and DMax values
mentioned above.
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Figure 4.6 SAXS scattering profiles, p(r) plots, and Kratky plots in 0.5 mM Mg2+ help describe the global folds. For all panels, plots
are for RNA in buffer (black), buffer with 20% PEG200 (blue), and buffer with 20% PEG8000 (red). a, Scattering profile. RNA
scattering profiles in the presence of PEG200 and PEG8000 are normalized to RNA scattering profiles in buffer alone to account for
differences in contrast. Rg was determined from data in the Guinier regime (qRg<1.3) (inset), and Rg values are provided in Table 4.1.
Linear behavior extending to low q supports absence of aggregation. b, p(r) plots. For PEG8000, the distribution is narrower and the
peak is at smaller distance which is reflected in a smaller Rg. c, Dimensionless Kratky plots. These shapes are consistent with a folded
native state and absence of significant unstructured regions, since all of the traces return to baseline without substantial deviation.
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4.4.5 SAXS reconstructions overlay well with a structural model
Shape reconstruction was performed by running 10 independent DAMMIF calculations
on the GNOM data37. The individual outputs were averaged to provide a single consensus
reconstruction using the DAMAVER program38. From the consensus reconstruction, we
calculated an excluded volume. The excluded volumes in 0.5 mM Mg2+ and buffer only, 20%
PEG200, and 20% PEG8000 were 44,555, 45,570, and 40,544 Å3, respectively (Table 4.1).
Clearly, the excluded volume is minimal in 20% PEG8000 indicating that this condition leads to
the most compact state of the ribozyme, consistent with Rg and DMax analyses provided above.
These conclusions are strengthened by consideration of the RMSD for superposing the various
SAXS-generated envelopes with our model of the CPEB3 cleaved state, which revealed a value
of 2.6 Å for PEG8000, but 3.4 and 3.8 Å for buffer and PEG200, respectively.
In 10 mM Mg2+, consensus reconstructions were employed to calculate excluded volume
in buffer alone and PEG8000. The excluded volumes were 41,280 and 30,877 Å3 in buffer alone
and PEG8000, respectively. The excluded volume of the RNA in buffer alone agrees well with
the excluded volume in 0.5 mM Mg2+ and PEG8000. The smaller excluded volume for the RNA
in 10 mM Mg2+ and PEG8000 compared to 10 mM Mg2+ in buffer alone indicates that the
crowding agent leads to further compaction, consistent with Rg and DMax values above. On the
basis of the above observations, we focused superposition of the reconstruction and model on the
0.5 mM Mg2+/PEG8000 and 10 mM Mg2+/buffer alone data.
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Figure 4.7 Model of CPEB3 ribozyme agrees well with SAXS data. a,c SAXS reconstructions
in a, 0.5 mM Mg2+ and 20% PEG8000 (pink spheres) and c, 10 mM Mg2+ and no additive (grey
spheres) superimposed on the same CPEB3 ribozyme model. The CPEB3 ribozyme model was
constructed from the HDV ribozyme crystal structure and color-coded according to the
secondary structure in Figure 4.1. b,d Experimental scattering data for CPEB3 ribozyme in b,
0.5 mM Mg2+ and 20% PEG8000 and d, 10 mM Mg2+ and no additive plotted with the calculated
scattering data from native state model. The calculated scattering profile for CPEB3 model was
generated using FoXS server35, 36.
Superpositions of the consensus reconstructions in 0.5 mM Mg2+/20% PEG8000 and 10
mM Mg2+/buffer alone with the model of the CPEB3 ribozyme were achieved using the
SUPCOMB20 program.39 The envelope reconstructions have low MNSD of 0.33 and 0.65 in 0.5
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mM Mg2+/20% PEG8000 and 10 mM Mg2+/buffer alone, respectively (Figure 4.7). The
envelope reconstruction for both sets of data has the same general shape as the native-state
model and encompasses nearly the entire model (Figure 4.7). The native-state model fits well
throughout all portions of the reconstruction without excessive empty spaces, which supports the
actual RNA folding in a fashion similar to our model. This conclusion is strengthened by
excellent agreement of the calculated scattering curve generated from the model and the
experimental scattering curves, although there is slight deviation for the 10 mM Mg2+/buffer
alone data (Figure 4.7). In addition, we calculated Rg and DMax values of 20.4 Å and 73.8 Å,
respectively, from the calculated scattering curve of the model and these values are in excellent
agreement with the Rg and DMax values of 21.8 Å and 75 Å, respectively, from the GNOM
analysis in 0.5 mM Mg2+/PEG8000 and Rg and DMax values of 22.6 Å and 75 Å, respectively,
from the GNOM analysis in 10 mM Mg2+/buffer alone. These results further support the
conclusion that the RNA has an almost identical shape and compactness in 10 mM Mg2+ buffer
alone as in 0.5 mM Mg2+ supplemented with crowding agent, with slightly greater compactness
in the lower Mg2+ with crowding agent. These results strongly support the conclusion that
activity facilitation of the ribozyme by crowding agents comes from increased compactness.
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Table 4.1 SAXS-determined Rg and DMax values for CPEB3 ribozyme with crowding and
cosolute agents.

Model of CPEB3 ribozyme gives Rg = 20.4 Å and Dmax=73.8 Å. The 0.5 mM Mg2+ data are at
0.6 mg/mL RNA concentration, while the 10 mM Mg2+ data in 20% PEG8000 are at 0.4 mg/mL
and the 10 mM Mg2+ data in buffer alone are at ~1 mg/mL immediately following size-exclusion
chromatography. The SUPCOMB20 program was used to calculate the RMSD and average
excluded volume39.
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4.5 Discussion
The majority of the studies of structure and function in the RNA literature have been
conducted under conditions of 5-10 mM and higher Mg2+, or 1 M Na+. This is because such
ionic conditions tend to promote RNA folding and populate the native and functional state of a
functional nucleic acid. Such behavior is of great utility for binding and enzymatic studies in
riboswitches and ribozymes, and for NMR and X-ray crystallographic structural studies.
Conditions in the cell are much different, however.
Concentrations of free magnesium ions in a eukaryotic cell are estimated to be only 0.2 to
1 mM40-43--concentrations that lead to much less robust RNA folding53, 54. At the same time,
cells are extremely crowded owing to biopolymers and solutes such as NTPs and metabolites.
The extent to which these additives influence RNA folding and function is an important one to
address. In the present study, we found that crowders and cosolutes facilitate ribozyme activity,
up to ~10-fold, but only in the presence of biological magnesium concentrations and denaturants.
Indeed, we found that the molecular basis for the effect of the high molecular weight crowder
PEG8000 is compaction of the RNA, as demonstrated by Rg, DMax , and excluded volume values
are lower than in buffer alone, as well as overlay of a native-state model of the CPEB3 ribozyme
and averaged SAXS reconstructions. A key result is that biological Mg2+ and crowders give rise
to SAXS profiles nearly identical to those in standard literature conditions of 10 mM Mg2+.
While others have shown that specific ligands can offer such compaction, such as in the case of
riboswitches,55, 56 the effect in our study appear to be due to general, less specific effects.
The importance of compaction is emphasized by observation that reactivity of the C-2A
fast-reacting version of the ribozyme, which has to populate the same native state, is also
facilitated by PEG8000 and Dextran10. It thus appears that the basis for high molecular weight
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crowder facilitating ribozyme function is related to its ability to compact the RNA into the native
state. Figure 4.8 summarizes these data. Shown are three states, ‘M’, ‘I’, and ‘N’, for
misfolded, intermediate, and native states. The wild-type ribozyme can populate the Alt P1
pairing, in which upstream nucleotides mispair with the P1.1-forming G37; this state is depicted
as ‘M’. The C-2A mutant destabilizes Alt P1, allowing the native P1 to form, depicted as ‘I’
since further additive stimulates this state to the true ‘N’22. Given that PEG8000 compacts the
cleaved state and favors reactivity, we depict this as populating the native state, which is
common to both WT and C-2A RNAs.

Figure 4.8 CPEB3 reaction progress in terms of free energy, where three states are shown, ‘M’,
‘I’, and ‘N’, for misfolded, intermediate, and native states.
Moreover, this relationship offers an explanation as to why crowding does not facilitate
reactivity in the background of highly folding 10 mM Mg2+ conditions, as the RNA is already
well folded in this case. Consistent with this notion, if the RNA is moderately denatured in 2.5
M urea, these same additives stimulate ribozyme function in the presence of 10 mM Mg2+.
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Moreover, this facilitation can occur both at the start of the reaction or partway through the
progress of the reaction, suggesting that crowding can act both as a protectant and a renaturant.
Notably, 10 mM Mg2+ conditions lead to a number of problems with folding of the
CPEB3 ribozyme at SAXS concentrations of RNA. In particular, the ribozyme aggregates, as
revealed by both native gels and the SAXS analyses. Aggregation was overcome in two ways in
our study. One method we used to isolate a monomeric fraction of the RNA by SEC just prior to
SAXS analysis, and a second way was through the addition of the crowding agent to the 10 mM
Mg2+ sample, which also provided monomeric SAXS data. We do note that Mg2+ has reported to
drive aggregation of other RNA molecules according SAXS studies57.
PEG200 stimulates the ribozyme reaction to approximately the same extent as PEG8000,
however the origin of the PEG200 effect is less clear. Our data clearly show that PEG200
operates by a different mechanism than PEG8000. In particular, Rg, Dmax, and excluded volume
values provide no evidence that PEG200 leads to compaction of the RNA, and in fact suggest
that PEG200 may lead to a modest expansion of the RNA—a conclusion that is consistent with
studies by Record and co-workers who indicated that PEG200 does not crowd the solution11. In
fact, this same study provided evidence that PEG200 directly interacts with DNA nucleotides,11
while other studies showed that PEG200 destabilizes RNA and DNA secondary structure5. How
such features drive ribozyme catalysis is not clear at present, but there has been evidence that
PEG200 lowers the dielectric of the solution, which could enhance metal binding,11, 13 although
PEG in general does not appear to alter the activity of Mg2+.
The fold-effects of additives on ribozyme cleavage rate found in our study are similar in
magnitude to those found for seminal studies on the hammerhead ribozyme by Nakano and coworkers, where 20% PEG8000 in 3 mM Mg2+ afforded an ~10-fold stimulation of the rate5.
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However, it is important to point out several important ways in which our study differs from
theirs. First, we study a human ribozyme under conditions relevant to a eukaryotic cell. Second,
we examine the effect of chemical denaturants and rescue by additives. Third, and most
important, we provide a structural basis for the effects through our SAXS studies. These studies
demonstrate compaction of the RNA by the additives in biological Mg2+ concentrations.
Moreover, through comparison to a fast-reacting variant of the CPEB3 ribozyme, we provide
evidence that our effects operate through favoring the fold of the native state.
Overall, cellular-like conditions of low ionic strength and crowding clearly influence
RNA folding and thus optimal activity of functional RNAs. It may be the case that crowders will
stimulate the function of many ribozymes and riboswitches and that at least part of the
mechanism will involve favoring a native compact state. Furthermore, such effects are expected
to be enhanced for RNAs that start off in less compact states such as those present in biological
magnesium concentrations. It will be of great interest to test the extent to which cellular
conditions alter the folding and function of other RNAs.
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Appendix B
Supporting Information: Chapter 4
[Published as Supporting Information for paper entitled “Molecular Crowding Favors
Reactivity of a Human Ribozyme Under Physiological Ionic Conditions” by Christopher
A. Strulson, Neela H. Yennawar, Robert P. Rambo, and Philip C. Bevilacqua in
Biochemistry 2013 52: 8187-8197.]

B.1 Supporting methods
B.1.1 Vapor pressure osmometry
Stock solutions of PEG200, PEG8000, and Dextran10 were prepared at a
concentration of 30% wt./vol. A 0.1 m MgCl2 stock solution and separate 7 m urea stock
solution were prepared gravimetrically. A Wescor 5520 vapor pressure osmometer was
used to measure osmolalities at ambient temperature (~23 °C). Before each use of the
osmometer, the thermocouple head was cleaned with ammonium hydroxide and then
rinsed with DI water. Osmolality standards (Wescor) 100 mOsm, 290 mOsm, and 1000
mOsm were used to calibrate the instrument before measuring samples. The instrument
was re-calibrated throughout the procedure when necessary. Data points were measured
at least three times on independent days with different samples. Experiments with
PEG200 and urea were not reported as the vapor pressure readings were out of the range
of linearity for the instrument. The mOsm reading was converted to activity of water,
aW, using the relationship mOsm= –(106 ln aW)/M1, where M1 is the molecular weight of
water1.
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B.1.2 Native gel electrophoresis
To probe for the formation of RNA aggregates at the concentrations of RNA used
during the SAXS experiments, PAGE was performed under native conditions with
different amounts of RNA. Cleaved 1/68 RNA (prepared as described above for SAXS
experiments) was doped with cleaved 1/68 RNA [γ-32P] 5’-end labeled RNA (prepared as
described above for kinetics experiments). (A small amount of uncleaved –8/68 was left
in the sample to serve as a marker.) Unlabeled RNA was present at 0.2, 0.4, or 0.6
mg/mL, while labeled RNA was present only at trace amounts for both 0.5 mM and 10
mM Mg2+. RNA was renatured at 55 °C for 3 min and allowed to cool to room
temperature for 10 min for both unlabeled and labeled RNA. Each sample contained
15% glycerol to help sink samples on the gel. For RNA samples in 0.5 mM Mg2+, RNA
was loaded on a 10% native gel (containing 25 mM HEPES (pH 8)/100 mM KCl/0.5 mM
MgCl2) that was prerun 4 W for ~30 min at ~10 °C in 25 mM HEPES (pH 8)/100 mM
KCl/0.5 mM MgCl2 running buffer. For RNA samples in 10 mM Mg2+, RNA was loaded
on a 10% native gel (containing 25 mM HEPES (pH 8)/100 mM KCl/10 mM MgCl2) that
was prerun 4 W for ~30 min at ~10 °C in 25 mM HEPES (pH 8)/100 mM KCl/10 mM
MgCl2 running buffer. The gel was run for 8.5 h at ~10 oC. Every 30 min, 100 mL of
buffer was cycled from the lower well to the top well. The gel was dried and visualized
using a PhosphorImager.
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B.2 Supporting figures

Figure B.1 Concentration effects of crowding and cosolute agents on self-cleavage of CPEB3 ribozyme in 0.5 mM Mg2+. CPEB3
ribozyme kinetics in 0.5 mM Mg2+ with a, PEG200, b, PEG8000, and c, Dextran10 at various concentrations (from 0% to 40% w/v).
Increase in catalytic rate was observed with increasing amount of cosolute to 30% for PEG200 and PEG8000; inhibition was found at
40%, especially for PEG200. The rate in the presence of Dextran10 increased with all amounts of the additive. Optimal values of
crowding and cosolute agents were selected for Mg2+-dependence for urea experiments, which were based upon largest enhancement
in rate and biological relevance.
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Figure B.2 WT CPEB3 ribozyme kinetics in the presence of larger molecular weight crowding
agents in physiological magnesium. Main plot displays relative rate enhancement reported as
“fold-stimulation” by comparing rate of condition with additive relative to rate of condition with
buffer only (black) for each magnesium concentration, where Dextran40 (purple), Dextran70
(light blue), and Ficoll70 (orange) were present at a concentration of 30% w/v. Inset: Raw selfcleavage rates of the WT CPEB3 ribozyme for the above-described conditions.
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Figure B.3 Water activity in additive/magnesium solutions measured by vapor pressure
osmometry. Water activity was determined in the background of 10% and 20% w/v PEG200,
PEG8000, and Dextran10 with 0-10 mmol/kg Mg2+ present. The equal distance between the
lines for each additive indicates that the additive and magnesium impacting the activity of water
independently.
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Figure B.4 Observed cleavage rate for CPEB3 ribozyme in 0.5 mM Mg2+ and various
concentrations of urea. All reactions contained 0.5 mM MgCl2, and were carried out at 37 °C.
Reactions were initiated by addition of Mg2+. Reaction rate is slowed as the concentration of
urea is increased.
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Figure B.5 Water activity in additive/urea solutions measured by vapor pressure osmometry.
Water activity was determined in the background of 10% and 20% w/v, a, PEG8000, and b,
Dextran10 with 0-2 mol/kg urea present. There is a slight deviation between the slopes of the
lines indicating that the additives and urea are not entirely impacting the activity of water
independently. However, the extent of this effect is minimal and does not account for the rescue
of activity by additives in high concentrations of urea.
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Figure B.6 Native gel analysis of cleaved 1/68 CPEB3 ribozyme in conditions used for SAXS. Native gels were performed in both
Mg2+ concentrations used in SAXS to look for aggregation of SAXS samples. This data was used to assist in the interpretation of the
SAXS envelopes. A small amount of precleaved -8/68 ribozyme was included as a marker (see Materials and Methods). a, In 0.5
mM Mg2+, virtually no aggregation of RNA was observed with increasing concentration of RNA; however, b, in 10 mM Mg2+,
aggregation of RNA was observed at all concentrations used in SAXS experiments. The percent aggregation, defined as the upper
band divided by the sum of the upper and lower bands, was 4%, 45%, 52%, and 54%, for lanes 5-8, respectively. ‘Trace’ RNA refers
to ~nM concentrations and shows no evidence of aggregation at either 0.5 or 10 mM Mg2+.
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Figure B.7 Size exclusion chromatographic (SEC) analysis of CPEB3 ribozyme in 10 mM
Mg2+. Vertical axis is the mAu at 280 nm. The arrow marks the region of heterogeneity in the
sample.
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Figure B.8 SAXS scattering profiles and p(r) plots in 10 mM Mg2+. For both panels, plots are
for RNA in buffer (black) and buffer with 20% PEG8000 (red). a, Scattering profile. RNA
scattering profile in the presence of PEG8000 is normalized to RNA scattering profiles in buffer
alone to account for differences in contrast. Rg was determined from data in the Guinier regime
(qRg<1.3) (inset), and Rg values are provided in Table 4.1. Linear behavior extending to low q
supports absence of aggregation. b, p(r) plots. For PEG8000, the distribution is narrower and the
peak is at smaller distance which is reflected in a smaller Rg.
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B.3 Supporting table
Table B.1 Observed rates of CPEB3 ribozyme with crowding and cosolute agents in 0.5 and 10
mM Mg2+ and urea.

B.4 References
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Kilburn, D., Roh, J. H., Guo, L., Briber, R. M., and Woodson, S. A. (2010) Molecular
crowding stabilizes folded RNA structure by the excluded volume effect, J. Am. Chem.
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Chapter 5
Molecular Crowders and Cosolutes Promote Folding Cooperativity of RNA Under
Physiological Ionic Conditions
[Published as a paper entitled “Molecular Crowders and Cosolutes Promote Folding
Cooperativity of RNA Under Physiological Ionic Conditions” by Christopher A.
Strulson, Joshua A. Boyer, Elisabeth E. Whitman, and Philip C. Bevilacqua in RNA 2014,
in press.]

5.1 Abstract
Folding mechanisms of functional RNAs under idealized in vitro conditions of dilute
solution and high ionic strength have been well studied. Comparatively little is known,
however, about mechanisms for folding of RNA in vivo where Mg2+ ion concentrations
are low, K+ concentrations are modest, and concentrations of macromolecular crowders
and low molecular weight cosolutes are high. Herein, we apply a combination of
biophysical and structure mapping techniques to tRNA to elucidate thermodynamic and
functional principles that govern RNA folding under in vivo-like conditions. We show by
thermal denaturation and SHAPE studies that tRNA folding cooperativity increases in
physiologically low concentrations of Mg2+ (0.5-2 mM) and K+ (140 mM) if the solution
is supplemented with physiological amounts (~20%) of a water-soluble neutral
macromolecular crowding agent such as PEG or dextran. Low molecular weight
cosolutes show varying effects on tRNA folding cooperativity, increasing or decreasing it
based upon the identity of the cosolute. For those additives that increase folding
cooperativity, the gain is manifested in sharpened two-state like folding transitions for
full-length tRNA over its secondary structural elements. Temperature-dependent SHAPE
experiments in the absence and presence of crowders and cosolutes reveal extent of
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cooperative folding of tRNA on a nucleotide basis and are consistent with the melting
studies. Mechanistically, crowding agents appear to promote cooperativity by stabilizing
tertiary structure, while those low molecular cosolutes that promote cooperativity
stabilize tertiary structure and/or destabilize secondary structure. Cooperative folding of
functional RNA under physiological-like conditions parallels the behavior of many
proteins and has implications for cellular RNA folding kinetics and evolution.
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5.2 Introduction
The last decade has witnessed remarkable advances in understanding RNA
folding from a physical-chemical perspective. Tertiary folding of complex RNAs begins
with rapid electrostatic collapse, followed by search for the native state1-3. This occurs on
a rough landscape4, 5 wherein misfolds are broken prior to native folding1. These features
can lead to very slow (min to hr) and multiphasic RNA folding6-8. Advances have been
made in predicting RNA secondary and tertiary structures: thermodynamic parameters
have been measured for many motifs9, and structure predictions have been interfaced
with experimental techniques such as NMR10 and SHAPE11, 12 to improve prediction of
secondary structure. While the above studies contribute greatly to establishing physical
principles of RNA folding, almost all have been conducted under ‘standard literature
conditions’ of dilute solution and folding-favorable non-physiological ionic conditions of
~10 mM Mg2+ or 1 M Na+/K+.
Physiological conditions are quite different. Typical K+ concentrations in
prokaryotic and eukaryotic cells are only ~140 mM, while free Mg2+ concentrations are
just 1.5-3.0 mM in prokaryotic cells13, 14 and 0.5-1.0 mM in eukaryotic cells15-19.
Eukaryotic and prokaryotic cells also contain 20 to 40% w/v macromolecules, as well as
lower molecular weight cosolutes, which can exclude volume, interact with the RNA, and
lead to altered solvent properties20, 21. Differences between standard literature folding
conditions and in vivo folding conditions have the potential to profoundly affect RNA
folding mechanisms, which is the focus of this study.
Steric crowding and variation of solvent properties via a variety of water soluble
neutral cosolutes, including polyethylene glycol (PEG) and dextran, have been shown to
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affect, and in many cases promote, the stability and function of proteins22. These species
also affect RNA folding. They promote ribozyme cleavage23-25, drive compaction of
large RNAs26, and affect folding free energy27-32. While these studies provide insight into
ways in which biological conditions affect RNA folding and function, there has been
little focus on how they affect RNA folding cooperativity.
Folding of RNA is a largely hierarchical process (i.e. secondary then tertiary
structure formation)33-35 because most tertiary structure assembles from preformed
secondary structures. For example, tRNA folds through five intermediates involving
combinations of four different helices prior to formation of tertiary structure36, 37, while
the HDV ribozyme folds through numerous base pairing states and misfolds38-40. Some
variations in overall RNA folding mechanism have been reported, e.g. tertiary structure
or proteins driving native secondary structure4, 41-43; however, even in these cases native
secondary structure typically precedes tertiary structure. Although helical intermediates
do exist in the folding pathway for functional RNAs, it remains unclear if they populate
appreciably. Dill defined a cooperatively folding system as one in which obligate folding
intermediates are poorly populated, or ‘hidden’44, 45. If secondary structural helical
intermediates are intrinsically unstable and only the initial and final states populate, then
folding is defined as apparent two-state (all-or-none) and fully cooperative. On the other
hand, high population of intermediates leads to non cooperative folding46. In the present
study, we probe the folding cooperativity of a functional RNA under biological solution
conditions.
To assess the effects of molecular crowders and cosolutes on RNA folding
cooperativity, we chose to study the folding of tRNAPhe (Figure 5.1). This choice was
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made for several reasons. First, the structure, folding, and function of tRNA has been
characterized in the literature, with many studies detailing the folding of tRNA under
standard literature folding conditions47-52. Second, tRNA has a well-folded native tertiary
structure that is relevant to many functional RNAs in eukaryotic and prokaryotic cells.
Third, the T7 transcript of tRNA has similar properties as the naturally occurring
modified RNA53-56 but is easily mutated to provide weakened tertiary structure so that
effects of molecular crowders and cosolutes on secondary and tertiary structure
individually can be assessed (Figure 5.1.B). The tRNA chosen is unmodified tRNAPhe
from yeast, which was selected because the base pairing in the various helices has a
relatively even distribution of GC and AU/GU base pairs. The latter was important so as
to not bias the RNA towards or away from cooperative folding of secondary and tertiary
structure.
Herein, we reveal that macromolecular crowding agents promote RNA folding
cooperativity at biological concentrations of magnesium. Conversely, low molecular
weight cosolutes either promote or diminish folding cooperativity in a manner dependent
upon the identity of the cosolute. We show that crowding agents promote cooperativity
by stabilizing tertiary structure, while those low molecular cosolutes that promote
cooperativity do so by stabilizing tertiary structure and/or destabilizing secondary
structure. Temperature-dependent SHAPE analysis reveals RNA unfolding properties on
a nucleotide basis and confirms increase in cooperativity in the presence of crowder and
certain cosolutes.
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5.3 Materials and Methods
5.3.1 Chemicals
PEG4000 was from Alfa Aesar; PEG8000 was from Research Organics; PEG200,
proline, TMAO, betaine, Dextran10, Dextran70, and Ficoll70 were from Sigma;
methanol was from Mallinckrodt. MgCl2 was obtained from J.T. Baker; KCl was from
EMD Chemicals; and sodium cacodylate was from Sigma. 1M7 was a gift from the
Showalter lab. Polynucleotide kinase was from New England Biolabs. Superscript III
reverse transcriptase was from Invitrogen.
5.3.2 RNA preparation
All tRNAPhe substrates were prepared by in vitro T7 transcription using 10% T7
RNA polymerase in 40 mM Tris (pH 8.0), 25 mM MgCl2, 2 mM DTT, 1 mM spermidine,
and 4 mM NTPs at 37 °C for 4 h. The RNA was purified by 10% PAGE and recovered
by a crush and soak, ethanol precipitation procedure. DNA oligonucleotide templates to
make T7 tRNAPhe were purchased from Integrated DNA Technologies (IDT) and used
without further purification. Sequences of tRNA are as follows:
Wild type
tRNAPhe

5’GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUG
GAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCA

Mutated tertiary
(MT) tRNAPhe

5’GCGGAUUUUGCUCUUUUUUUUGAGCGCCAGACUGAAGAUCUG
GAUUUCCUGUGUUUUUUCCACAGAAUUCGCACCA

SHAPE
tRNAPhe

5’GCGGAUUUAGCUCAGUUGGGAGAGCGCCAGACUGAAGAUCUG
GAGGUCCUGUGUUCGAUCCACAGAAUUCGCACCAAGAAAACCAA
AU CGGGCUUCGGUCCGGUUC
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WT and MT tRNAPhe were exchanged into 10 mM sodium cacodylate (pH 7.0) buffer
using an Amicon Ultracentrifugal filter (MWCO 3 kDa).
5.3.3 RNA thermal denaturation monitored by UV absorbance
WT and MT tRNAPhe were first renatured by heating to 90 °C for 3 min in buffer
and KCl and cooled to room temperature over 10 min. The final concentration of RNA
in all melts was 0.5 µM. The MgCl2 was then added to RNA and the samples were
heated to 55 °C for 3 min and cooled to room temperature over 10 min. The MgCl2 was
not included in the high temperature renaturation to avoid cleavage to the RNA
backbone. Crowder or low molecular weight cosolute was added during the second
renaturation step with the Mg2+. Following addition of the Mg2+ and/or crowding or
cosolute agent, the sample was centrifuged at 16k g for 10 min to degas the sample.
All crowding and cosolute agents were prepared as 2X stock solutions and
centrifuged at 16k g for 20 min after preparation. Macromolecular crowding agents
(PEG4000, PEG8000, Dextran10, Dextran70, and Ficoll70) were present at a final
concentration of 20% w/v, and low molecular weight cosolutes (methanol, PEG200,
proline, TMAO, and betaine) were present at a final concentration of 2 m, with the
exception of PEG200, which was present at 20% w/v. Melting experiments were
performed in the background of 10 mM sodium cacodylate (pH 7.0) and 140 mM KCl
with either 0, 0.5, or 2 mM MgCl2. A Gilford Response II spectrophotometer was used
for melting experiments, with a data point acquired every 0.5°C and a heating rate of
~0.6°/min at 260 nm. All melts were performed in duplicate and excellent agreement
between these melts was observed.
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Melts of all WT and MT tRNAPhe transcripts were normalized by dividing all
absorbance readings by the maximum absorbance value. Monophasic melt data were fit
to a two-state model using sloping baselines and analyzed using a Marquadt algorithm for
nonlinear curve fitting in KaleidaGraph v. 3.5 (Synergy software)57. Since excellent
agreement in melts was observed in duplicate measurements, only one melt from each
trial was used for data analysis. Errors from these fits are reported. Derivative plots were
of normalized data and were smoothed using an 11-point window prior to taking the
derivative. Tm values were calculated by identifying the max dA/dT in the derivative
plot; when multiple maxima were present, the reported Tm and max dA/dT are for the
first transition, which involves tertiary structure and also had the largest dA/dT. Tm
values for subsequent transitions are not reported as these are likely due to contributions
of multiple transitions. The number of transitions reported in Table 1 is equal to the
number of local maxima. All difference plots were generated from normalized melt
curves.
5.3.4 Temperature gradient gel electrophoresis
Electrophoresis was performed in 13% polyacrylamide, 1xTHEN10M0.9 (pH 7.5)
(33 mM Tris, 66 M Hepes, 0.1 mM EDTA, 10 mM NaCl, 0.9 mM MgCl2) and a semidenaturing background of 4 M urea in order to facilitate melting in the TGGE
temperature range58, 59. Briefly, the experiment was conducted in perpendicular format in
which samples were layered across a single wide well to which a temperature gradient
~10 - 60°C was applied. The temperature was measured directly in the gel using a digital
thermometer and a long narrow probe. The gel was then dried and imaged on the
PhosphorImager. Melting temperatures were determined graphically by interpolation,
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and comparisons between Tm’s were carried out for samples fractionated on the same gel.
WT and MT were loaded at different concentrations to allow traces to be assigned.
5.3.5 Temperature-dependent SHAPE
The SHAPE tRNAPhe transcript was prepared as described above. The sequence
of the RNA was identical to the WT tRNAPhe but contained a 3’-extension AGA AAA
CCA AAU CGG GCU UCG GUC CGG UUC3’, which provided a six nucleotide spacer
(AGA AAA) and a binding site for the RT primer. Free energy minimization
calculations with mFold60 supported absence of interaction of this extension with the
tRNA itself, which was further supported by the SHAPE results reported herein. The RT
primer (IDT, HPLC purified) was labeled on its 5’-end with [γ-32P] ATP and
polynucleotide kinase. The labeled primer was purified using a GE Healthcare G-50
microspin column to remove unincorporated ATP.
The WT tRNAPhe sample for SHAPE analysis was diluted to a final concentration
of 150 nM in buffer conditions of 100 mM HEPES (pH 7.6)/0.5 mM Mg2+/100 mM KCl.
Temperature-dependent SHAPE was performed in 0.5 mM Mg2+ both with and without
additives and each had a total reaction volume of 20 L. RNA was first renatured by
heating to 90 oC for 1 min in buffer and KCl only, and then cooled to room temperature
over 2 min. The MgCl2 was then added to the RNA, and the samples were heated to 55
o

C for 2 min. Samples were cooled to room temperature for 2 min during which time the

additive was added, and then incubated at 4 oC for 1 min. PEG8000 was present at a final
concentration of 20% w/v, and betaine and methanol were present at a final concentration
of 2 m to mirror melting experiments. All heating and cooling was performed on a
Biometra Tcycler thermocycler. Samples were then brought to the temperature of the
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experiment and incubated at that temperature for 2 min prior to addition of the SHAPE
reagent to ensure that the sample had reached that temperature. A temperature window
of 41-70 oC was used with a ~2.7 oC temperature step between wells. Temperature in the
gradient cycler was calibrated using a thermocouple.
The chemical probing step of SHAPE was performed similar to previously
described61, 62. Briefly, the electrophile 1M7 (dissolved in DMSO) was diluted to a final
concentration of ~10 mM to allow single-hit kinetics condition 62. Reactions were carried
out for 2 min for the lower temperature samples and 1 min for the higher temperature
samples, which allowed for ~5 half-lives of the 1M7 reagent. An experiment containing
no SHAPE reagent was also performed, and it was found that the background reaction is
not highly temperature dependent (Figure C.7). Ethanol was added after reactions were
complete and the tubes were immediately placed on dry ice for precipitation. Reverse
transcription was then performed at 55 oC for 10 min, using Superscript III (Invitrogen)
along with dideoxy sequencing. Next, RNA was hydrolyzed by addition of 0.5 µL of 2
M NaOH and heating at 95 oC for 1 min. Equal volume of formamide loading buffer was
added, and samples were fractionated on a denaturing 10% polyacrylamide gel. Gels
were visualized using a PhosphorImager and analyzed using ImageQuant software
(Molecular Dynamics).
5.3.6 SHAPE data analysis
SHAPE data were first analyzed to assess the overall fold of the tRNAPhe. This
analysis was performed for SHAPE reactions in the presence and absence of additives to
test whether the additives altered the native fold of the RNA. For these plots, the overall
fold of the RNA was determined at 42.3 oC. Background reaction (RT stops without
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SHAPE reagent present) was subtracted from the buffer alone and additive SHAPE
reactions. Data were normalized using SAFA before subtraction for these plots63. These
data were normalized to the most intense nucleotide on the gel, excluding the full-length
band, following subtraction of the no SHAPE reagent reaction.
For analysis of temperature-dependent SHAPE data, the plotted regions were
chosen to represent a diverse set of RNA motifs. All data are under single-hit conditions,
as judged by the large amount of full-length band at the top of the SHAPE gels. To
account for loading differences on the gel, differences in yield of RNA following
precipitation, and temperature-dependence of the SHAPE reagent, the data were
normalized to nucleotides 34-36 in the anticodon loop, as these nucleotides are singlestranded throughout the temperature range. The data were fit to a two-state melting
model using either a sloping or non-sloping baseline depending on the data57. A
Marquadt algorithm for nonlinear curve fitting in KaleidaGraph v. 3.5 (Synergy software)
was used. Baselines were assigned by minimizing the error in the fit. When possible the
folding of multiple nucleotides were fit to a single set of thermodynamic parameters
corresponding to a two-state transition; otherwise, data were fit separately to two-state
transitions.
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5.4 Results
5.4.1 Folding cooperativity of wild type tRNAPhe in the absence of additives
We first evaluated the folding cooperativity of tRNAPhe in 0, 0.5, and 2 mM Mg2+
in the absence of crowding and cosolute additives, all in the background of 140 mM KCl.
We chose to evaluate RNA folding in 0.5 and 2 mM Mg2+ as these are within the range of
free Mg2+ concentrations reported in eukaryotic and prokaryotic cells, respectively, and
in 150 mM K+, as this is near physiological13-19. Additionally, we examined folding in
140 mM KCl without Mg2+ added in order to determine if molecular crowders and
cosolutes could promote folding cooperativity in the absence of divalent ions.
We began by performing melts of the wild type (WT) tRNAPhe in 0, 0.5, and 2
mM Mg2+ in the absence of additives. Melting data are provided in Figure 5.1.C (closed
symbols) and summarized in Table 5.1. In general, a cooperative melt is expected to
display a sharpened two-state like unfolding transition with the absence of shoulders,
while a less cooperative or non-cooperative melt is expected to display a broad unfolding
transition where multiple shoulders may be observed. With no Mg2+ present, WT
tRNAPhe has a broad melting profile that contains a noticeable shoulder and thus consists
of at least 2 transitions (Figure 5.1.C). These properties are indicative of multiple
folding intermediates and little to no folding cooperativity. This outcome is consistent
with significant heterogeneity in the structure, which is expected with no divalent ions
and only relatively low monovalent ions. In 0.5 mM Mg2+, the major unfolding transition
shifts to higher temperature, from 53.5 to 57.5 oC, and is sharpened, as evidenced by
narrowing and heightening of the transition. Indeed, the max dA/dT of the derivative plot
increases from 0.0084 to 0.0106 (Table 5.1); nonetheless, the transition is not highly
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cooperative as evidenced in part by the long tail remaining in the transition (Figure
5.1.C).

Figure 5.1 Secondary structure and first derivative melt curves of WT and MT tRNAPhe.
(A) Secondary structure of WT tRNAPhe. WT tRNAPhe was prepared by in vitro T7
transcription. (B) Secondary structure of mutationally weakened tertiary structure
tRNAPhe, referred to as MT tRNAPhe. Nucleotides mutated to remove tertiary contacts are
shown in red. (C) First derivative melt curves parameteric in Mg2+concentration for WT
tRNAPhe (closed symbols) and MT tRNAPhe (open symbols).

In the presence of 2 mM Mg2+, there is just a single significant unfolding
transition, which is noticeably cooperative when compared to the unfolding transitions in
0 and 0.5 mM Mg2+. The unfolding transition is shifted to much higher temperatures,
from 57.5 oC in 0.5 mM Mg2+ to 65.0 oC in 2 mM Mg2+, and is much steeper, with a max
dA/dT value of 0.0154 as compared to 0.0106 in 0.5 mM Mg2+. These observations are
consistent with earlier studies, which demonstrated that the unfolding of tRNAfMet is
multi-state at 0.5 mM Mg2+ but approximately two-state in 3 mM Mg2+ 47.
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5.4.2 Impact of macromolecular crowders on the folding cooperativity of wild type
tRNAPhe
Having evaluated the impact of magnesium ion concentration on the folding of
tRNAPhe in the absence of additives, we describe effects of macromolecular crowders on
RNA folding. We expected that the crowders would promote RNA folding cooperativity
since they favor a more compact form of the RNA. The molecular crowders, PEG4000,
PEG8000, Dextan10, Dextran70, and Ficoll70 with molecular weights of 4 kDa, 8 kDa, 8
kDa, 10 kDa, 70 kDa, and 70 kDa, respectively, were chosen because they allow
exploration of different chemical compositions and sizes. Concentrations of these were
20% (w/v) to approximate the lower estimates of crowding in vivo21. Melting
experiments on the WT tRNAPhe in the presence of the macromolecular crowders were
performed at 0, 0.5, and 2 mM Mg2+. These data are provided in Figure 5.2 both as a
function of actual temperature and as a function of an offset temperature referred to as
“TBuffer”, in which a constant was added to or subtracted from the actual temperature to
give a Tm matched to the tRNA’s Tm in buffer alone. This analysis was implemented to
align the various melting maxima, facilitate comparison of melts, and aid generation of
difference plots. Additionally, this treatment decouples thermostability and
cooperativity, as they do not always parallel each other.
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Figure 5.2 Melts of WT tRNAPhe in additives with increasing Mg2+ concentration. All
melts were performed in the background of 10 mM sodium cacodylate (pH 7.0) and 140
mM KCl. Panels A-C (both columns) show effects of various crowding agents (20% w/v)
in 0, 0.5, and 2 mM Mg2+, respectively. No additive (black), PEG4000 (blue), PEG8000
(red), Dextran10 (green), Dextran70 (purple), and Ficoll70 (cyan). Panels D-F (both
columns) show effects of low molecular weight cosolutes (2 m, except PEG200, which
was 20% w/v) in 0, 0.5, and 2 mM Mg2+, respectively. No additive (black), methanol
(pink), PEG200 (cobalt blue), proline (orange), TMAO (light purple), and betaine (dark
green). In certain panels, data were adjusted to have the same Tm as the buffer,
designated as “TBuffer”, so that the effects on cooperativity are clear.
In the absence of magnesium, the crowding agents did not have a significant
effect on folding cooperativity. For example, the max dA/dT in PEG8000 and Ficoll70
are somewhat lower than in buffer alone, while for PEG4000, Dextran10, and Dextran70
the max dA/dT values are slightly elevated above those in buffer alone (Figure 5.2.A &
Table 5.1). The lack of any appreciable gains by the crowders on cooperativity in the
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absence of Mg2+ is visualized in the bar graphs in Figure 5.3.A (left set of bars), where
the max dA/dT for the first (i.e. lowest temperature) unfolding transition has been plotted
as a function of additive.

Figure 5.3 Max dA/dT plot of WT and MT tRNAPhe with crowding and low molecular
weight cosolute agents in increasing Mg2+ concentration. Max dA/dT values were
calculated for the first (i.e. lowest temperature) unfolding transition from first derivative
melt curves for (A) WT and (B) MT. Experimental conditions and coloring of plots are
identical to those in Figure 5.2. The black dashed line across each subset of conditions
shows the max dA/dT in buffer alone for that condition. Bars that extend greater that the
dashed line indicated an increase in folding cooperativity. Note the difference in the yaxis scales for panels A and B.
Difference plots show melt data with additive present minus melt data in buffer
alone and help reveal additive-specific effects (Figure 5.4). For generation of these plots,
the melt data as a function of TBuffer were used. Difference melts in the absence of Mg2+
are relatively flat (Figure 5.4.A), consistent with a minimal effect on cooperativity in the
absence of divalent ions. These plots are flat because the parent melts with and without
additive (Figure 5.2.A, right panel) overlay very closely for 0 mM Mg2+, with a small
difference observed for Ficoll70.
In the presence of 0.5 mM Mg2+, the crowding agents lead to a substantial
increase in RNA folding cooperativity (Figure 5.2.B). Remarkably, every crowding
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agent tested led to an increase in the max dA/dT value from that of buffer alone (Figure
5.3.A & Table 5.1) and to sharpening of the folding transition. When melt data in the
presence of additive were again offset to TBuffer, it is evident that the crowder melts have
higher dA/dT max than buffer alone (Figure 5.2.B, right panel). This effect is
accentuated in the difference melts presented in Figure 5.4.B, where there are distinct
bell-shaped derivate plots in the presence of all crowders, with a positive node centered at
the Tm in the presence of buffer denoted ‘Tm,Buffer’. Additionally, there is a negative
feature that precedes the positive node for several crowders leading to a so-called
“differential feature” 64 (Figure 5.4.B). The negative feature arises because the melting
of the tRNA in the presence of the crowder is over a narrower temperature range,
reflective of the sharpening of a transition as associated with RNA folding cooperativity.
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Figure 5.4 Difference plots of melts of WT tRNAPhe in additives minus in buffer alone
with increasing Mg2+ concentration. All melts were performed in the background of 10
mM sodium cacodylate (pH 7.0) and 140 mM KCl. All data were adjusted to have the
same Tm, designated as “TBuffer”. Panels A-C show effects of various crowding agents
(20% w/v) in 0, 0.5, and 2 mM Mg2+, respectively. PEG4000 (blue), PEG8000 (red),
Dextran10 (green), Dextran70 (purple), and Ficoll70 (cyan). Panels D-F show effects of
low molecular weight cosolutes (2 m, except PEG200, which was 20% w/v) also in 0,
0.5, and 2 mM Mg2+, respectively. No additive (black), methanol (pink), PEG200 (cobalt
blue), proline (orange), TMAO (light purple), and betaine (dark green). Difference plots
show the effects of the additives on WT folding cooperativity.
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In the presence of 2 mM Mg2+, all crowders promote folding cooperativity
(Figure 5.2.C). Every crowding agent again leads to an increase in the value of max
dA/dT over that in buffer alone (Figure 5.3.A & Table 5.1) and to sharpening of the
folding transition. Examination of the difference melts in Figure 5.4.C reveals bellshaped derivative plots, similar to observations in 0.5 mM Mg2+. Taken together, the 0.5
and 2 mM Mg2+ tRNA unfolding data indicate that biological magnesium concentrations
allow folding cooperativity to be enhanced by crowding agents.

Table 5.1. Tm and max dA/dT values for WT and MT tRNAPhe unfolding with increasing
Mg2+ concentration.

WT tRNAPhe
Tm (°C)a

Max dA/dTb

MT tRNAPhe

Transitionsc

Tm (°C)a

Max dA/dTb

Transitionsc

53.5

0.0084

2

51.0

0.0048

3

PEG4000

59.0

0.0091

1

55.0

0.0058

2

PEG8000

60.0

0.0082

1

58.0

0.0062

2

Dextran10

54.5

0.0095

2

52.5

0.0056

3

Dextran70

53.5

0.0093

1

53.5

0.0045

3

Ficoll70

56.5

0.0068

1

57.0

0.0061

3

Methanol

53.5

0.0084

2

51.5

0.0068

2

PEG200

53.0

0.0081

2

50.0

0.0064

2

Proline

44.5

0.0073

2

41.0

0.0058

3

TMAO

56.0

0.0085

2

56.5

0.0075

2

Betaine

53.0

0.0097

2

49.0

0.0062

3
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0 mM Mg2+

Buffer

WT tRNAPhe

MT tRNAPhe

Max dA/dTb

Transitionsc

Tm (°C) a

Max dA/dTb

Transitionsc

Buffer

57.5

0.0106

1

55.0

0.0058

2

PEG4000

62.0

0.0129

1

62.0

0.0070

2

PEG8000

61.5

0.0125

1

63.0

0.0064

2

Dextran10

59.0

0.0143

1

58.0

0.0064

2

Dextran70

58.5

0.0122

1

59.5

0.0071

2

Ficoll70

60.0

0.0108

1

59.5

0.0069

2

Methanol

57.0

0.0124

1

56.0

0.0075

2

PEG200

58.0

0.0149

1

54.5

0.0071

2

Proline

47.0

0.0075

3

42.0

0.0062

3

TMAO

59.0

0.0119

2

59.5

0.0077

3

Betaine

53.5

0.0091

2

50.0

0.0070

2
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0.5 mM Mg2+

Tm (°C)a

WT tRNAPhe

MT tRNAPhe

Max dA/dTb

Transitionsc

Tm (°C) a

Max dA/dTb

Transitionsc

Buffer

65.0

0.0154

1

60.0

0.0075

2

PEG4000

68.0

0.0182

1

65.5

0.0094

1

PEG8000

69.0

0.0170

1

66.0

0.0083

1

Dextran10

66.0

0.0181

1

63.5

0.0061

2

Dextran70

67.0

0.0173

1

62.5

0.0054

2

Ficoll70

66.5

0.0161

1

64.5

0.0077

2

Methanol

64.5

0.0163

1

61.0

0.0080

2

PEG200

64.5

0.0173

1

60.5

0.0080

2

Proline

45.5

0.0077

3

44.5

0.0055

3

TMAO

64.5

0.0152

1

61.5

0.0075

2

Betaine

59.0

0.0135

1

54.0

0.0074

2

2 mM Mg2+

Tm (°C) a

a

Typical errors in Tm are ± 1 °C65. bThe error in max dA/dT was no more than 10% based
on comparison of duplicate measurements. cNumber of transitions was determined from
the number of local maxima in the first derivative plots of the melts.
Next we examined the apparent enthalpy change for the first unfolding transition
in the melt because steeper (i.e. more cooperative) melting transitions are typically
associated with greater enthalpy changes66. We fit the melting data to a two-state model
to extract an apparent van’t Hoff enthalpy, ΔHVH. In a number of cases the melting is
clearly non-two state, as discussed above; in these instances, we fit the first (i.e. lowest
melting) apparent unfolding transition. The rationale for treating the data in this manner
is that the apparent ΔHVH from such a fit serves as a marker of the number of RNA
interactions that unfold in the first transition and so describes in a semi-quantitative
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manner the degree of folding cooperativity. Values for ΔHVH and ΔHVH/ΔHVH,buffer,
which provide a comparison to buffer alone, are provided in Table C.1. In 0 mM Mg2+,
nearly all crowders led to a ΔHVH for unfolding that is smaller in magnitude than in the
absence of additive. This is revealed in relative ΔHVH/ ΔHVH,buffer factors that are less
than unity, ranging from 0.7 to 0.8. These data provide no evidence for enhancement of
folding cooperativity by the additive in the absence of Mg2+, consistent with the analysis
above.
We then extended this analysis to melts in the background of 0.5 mM Mg2+. The
value of ΔHVH in the absence of additive increased from 39.7 to 47.6 kcal/mol upon
increasing the Mg2+ from 0 to 0.5 mM, supporting a gain in folding cooperativity in the
presence of 0.5 mM Mg2+ over no Mg2+, consistent with the analysis above (Table C.1).
Remarkably, in 0.5 mM Mg2+, all of the crowders led to a ΔHVH for unfolding that is
greater in magnitude than in buffer alone, which is a trend opposite to that in the 0 mM
Mg2+ background. This effect is clearly revealed in ΔHVH/ΔHVH,buffer ratios that are
substantially greater than unity, ranging from 1.1 to 1.4. This observation supports the
above analysis that additives increase cooperativity in the background of 0.5 mM Mg2+.
Evaluation of the 2 mM Mg2+ melt data reveals ΔHVH/ ΔHVH,buffer ratios that are
greater than unity, again supporting the conclusion that most crowders promote
cooperativity. The effect, however, is somewhat diminished relative to 0.5 mM Mg2+
effects, with maximal ΔHVH/ΔHVH,buffer ratios near 1.1 rather than 1.4. This smaller effect
may arise because the cooperativity has already been enhanced by the higher Mg2+.
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5.4.3 Impact of low molecular weight cosolutes on the folding cooperativity of wild
type tRNAPhe
We next consider the effect of various low molecular weight cosolutes on RNA
folding cooperativity. These measurements were conducted on tRNAPhe in the same
Mg2+ concentrations of 0, 0.5, and 2 mM Mg2+ in a background K+ of 140 mM.
Methanol, PEG200, proline, TMAO, and betaine were chosen for the low molecular
weight cosolutes since they have been shown to stabilize or destabilize RNA, and in
cases of proline, TMAO, and betaine are biologically relevant24, 27, 67, 68. Concentrations
of these were chosen to be 2 m, which is similar to concentrations used in other RNA
folding studies27.
We analyzed tRNA melting in the presence of cosolutes in 0, 0.5, and 2 mM Mg2+
(Figure 5.2.D). In the absence of Mg2+, the small molecule cosolutes do not have a
significant effect on cooperativity, similar to observed with the macromolecular
crowders. For example, in the absence of added Mg2+ the max dA/dT in is quite similar
in buffer alone and in each of the cosolutes with at least two transitions present in the
presence of each cosolute (Table 5.1). This is also apparent in the plot of dA/dT
maximum versus additive (Figure 5.3.A). In addition, the difference plots offset to the
buffer alone temperature show no distinct features (Figure 5.4.D), supporting no clear
effect of cosolutes on folding cooperativity in the absence of divalent ions. We note that
cosolutes lead both to increases and decreases in thermostability in the presence of the
additive, which is distinct from the effect of macromolecular crowders, none of which
decrease thermostability (Table 5.1).
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In the presence of 0.5 mM Mg2+, substantial effects of cosolute on RNA folding
cooperativity are observed (Figure 5.2.E). As discerned from effects on the value of
max dA/dT, PEG200, methanol, and TMAO all enhance folding cooperativity, while
proline and betaine decrease folding cooperativity (Table 5.1, compare max dA/dT
values to buffer). These effects are especially apparent in the difference melts in Figure
5.4.E. In the case of PEG200, methanol, and TMAO, their difference plots are bellshaped with a positive feature centered at Tm,Buffer and the max dA/dT greatest for
PEG200. Moreover, the low-temperature negative differential feature is especially
distinct for PEG200, which also shows a negative feature at higher temperature. The two
negative features arise because melting of tRNA in the presence of PEG200 is especially
sharp, reflecting enhanced folding cooperativity. In contrast, in proline and betaine,
reverse effects are seen. The bell-shaped difference plots for betaine and especially
proline are approximately mirror images of those for PEG200, methanol, and TMAO, in
which the largest magnitude node is the negative node (Figure 5.4.E). This observation
is consistent with a decrease in folding cooperativity arising from these additives. Lastly
in the presence of 2 mM Mg2+, a gain in folding cooperativity still occurs upon addition
of PEG200, methanol, and TMAO, but the stimulation is diminished from what it was in
0.5 mM Mg2+, likely due to the same reasons discussed above for macromolecular
crowders.
Consideration of enthalpy changes in the presence of cosolute strengthens the
conclusions reached above. In particular, ΔHVH/ ΔHVH,buffer factors are less than or equal
to 1 in the absence of Mg2+, providing no evidence for cooperativity enhancement under
these conditions (Table C.1). In the presence of 0.5 mM Mg2+, ΔHVH/ ΔHVH,buffer factors
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range from 1.2 to 1.5 for PEG200, methanol, and TMAO, consistent with the abovementioned gains in folding cooperativity, while ΔHVH/ ΔHVH,buffer factors are 0.7 and 0.9
for proline and betaine supporting the decrease in folding cooperativity in these
cosolutes. In 2 mM Mg2+, the ΔHVH/ ΔHVH,buffer factors are only 1.1 to 1.2 for PEG200,
methanol, and TMAO, again consistent with smaller gains in folding cooperativity in
higher Mg2+. Proline and betaine ratios of ΔHVH/ ΔHVH,buffer remain similarly
destabilizing at 0.6 and 0.9, respectively.
It is of interest to note that for the macromolecular crowders, increases in
cooperativity were generally associated with increases in thermostability. For instance,
thermostability increased in the presence of all crowders in 0, 0.5, and 2.0 mM Mg2+ by
an average of 2.7 oC, and by as much as 6.5 oC. However, this trend does not hold for
low molecular weight cosolutes, which had little or no effect on thermostability, except
for proline and betaine which decreased it. The differential effects of crowders and
cosolutes on thermostability appear to be associated with their impacts on secondary and
tertiary structure.
Finally, we conducted melts of tRNA in 10 mM Mg2+ in representative
macromolecular crowders and low molecular weight cosolutes. These experiments were
carried out in order to provide a comparison between the effects of physiological Mg2+
concentrations and folding-favorable, non-physiological Mg2+ concentrations on RNA
folding, as well as to test the effects of crowder and cosolute additives in these two Mg2+
backgrounds. These data can be found in Figure C.1. While crowders enhanced
thermostability at biological Mg2+ concentrations, as discussed above, they had no
appreciable effect on thermostability in the background of 10 mM Mg2+. This is
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consistent with the notion that effects of additives are lessened in non-physiologically
high Mg2+ concentrations. On the other hand, the crowders did enhance folding
cooperativity slightly in both Mg2+ concentrations.
Low molecular crowders had differential effects on thermostability at biological
Mg2+, as discussed above, however they all decreased thermostability in the background
of 10 mM Mg2+ (Figure C.1). Likewise, while some cosolutes enhanced folding
cooperativity and some decreased cooperativity at biological Mg2+ concentrations, in 10
mM Mg2+ slight enhancements or no effects on folding cooperativity were found.
Overall, the effects of additives in 10 mM Mg2+ provide some biophysical insight for
understanding how additives affect RNA folding, however we focus herein on the effects
of additives under biological Mg2+ concentrations.
5.4.4 Impact of crowders and cosolutes on the folding cooperativity of mutated
tertiary tRNAPhe
In an effort to dissect effects of additives on RNA secondary and tertiary structure
formation, we prepared a mutated tertiary structure tRNAPhe, referred to as MT, in which
key tertiary interactions were abolished by changing D loop, variable loop, and TψC loop
residues to U’s (Figure 5.1.B). The tertiary interactions targeted are represented by
yellow lines in the WT secondary structure (Figure 5.1.A). The folding behavior of MT
tRNAPhe was examined through perpendicular temperature-gradient gel electrophoresis
(TGGE)58, 59 displayed in Figure 5.5. The MT tRNAPhe migrates slower than WT at low
temperatures, has a single lower-melting unfolding transition associated with loss of
secondary structure, and then migrates identically to WT at higher temperatures. Slower
migration than WT at low temperature is consistent with less compaction in MT and thus
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removal of much of the tertiary structure, while co-migration with WT at high
temperature supports identical unfolded structures for MT and WT.

Figure 5.5 Perpendicular TGGE plot for WT and MT tRNAPhe melting transitions.
Electrophoresis is 13% PAGE and 1xTHEN10M0.9 (pH 7.5) (=33 mM Tris, 66 mM
Hepes, 0.1 mM EDTA, 10 mM NaCl, 0.9 mM MgCl2) and 4 M Urea (to facilitate melting
in the TGGE range). Baselines slant to the bottom right-hand corner owing to the
temperature gradient, which was also observed in the blue tracking dyes (not shown).
We first tested MT tRNAPhe for any folding cooperativity by conducting melts in
0, 0.5, and 2 mM Mg2+ in the absence of additives in the background of 140 mM KCl
(Figure 5.1.C, open symbols). In the absence of Mg2+, MT tRNAPhe has a very broad
melting profile that consists of at least 3 very distinct transitions with their own local
maximum. In comparison to WT, MT tRNAPhe melts over a much wider temperature
range and has a substantially smaller dA/dT maximum (0.0048 versus 0.0084 for MT and
WT, respectively, Table 5.1). These observations clearly support multiple folding
intermediates and absence of cooperativity.
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When Mg2+ is added to a final concentration of 0.5 or 2 mM, the transitions shift
to higher temperature, consistent with known effects of divalent ions on secondary
structure 69 (Figure 5.1.C). However the melting profiles remain much broader than
those in WT, show less thermostability, and contain multiple unfolding transitions.
These results suggest that MT tRNAPhe does not fold with any significant cooperativity
even in the presence of Mg2+.
Next we consider the effects of macromolecular crowders and low molecular
weight cosolutes additives on the folding of MT tRNAPhe in the presence of 0, 0.5, and 2
mM Mg2+. The same additives at the same concentrations were studied as in WT
tRNAPhe. In the absence of Mg2+, the crowding agents increase the max dA/dT relative to
buffer (Figure 5.6.A). This change is not consistent with an increase in cooperativity,
however, because the transition does not narrow and because 2-3 transitions are clearly
evident (Table 5.1). Absence of narrowing is evident both in the similarity of the melts
in the TBuffer plots (Figure 5.6.A, right panel), as well as in the difference plots, which do
not show a sharp feature (Figure 5.7.A); compare to Figure 5.4.B, for example. Given
that crowders are known to stabilize extended secondary structures but destabilize short
secondary structures70, the increase in max dA/dT relative to buffer may be due to the
cumulative effect of concomitantly melting secondary structural elements.
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Figure 5.6 Melts of MT tRNAPhe in additives with increasing Mg2+ concentration. All
melts were performed in the background of 10 mM sodium cacodylate (pH 7.0) and 140
mM KCl. Panels A-C show effects of various crowding agents (20% w/v) in 0, 0.5, and 2
mM Mg2+, respectively. No additive (black), PEG4000 (blue), PEG8000 (red),
Dextran10 (green), Dextran70 (purple), and Ficoll70 (cyan). Panels D-F show effects of
low molecular weight cosolutes (2 m,except PEG200, which was 20% w/v) in 0, 0.5, and
2 mM Mg2+, respectively. No additive (black), methanol (pink), PEG200 (cobalt blue),
proline (orange), TMAO (light purple), and betaine (dark green). In certain panels, data
were adjusted to have the same Tm as the buffer, designated as “TBuffer”, so that the effects
on cooperativity are clear.
In the absence of Mg2+, the cosolute agents show an even greater increase in the
max dA/dT for MT tRNAPhe relative to buffer than do crowding agents (Figure 5.6.D).
However, this change again is not consistent with an increase in cooperativity because the
transition does not narrow and because 2-3 transitions are clearly evident (Table 5.1).
Absence of narrowing is, evidenced both in the similarity of the melts with and without
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cosolute in the TBuffer plots (Figure 5.6.D, right panel) and the difference plots (Figure
5.7.D). Given that cosolutes are known to strongly destabilize secondary structure27, the
increase in max dA/dT for cosolutes relative to buffer for MT tRNAPhe may again be due
to overlapping of the melting of many secondary structural elements.
In the presence of 0.5 mM Mg2+, crowding additives have relatively little effect
on the maximal value of dA/dT or the number of transitions which remains at 2 to 3
(Figure 5.6.B & Table 5.1). Moreover, the difference melt plots show little or no regular
features (Figure 5.7.B), consistent with little effect on folding cooperativity. Cosolutes
again lead to an increase in max dA/dT relative to buffer, albeit by a smaller amount
(Figure 5.6.E & 5.7.E).
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Figure 5.7 Difference plots of melts of MT tRNAPhe in additives minus in buffer alone
with increasing Mg2+ concentration. All melts were performed in the background of 10
mM sodium cacodylate (pH 7.0) and 140 mM KCl. All data were adjusted to have the
same Tm, designated as “TBuffer”. Panels A-C show effects of various crowding agents
(20% w/v) in 0, 0.5, and 2 mM Mg2+, respectively. PEG4000 (blue), PEG8000 (red),
Dextran10 (green), Dextran70 (purple), and Ficoll70 (cyan). Panels D-F show effects of
low molecular weight cosolutes (2 m, except PEG200, which was 20% w/v) also in 0,
0.5, and 2 mM Mg2+, respectively. No additive (black), methanol (pink), PEG200 (cobalt
blue), proline (orange), TMAO (light purple), and betaine (dark green). Difference plots
show the effects of the additives on MT folding cooperativity.
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In the presence of 2 mM Mg2+, there are more noticeable effects of crowders and
cosolutes including a differential feature in the difference plots (Figure 5.7.C & 5.7.F).
The differential feature, however, has a negative node at Tm,Buffer, rather than a positive
node as seen with WT (e.g. compare to Figure 5.4.B & 5.4.E). Moreover, the positive
node appears at a temperature lower than the Tm,Buffer. These features arise from
broadening of the transition and are compatible with loss rather than gain of
cooperativity. Observation that the number of unfolding transitions is 2 or 3 with most
crowders and cosolutes (Table 5.1) further strengthens the conclusion that folding
cooperativity of MT tRNA is not promoted by additive.
Lastly, we note that the thermostability of MT was affected by additives in a
similar fashion as WT. Macromolecular crowders increased thermostability by an
average of 4.7 oC, while low molecular cosolutes had little or no effect on
thermostability, with the same exceptions of proline and betaine.
5.4.5 Mapping of tRNAPhe structure by SHAPE as a function of temperature in the
absence and presence of additives
The above thermodynamic results show that cooperativity of tRNA folding is
induced by all macromolecular crowders tested as well as by certain low molecular
weight crowders. In order to gain structural insight into these results, we assessed the
structure of the tRNA by SHAPE in the absence and presence of PEG8000, methanol,
and betaine, in the presence of 0.5 mM Mg2+. The SHAPE method reagent acylates
accessible and dynamic 2’-hydroxyls, which can be detected by reverse transcription
(RT)61, 71. We chose SHAPE because this method has been validated as providing
detailed information on the secondary structure of folded RNAs under a wide-range of
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conditions. To facilitate SHAPE experiments, a 30 nt overhang was appended to the 3’end of the tRNA to provide a primer binding site, with a 6-nt linker between the 3’-end of
the tRNA and the extension (Figure C.2.B). This extension was designed to not interact
with the tRNA, which was validated by free energy minimization calculations as well as
by the results presented below, which reveal a native fold to the tRNAPhe. Structure
mapping by SHAPE was done as a function of temperature every ~2.7 oC between 41 and
70 oC, which spans the melting temperature. In terms of additives, we chose a
macromolecular crowder and a cosolute that promoted cooperativity, as well as a
cosolute that diminished cooperativity. PEG8000 was chosen as the crowder because it
has an intermediate molecular weight and it should have minimal reactivity with the
SHAPE reagent. Methanol was chosen as a cosolute to promote cooperativity, while
betaine was chosen as a cosolute that diminished cooperativity. We tested 0.5 mM Mg2+
because the additives have the biggest effect of cooperativity under these conditions as
described above.
We first mapped the structure of the tRNAPhe in buffer alone and PEG8000 at
42.3 oC, which is well below the Tm values in 0.5 mM Mg in these conditions. SHAPE
reactivity as a function of nucleotide position is provided in Figure C.2. SHAPE
reactions in buffer alone and PEG8000 have nearly identical patterns under these
conditions, with moderate to high reactivity in the D loop, AC loop, and TC loop
regions, as well as in the linker region between the primer binding site and the 3’-end of
the tRNA. These data were mapped onto the secondary structure of tRNA, as shown in
Figure C.2, and agree with the established secondary and tertiary structure of tRNA.
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This result provides confirmation that this T7 transcript of tRNAPhe folds natively in the
presence of buffer and PEG8000 in 0.5 mM Mg2+.
Next, SHAPE experiments were conducted as a function of temperature. We
analyzed nucleotides in the D stem and AC stem, TC loop, and acceptor stem.
Nucleotides 25-32 (D stem and AC stem) were chosen because this stretch contains both
secondary and tertiary structure; nucleotides 55-56 and 58 (TC loop) were chosen
because they participate only in tertiary interactions; and nucleotides 69 and 71-72
(acceptor stem) were chosen because they participate only in secondary interactions
(Figure 5.1.A). Each of the nucleotide SHAPE temperature profiles was fit to a standard
two-state melting equation, with sloping baselines as needed (see Materials and
Methods).
As shown in Figure 5.8 (melts of individual nucleotides) and Figure C.3
(polyacrylamide gels), in the presence of buffer alone in 0.5 mM Mg2+, the tRNA melts
out in multiple transitions. For example, panel A of Figure 5.8 displays nucleotides that
melt in the D stem and AC stem with Tm’s ranging from 50.7 to 60.9 oC, while panels B
and C show nucleotides that melt in the TC loop and acceptor stem with Tm’s ranging
from 48.8 to 53.2 oC. The Tm values observed span the Tm observed in UV melting in 0.5
mM Mg2+ and no additive of 57.5 oC (Table 5.1). It is also noteworthy that some
nucleotides transition from unmodified to modified to unmodified with increasing
temperature, such as residue 55 in the TC loop, supporting population of a folding
intermediate. Together, these data support low folding cooperativity in the presence of
buffer alone consistent with the UV-detected melting data.
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Figure 5.8 Temperature-dependent SHAPE analysis of WT tRNAPhe in the presence and
absence of PEG8000 in 0.5 mM Mg2+. Panels A-C show SHAPE analysis of WT
tRNAPhe in buffer alone. Panels D-F show SHAPE analysis of WT tRNAPhe in 20 % w/v
PEG8000. Panels A and D show nucleotides 25-32 in the D stem and AC stem
(secondary and tertiary structure interactions), panels B and E show nucleotides 55, 56,
and 58 in the TC loop (tertiary structure interactions), and panels C and F show
nucleotides 69, 71, and 72 in the acceptor stem (secondary structure interactions). For
plots A-C buffer alone, each nucleotide was fit separately to a two-state folding model,
since there was poor correlation in Tms for global analysis. For plots D-F in PEG8000,
all nucleotides were fit globally since there was excellent agreement of T ms within each
data set and panel.
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In contrast to buffer alone, SHAPE data in the presence 20% PEG8000 reveal that
the tRNA melts out largely in a single transition. In this case, the same two-state
transition was able to fit all the nucleotides in each of the above regions, with a Tm of
~61.6 oC (Figure 5.8, D-F). Notably, the single Tm from each of these SHAPE-mapped
regions agrees well with the Tm from the UV melts in 20% PEG8000 and 0.5 mM Mg2+
of 61.5 °C (Table 5.1). Overall, the agreement amongst the Tm values derived from
temperature-dependent SHAPE data for the different nucleotides in secondary and
tertiary regions as well as the Tm from the UV melting experiments supports the
conclusion that cooperativity is induced by addition of crowder in biological Mg2+.
Next, we conducted SHAPE experiments on tRNAPhe at 42.3 oC in the presence of
either methanol or betaine, which is below their Tm values in 0.5 mM Mg (Figure C.4 &
C.5). The SHAPE reactivities were nearly identical in both additives, with reactivity
primarily localized to the D loop, AC loop, and TC loop regions, as well as the linker
region. These data mapped well onto the established secondary and tertiary structure of
tRNA, indicating that this tRNA folds natively in the presence of both cosolutes in 0.5
mM Mg2+. Mapping was then conducted as a function of temperature and plotted in the
same regions of the tRNA described for buffer alone and PEG8000. In the presence of
betaine, which is a destabilizing cosolute, the melting appears non-cooperative (Figure
C.6). There is a pattern showing increased reactivity with temperature, followed by a
decrease in reactivity, and followed by another increase in reactivity (Figure C.6, A-C).
This pattern of reactivity is consistent with multiple unfolding transitions in certain
regions of the RNA and suggests that the unfolding transition is non-cooperative, which
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agrees with results from the melts. The temperature-dependent SHAPE reaction in the
presence of betaine was therefore not fit to a state-two model.
In contrast, in the presence of methanol, which is a stabilizing cosolute, the
melting appears cooperative (Figure C.6). There is a pattern showing decreased
reactivity with temperature, followed by an increase in reactivity, and followed by
another decrease in reactivity. The decrease in reactivity with temperature is likely due
to the SHAPE reagent 1M7 being consumed through reacting with methanol in an
increasing fashion with temperature. In this case, the same two-state transition with
negatively sloping baselines fit all the nucleotides in each of these three regions, and the
thermodynamics parameters agreed between the different approaches with a Tm of ~60.2
o

C. This Tm is in reasonable agreement with the Tm from the melts of 57.0 oC, especially

given the difficulty in assigning baselines in the temperature-dependent SHAPE. In sum,
the temperature-dependent SHAPE data in the presence of cosolutes agree well with the
conclusions made from the UV melting experiments, which is that certain cosolutes, such
as methanol, induced cooperative folding of the RNA, while others, such as betaine,
diminish cooperative folding. Overall, the degree of cooperativity observed in the
SHAPE analysis in the presence and absence of crowder and cosolutes parallels that
inferred from the max dA/dT values of betaine < buffer < methanol < PEG8000 (Table
5.1) providing structural support to the above conclusions.
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5.5 Discussion
5.5.1 Study overview
In this study, we examined the folding cooperativity of tRNA in the absence and
presence of Mg2+. The concentrations of Mg2+ tested, 0.5 and 2 mM, are similar to those
typically found in eukaryotic and prokaryotic cells, respectively. Furthermore, we tested
the effects of crowders and cosolutes on RNA folding cooperativity at concentrations
typical of both cells. Melts revealed that increasing Mg2+ concentration increased RNA
folding cooperativity, as expected, and that folding cooperativity is further enhanced in
backgrounds of biological Mg2+ concentration by the presence of all macromolecular
crowders tested. This was revealed in increased sharpness of single melting transitions.
Melts in the presence of small molecule cosolutes revealed that certain cosolutes, such as
methanol and PEG200, increase folding cooperativity, whereas other cosolutes, such as
betaine and proline, reduce folding cooperativity. Moreover, for those crowders and
cosolutes that enhance cooperativity, the enhancements were similar in magnitude to the
enhancements in going from no Mg2+ to 0.5 mM Mg2+, as inferred from max dA/dT
values. Probing the base pairing status of individual nucleotides with SHAPE provided
structural support for these conclusions, revealing enhanced cooperativity of tRNA
folding in crowders and certain cosolutes in biological Mg2+ concentrations.
5.5.2 Origins of folding cooperativity and its relationship to thermostability
Folding cooperativity can be considered to arise from two limiting scenarios: (1)
strengthening of tertiary structure interactions more than secondary structure interactions,
or (2) weakening secondary structure interactions more than tertiary structure
interactions. In this section, we consider the 0.5 mM Mg2+ data followed by 2 mM Mg2+.
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In the absence of Mg2+, essentially no cooperativity was observed, so this condition is not
considered in detail.
The effects of crowders and cosolutes on WT and MT tRNAPhe thermostability
and folding cooperativity in the presence of 0.5 mM Mg2+ are summarized in Figure 5.9.
In the presence of 0.5 mM Mg2+, thermostability of both WT and MT tRNAPhe increased
in various crowders relative to buffer alone (Table 5.1).

Figure 5.9 Summary of effects of cosolutes and crowders on thermostability and RNA
folding cooperativity in the presence of eukaryotic free magnesium concentration of 0.5
mM Mg2+. A vertical arrow signifies an increase, and a horizontal arrow signifies no
change.
However, the cooperativity of only WT tRNAPhe increased in the presence of
crowder. Moreover, MT unfolded with at least 2 transitions but WT had 1 transition.
Because thermostability increased for both WT and MT tRNAPhe, with a somewhat
greater increase for MT, it appears that the first scenario, in which tertiary structure
interactions are strengthened more than secondary structure interactions, is responsible
for the gain in folding cooperativity in the presence of crowders. Strengthening of
tertiary structure is expected from the presence of macromolecular crowders24.
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In general, the effects of cosolutes on cooperativity are specific to the given
additive chosen. These effects of cosolutes on secondary structure stability are consistent
with other results27, 72, where TMAO was slightly stabilizing or destabilizing depending
on the RNA, methanol was only slightly destabilizing, while proline and betaine were
strongly destabilizing.
We first consider TMAO in the presence of 0.5 mM Mg2+. Because TMAO both
enhances folding cooperativity, as evidenced by a max dA/dT increase over buffer alone
of 0.0106 to 0.0119, and thermostability, as evidenced by Tm increases from buffer alone
for both WT and MT tRNAPhe, it appears to enhance folding cooperativity by the first
scenario in which tertiary structure interactions are strengthened more than secondary
structure interactions.
Methanol and PEG200 both increase cooperativity, as evidenced by max dA/dT
increases over buffer of 0.0106 to 0.0124 and 0.0149, respectively. In the presence of
PEG200, which leads to the most cooperative unfolding, thermostability is enhanced in
WT and diminished in MT, albeit by small effects. It thus appears that cooperativity
arises in PEG200 due to a combination of both scenarios: strengthening of tertiary
structure and weakening of secondary structure. It is likely the combination of these two
mechanisms that leads to PEG200 being the additive that has the most cooperative
unfolding. Studies on melting behavior of model oligonucleotides representing various
tRNAPhe helices support this conclusion (data not shown), as do data on shorter
oligonucleotides70. The molecular origin of this effect appears to be related to water
activity being reduced in the presence of PEG200, which disfavors secondary structure
formation but favors higher order structure formation67, 70. With methanol,
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thermostability is changed only slightly in both the WT and MT, diminished in WT and
enhanced in MT relative to buffer alone. The origin of the folding cooperativity increase
in the presence of methanol thus appears to be related to increase in tertiary structure
stability, which is consistent with other observations73.
Proline and betaine both strongly destabilized thermostability, to the point where
cooperativity is lost as revealed by max dA/dT decreases relative to buffer of 0.0106 to
0.0075 and 0.0091, respectively, and by the presence of multiple transitions (Table 5.1).
Origin of the loss of cooperativity could be due to interactions between the additive and
the RNA and/or Mg2+ ions 27.
Next we consider folding cooperativity in the presence of 2 mM Mg2+. In the
presence of crowders, thermostability of both WT and MT tRNAPhe increase relative to
buffer alone, as in the case of 0.5 mM Mg2+. Regarding cosolutes, folding cooperativity
in 2 mM Mg2+ is still enhanced by PEG200 to a significant extent and by methanol to a
smaller extent. Proline and betaine continue to diminish cooperativity, while TMAO no
longer enhances cooperativity. Overall, cosolutes have similar, but not identical, effects
on cooperativity in 2 and 0.5 mM Mg2+. We do note that, however, that the cooperativity
gains in 2 mM Mg2+, both in the presence of crowders and cosolutes, are somewhat
smaller than those in 0.5 mM Mg2+, as revealed by smaller gains in max dA/dT, in
difference plots, and ΔHVH/ ΔHVH,buffer. Diminished enhancement of cooperativity by
additivity is likely caused in large part because the background cooperativity in buffer
alone is considerably greater in 2 mM Mg2+ than 0.5 mM Mg2+. These results are
qualitatively similar to those from Lambert and Draper who observed that Mg2+
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diminishes the stabilizing contributions of osmolytes for RNAs that bind Mg2+
diffusely27.
5.5.3 Evidence that the unfolding of RNA is only partially cooperative
It appears that folding cooperativity gains in tRNAPhe are only partial. The largest
ΔH for unfolding that we observe is ~100 kcal/mol, under conditions of 2 mM Mg2+ and
all crowders as well as the cosolutes methanol, TMAO, and PEG200 (Table C.1).
Turner rules suggest that melting of all the secondary structure should lead to a ΔHVH for
unfolding of ~208 kcal/mol (mFold with version 2.3 energies). Comparison of the ΔH
values measured herein to those from Turner and co-workers is somewhat indirect as
their melts are typically in 1 M NaCl, while ours are in 0.5 or 2.0 mM Mg2+ and 140 mM
KCl, as well as the presence of various additives. Nonetheless, it appears that even in the
more cooperative unfolding transitions observed herein, the extent of structure lost in the
transition is not due to an all-or-none transition. Thus, while we clearly see that additives
lead to increases in the magnitude of ΔH, it is likely the case that not all of the RNA is
melting at once and that the gains in cooperativity are partial, at least under the conditions
tested herein.
Weeks and colleagues conducted SHAPE studies on the folding of a different
tRNA as a function of temperature53. Their experiments had a number of differences
from ours, including studies based on a (unmodified) tRNAAsp from yeast, which is much
more GC-rich than yeast tRNAPhe studied herein, and a background of 10 mM Mg2+.
Nonetheless, they made a number of observations that are similar to ours. In particular,
they found that certain tertiary structure and secondary structure elements melt
simultaneously while others melt separately. The similarities may come about because of
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the enhanced secondary structure stability from the GC-rich helices being offset by the
enhanced tertiary structure stability from 10 mM Mg2+.
5.6 Conclusions
Under standard literature conditions, intermolecular interactions in RNA are
strong. For example, a helix of just 8 GC bp has a t1/2 of ~ 16 h at 37 oC and 1 M NaCl74.
As such, RNA has potential to be extraordinarily stable, with long-lived intermediates
and misfolded intermediates. This has led to the notion that secondary structure is
stronger than tertiary structure and that RNA folds through highly populated helical
intermediates. This does not have to be the case, however. Base pairing is typically
much weaker in mesophilic than thermophilic functional RNAs75, 76 and strong tertiary
interactions can hold together intrinsically unstable helices47, 77. Thus, it is possible that
secondary and tertiary structure could melt simultaneously leading to partial or full
unfolding cooperativity.
Herein, we established that physiological concentrations of crowding and
cosolutes influence the folding cooperativity of RNA in biological Mg2+ concentrations.
Future studies will be needed to dissect the molecular identity of the cooperativity
through such methods as double and triple mutant cycles57, which we and others have
applied under dilute solution conditions78-81. Moreover, studies will be needed on large,
multi-domain RNAs to see if these respond differently to crowders and cosolutes. In
addition, studies will be needed to probe the extent of folding cooperativity in living cells
to determine if RNA folds cooperatively paralleling protein folding under these
conditions.
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Supporting Information: Chapter 5
[Published as a paper entitled “Molecular Crowders and Cosolutes Promote Folding
Cooperativity of RNA Under Physiological Ionic Conditions” by Christopher A.
Strulson, Joshua A. Boyer, Elisabeth E. Whitman, and Philip C. Bevilacqua in RNA 2014,
in press.]

C.1 Supporting table
Table C.1 Thermodynamic parameters for WT tRNAPhe unfolding with increasing Mg2+
concentration.

WT tRNAPhe
ΔH (kcal/mol)b

ΔH/ΔHBufferc

Buffer

53.5

39.7 ± 0.5

1.0

PEG4000

59.0

31.2 ± 0.8

0.8

PEG8000

60.0

29.2 ± 0.8

0.7

Dextran10

54.5

28.1 ± 0.5

0.7

Dextran70

53.5

27.6 ± 1.6

0.7

Ficoll70

56.5

31.0 ± 2.6

0.8

MeOH

53.5

34.2 ± 0.6

0.9

PEG200

53.0

34.5 ± 1.2

0.9

Proline

44.5

33.1 ± 0.4

0.8

TMAO

56.0

36.7 ± 0.7

0.9

Betaine

53.0

41.5 ± 1.9

1.0

0 mM Mg2+

Tm (°C)a
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ΔH (kcal/mol)b

ΔH/ΔHBufferc

Buffer

57.5

47.6 ± 0.5

1.0

PEG4000

62.0

61.4 ± 1.1

1.3

PEG8000

61.5

52.6 ± 0.9

1.1

Dextran10

59.0

59.5 ± 4.5

1.3

Dextran70

58.5

58.1 ± 0.8

1.2

Ficoll70

60.0

65.9 ± 1.7

1.4

MeOH

57.0

61.0 ± 0.9

1.3

PEG200

58.0

71.3 ± 1.2

1.5

Proline

47.0

32.2 ± 0.7

0.7

TMAO

59.0

56.8 ± 0.9

1.2

Betaine

53.5

41.6 ± 0.7

0.9

0.5 mM Mg2+

Tm (°C)a

213

Tm (°C)a ΔH (kcal/mol)b ΔH/ΔHBufferc
65.0

87.9 ± 1.4

1.0

PEG4000

68.0

93.5 ± 2.2

1.1

PEG8000

69.0

96.0 ± 2.3

1.1

Dextran10

66.0

92.7 ± 2.2

1.1

Dextran70

67.0

93.4 ± 3.1

1.1

Ficoll70

66.5

87.6 ± 2.5

1.0

MeOH

64.5

94.1 ± 2.0

1.1

PEG200

64.5

101.9 ± 2.4

1.2

Proline

45.5

49.2 ± 0.9

0.6

TMAO

64.5

96.7 ± 1.5

1.1

Betaine

59.0

78.7 ± 2.0

0.9

a

2 mM Mg2+

Buffer

Typical errors in Tm are ± 1 °C.

b

Error is reported as the error from the fit.

c

Error is estimated to be <10% based on propagation of error
from fits and estimation of experimental error.
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C.2 Supporting figures

Figure C.1 Melts of WT tRNAPhe in additives with 10 mM Mg2+. All melts were
performed in the background of 10 mM sodium cacodylate (pH 7.0) and 140 mM KCl.
(A) Shows effects of various crowding agents (20% w/v). No additive (black), PEG4000
(blue), PEG8000 (red), Dextran10 (green), and Ficoll70 (cyan). (B) Shows effects of low
molecular weight cosolutes (2 m, except PEG200, which was 20% w/v). No additive
(black), methanol (pink), PEG200 (cobalt blue), proline (orange), TMAO (light purple),
and betaine (dark green). In right-hand panels, data were adjusted to have the same Tm as
the buffer, designated as “TBuffer”, so that the effects on cooperativity are clear.
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Figure C.2 SHAPE reactivities in buffer and PEG8000 mapped onto WT tRNAPhe
secondary structure. (A) SHAPE reactivity plotted for each nucleotide in WT tRNAPhe in
the background of 100 mM HEPES (pH 7.6)/0.5 mM Mg2+/100 mM KCl in the absence
(black) and in the presence (blue) of 20% PEG8000. SHAPE reaction was performed at
42.3 oC. (B) Secondary structure of WT tRNAPhe showing nucleotides that exhibited
SHAPE reactivity in additive above 0.3 (orange) and 0.7 (red). The nucleotides
exhibiting strong SHAPE reactivity agree well with the tRNAPhe secondary structure.
The SHAPE reaction in buffer alone (not mapped here) and PEG8000 are very similar to
one another.
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Figure C.3 Temperature-dependent SHAPE PAGE gels in buffer and PEG8000. PAGE
gels of temperature-dependent SHAPE reactions of WT tRNAPhe in the background of
100 mM HEPES (pH 7.6)/0.5 mM Mg2+/100 mM KCl in the absence (A) and in the
presence (B) of 20% PEG8000. Sequencing lanes are shown on the gels. Each lane is
the SHAPE reaction performed at that temperature. In the absence of PEG8000, the
SHAPE reactivity shows that different regions of the RNA are unfolding at nonsynchronous temperatures. In contrast, in the presence of PEG8000 the SHAPE
reactivity shows that different regions of the RNA appear to unfold over similar
temperature regimes.
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Figure C.4 SHAPE reactivities in buffer and betaine mapped onto WT tRNAPhe
secondary structure. (A) SHAPE reactivity plotted for each nucleotide in WT tRNAPhe in
the background of 100 mM HEPES (pH 7.6)/0.5 mM Mg2+/100 mM KCl in the absence
(black) and in the presence (green) of 2 m betaine. SHAPE reaction was performed at
42.3 oC. (B) Secondary structure of WT tRNAPhe showing nucleotides that exhibited
SHAPE reactivity in additive above 0.3 (orange) and 0.7 (red). The nucleotides
exhibiting strong SHAPE reactivity agree well with the tRNAPhe secondary structure.
Additionally, the SHAPE reaction in buffer alone and betaine are very similar to one
another.
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Figure C.5 SHAPE reactivities in buffer and methanol mapped onto WT tRNAPhe
secondary structure. (A) SHAPE reactivity plotted for each nucleotide in WT tRNAPhe in
the background of 100 mM HEPES (pH 7.6)/0.5 mM Mg2+/100 mM KCl in the absence
(black) and in the presence (purple) of 2 m methanol. SHAPE reaction was performed at
42.3 oC. (B) Secondary structure of WT tRNAPhe showing nucleotides that exhibited
SHAPE reactivity in additive above 0.3 (orange) and 0.7 (red). The nucleotides
exhibiting strong SHAPE reactivity agree well with the tRNAPhe secondary structure.
Additionally, the SHAPE reaction in buffer alone and methanol are very similar to one
another.
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Figure C.6 Temperature-dependent SHAPE analysis of WT tRNAPhe in the presence of
betaine and methanol in 0.5 mM Mg2+. Panels A-C show SHAPE analysis of WT
tRNAPhe in 2 m betaine. Panels D-F show SHAPE analysis of WT tRNAPhe in 2 m
methanol. Panels A and D show nucleotides 25-32 in the D stem and AC stem
(secondary and tertiary structure interactions), panels B and E show nucleotides 55, 56,
and 58 in the TC loop (tertiary structure interactions), and panels C and F show
nucleotides 69, 71, and 72 in the acceptor stem (secondary structure interactions). For
plots A-C in betaine, the reactivity of each nucleotide was not fit to a two-state transition
because reactivity is clearly non-two-state, as evidenced by the multiple regions with
positive slope. For plots D-F in methanol, all nucleotides were fit globally since there
was agreement of Tms within each data set and panel supporting increased folding
cooperativity. Both the lower and upper baseline were fit using a decreasing slope
because of the loss of SHAPE reactivity with an increase in temperature.
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Figure C.7 Temperature-dependent PAGE gel in the absence of SHAPE reagent. PAGE
gel of WT tRNAPhe in the background of 100 mM HEPES (pH 7.6)/0.5 mM Mg2+/100
mM KCl in the absence SHAPE reagent. The gel shows that without the SHAPE reagent
temperature does not greatly influence the reaction progress.
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