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ABSTRACT

ELUCIDATING THE STRUCTURE AND KINETICS OF THE APOCYTOCHROME
B mRNA/gRNA COMPLEX IN TRYPANOSOMA BRUCEI MITOCHONDRIA

By
Laura Elizabeth Yu
Expression of mitochondrial genes in Trypanosoma brucei requires RNA editing of its
mRNA transcripts. During editing, uridylates are precisely inserted and deleted as
directed by the guide RNA (gRNA) template to create the protein open reading frame.
This process involves the bimolecular interaction of the gRNA with its cognate pre-edited
mRNA and the assembly of a protein complex. The importance of RNA structure in
establishing a functional editing complex is poorly understood. Previous experiments
indicate that different mRNA/gRNA pairs can form similar secondary structures
suggesting that a common core architecture may be important for editosome recognition
and function. Using solution structure probing, we have investigated the structure of the
initiating gRNA, gCYb-558, in the mRNA/gRNA complex. The data indicate that the
stem-loop formed by the guiding region of the gRNA alone is maintained in its
interaction with the pre-edited message. In addition, the data suggest that a gRNA stem-
loop structure is maintained through the first few editing events by the use of alternative
base pairing with the U-tail. This suggests that the gRNA stem-loop is an important
component of the initial editing complex.
In trypansomes, RNA editing of the mitochondrial mRNAs is developmentally
regulated in a transcript specific manner. We hypothesize that regulation involves the
structure of the mRNA and its ability to interact with its gRNA. Surface plasmon

resonance was used to measure the kinetics of gRNA binding for three separate



mRNA/gRNA pairs; two mRNA substrates with predicted single stranded anchor binding
sites (ABS) and one mRNA substrate with the ABS located within a thermodynamically
stable stem-loop. The stability of the mRNA stem-loop appears to affect the gRNA
anchor target binding and results in a slower association rate as well as a faster
dissociation rate. In contrast, the mRNAs with an open ABS associate with their cognate
gRNAs at a much faster rate. In addition, they have a surprisingly slow dissociation rate.
This slow dissociation rate may be necessary to allow the editosome protein complexes to
recognize and assemble onto the mRNA/gRNA pair.

Editing of the mRNA, results in a progressive lengthening of the anchor helix. Using
apocytochrome b (CYb) mRNA and 2 partially edited CYb mRNAs, the kinetic effects of
editing for the CYb mRNA/gRNA interaction were investigated. The CYb mRNA forms
a stable stem-loop that the gRNA anchor has difficulty invading to base pair at the anchor
binding site (ABS). Each editing event appears to result in a decreased dissociation rate
that may be important for editing progression. In addition, the U-tail targets one side of
the stem-loop for binding and this appears to increase the association rate constant two
fold when the gRNA binds the unedited CYb mRNA providing a new and exciting

function for the U-tail.
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CHAPTER 1

INTRODUCTION



History of Human African Trypanosomiasis

Trypanosomes are motile, protozoan parasites with a life cycle that includes two hosts,
insects and mammals. Trypanosoma brucei gambiense and Trypanosoma brucei
rhodesiense are African species that infect man and wild game; they cause the disease
human African trypanosomiasis (HAT), also known as sleeping sickness. HAT threatens
over 60 million people in 36 sub-Saharan African countries. Only 3 to 4 million of those
at risk have access to health care that provides screening and treatment (WHO, 2001).
Trypanosoma brucei brucei (T brucei), the form studied in our lab, does not infect man
but causes the wasting disease, nagana, in ruminants. The effects of nagana are equally
devastating to the population as the disease places a major constraint on agricultural
development in many of the poorer countries. Nagana infects 46 million cattle in Africa
and causes the death of three million cattle a year (Unisci, 2001). The economic loss
associated with African trypanosomiasis is estimated to be $4.5 billion each year
(Mattock & Pink, 2003-2004).

T. brucei is transmitted through the saliva of a bite from a tsetse fly (Glossina ssp.) as
it takes a blood meal from the new vertebrate host. The area of Africa where the tsetse
fly breeds covers over 10 million square kilometers (WHO, 2001; Kuzoe & Schofield,
2004) creating a major challenge to both the prevention of parasite transmission as well
as treatment of infected humans and animals. Other problems associated with treating
humans with trypanosomiasis include inadequate resources, surveillance, disease
knowledge, and diagnostic tools. The drugs available are expensive; most cause adverse
side effects and cannot be administered without medical aid (Mattock & Pink, 2003-

2004).



Historically, the spread of infection was primarily controlled by destroying the
breeding grounds of the tsetse fly, spraying of pesticides, and reduction of wild game
populations. Using these techniques, the number of cases of trypanosomiasis (over
50,000 reported cases of infection in 1940) was drastically reduced by the 1960’s (less
than 10,000 reported cases of infection) (Kuzoe & Schofield, 2004). Unfortunately, with
the decrease in the numbers of afflicted, interest in HAT declined resulting in a reduction
of control activities and a resurgence of human and animal trypanosomiasis (with close to
40,000 reported cases of infection by 2000). In addition, political instability, wars, and
civil unrest have led to further blocks in control activities (Kuzoe & Schofield, 2004).
The World Health Organization (WHO) estimates that 300,000 to 500,000 people are in
danger of HAT infection every year, but the instability of the most affected areas means
there are no accurate numbers to support these estimates (Mattock & Pink, 2003-2004).

A renewed interest in HAT prevention, through WHO and other non-profit groups has
begun measures to try to reduce infection. Past methods of tsetse vector control
described earlier are no longer recommended as they cause other secondary
environmental concerns. Newer methods of control include traps and screens to capture
and kill flies, live bait techniques (treating cattle with insecticides), and sterile insect
technique (releasing mass numbers of sterile male tsetse flies) (Kuzoe & Schofield,
2004).

Trypanosomes

The life cycle of the trypanosome includes two hosts. Part of the life cycle is spent in

an insect vector (procyclic stage) and part in a mammalian host (bloodstream stage) (Fig.

1). When an infected tsetse fly takes a blood meal, the trypanosomes are injected through



Slender trypomastigote
Sparse, short tubular
cristae ==

Intermediate trypomastigote
= Cristae lengthen

Ni

-
Metacyclic
trypo-
mastigote
L )
Closely-packed N

tubular cristae

Stumpy
trypomastigote

Many tubular
cristae

Epimastigote

Midgut and cardia
trypomastigotes

in tsetse flies

Figure 1. The life cycle of the trypanosome includes mammalian and insect hosts. In the
tsetse fly, the mitochondrion is large and reticulated, and ATP is produced through
electron transport and oxidative phosphorylation. In contrast, during the bloodstream
stage of the life cycle, the trypanosome derives most of its energy from glycolysis. The
mitochondrion is less active and has a compact morphology. From: Vickerman, K. 1971.
In Fallis, A.M,, ed. Ecology and Physiology of Parasites. University of Toronto Press,
Toronto.



the salivary glands and enter the bloodstream. In the bloodstream, the parasites
proliferate in waves as morphologically slender forms. They are able to thwart the
human immune system by having a protein coat composed of a variant specific
glycoprotein (VSG) with thousands of genetic variations that change with each wave of
parasitemia (Vickerman, 1985). During each proliferative wave, as parasite numbers
increase, differentiation to the short, stumpy form occurs. Cell division is arrested in this
form, and the trypanosome is pre-adapted for transmission to the insect host. When an
insect becomes infected through a trypanosome enriched blood meal, the stumpy forms
travel to the mid-gut of the insect where they develop into the procyclic form. Procyclic
forms lose the VSG coat and develop a coat of procyclins. Trypansomes in the mid-gut
arrest in division and migrate to the salivary glands. They attach themselves to the walls
of the salivary gland as epimastigote forms to proliferate. As epimastigote numbers rise,
the trypanosomes differentiate into metacyclic forms that are non-proliferative and
develop the VSG coat. The metacyclic forms are then ready to infect a new host
(Matthews, 2005).

One unique feature in trypanosomes is the change in energy metabolism that is
reflected in the extreme morphological difference in mitochondrion structure between the
two hosts (Vickerman, 1965). Trypanosomes do not store carbohydrates, so they must
obtain their energy supply directly from a host. In the insect vector, the trypanosome has
a fully active and more developed mitochondrion that produces ATP through electron
transport and oxidative phosphorylation. During this stage, the mitochondrion grows
long and reticulated and develops a mitochondrial network where most of the cristae are

plate-like (Brown et al., 1973). In the mammalian host, the trypanosome oxidizes



glucose from the bloodstream using an organelle unique to trypanosomes, the glycosome,
while most mitochondrial functions are suppressed. Morphological changes in the
structure of the mitochondrion reflect its suppressed function as it becomes a linear canal
extending the length of the trypanosome and containing some tubular cristae (Brown et
al., 1973). Glycosomes are peculiar peroxisomes that compartmentalize the first seven
steps of glycolysis as well as the pentose phosphate pathway. The changes in
morphology and content of this organelle lead to large differences in the metabolism of
trypanosomes in the separate hosts. The trypanosome is able to effect a rapid change in
its development, morphology, and energy metabolism in response to an instantaneous
difference in temperature (insect 27°C, mammal 37°C), cellular environment, and
immune response that is brought on by a change of host (Brown & Neva, 1983).
Metabolism of Trypanosomes

The metabolism of trypanosomes allows a large amount of flexibility in order to
respond to sudden changes in nutrition as well as a change of host. In the mammalian
bloodstream, compartmentalization of glycolysis in the glycosome appears to regulate the
amount of ATP that is accessible to hexokinase and phosphofructokinase (Fig. 2). These
glycolytic enzymes are unusual as they are unregulated in trypanosomes and could cause
a toxic accumulation of glycolytic intermediates if allowed unlimited access to ATP
(Hannaert et al., 2003). The glycosome allows no net change in ATP to occur through
the first seven steps of glycolysis. Afterward, 3-phosphoglycerate is shuttled to the
cytoplasm for the last three steps of glycolysis to produce two net ATP and pyruvate.
Even though the mitochondrion is largely repressed during the mammalian stage, a

putative glycerol 3-phosphate/DHAP shunt runs between the glycosome and the



mitochondrion. This shunt helps to maintain the NAD+/NADH balance with the help of
a glycerol 3-phosphate dehydrogenase and the terminal alternative oxidase (Michels et
al.,, 2000). During this stage of the life cycle, the mitochondrion lacks most Krebs cycle
enzymes as well as a cytochrome containing respiratory chain. However, it does
maintain an electron membrane potential through FoF,-ATPase (Nolan & Voorheis,
1992; Schnaufer et al., 2005).

When living in a procyclic host, the trypanosome has a more elaborate energy and
carbohydrate metabolic network (Fig. 3) that includes the mitochondrial Krebs cycle and
a respiratory chain (Fig. 4) (Hannaert et al., 2003; Coustou et al., 2005). The glycosome
enzyme content changes and resembles succinic fermentation in anaerobic organisms
versus lactic acid fermentation favored while in the mammalian bloodstream. This shift
toward succinic fermentation allows the trypanosome to require 50% less pyruvate to
maintain energy production (Hannaert et al., 2003). During this stage of the life cycle,
the trypanosome is able to metabolize both glucose and amino acids (mainly proline) as
its energy source (Lamour et al., 2005). However, it appears that neither energy source is
fully converted to CO; despite the presence of a fully functional Krebs cycle and
respiratory chain. Instead, glucose is converted to succinate, acetate, lactate, and alanine,
while proline is converted to succinate (Coustou et al., 2005).

Kinetoplast

The mitochondrion of trypanosomes is called a kinetoplast because of the unique and
complex structure formed by the kinetoplast DNA (kDNA). The mitochondrial DNA in
these organisms is incredibly bizarre, consisting of thousands of minicircles (1.0 kb each)

and 40-50 maxicircles (23 kb) that are topologically interlocked forming a compact disk
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Figure 4. Diagram of the mitochondrial respiration complexes. Complexes I, III, IV, and
V are present as well as the alternative oxidase. Complex II is predicted to be in
trypanosome mitochondria, because a succinate dehydrogenase activity and succinate-
dependent respiration are present. However, the actual proteins for the complex have not
been verified. Cyt = cytochrome, Cu = copper center, H+ = proton, FeS = iron/sulfur
cluster, FMN = flavin mononucleotide, NADH = Nicotinamide adenine dinucleotide in
its reduced form, Q = ubiquinone. Hannaert, V. et al. (2003) Evolution of energy
metabolism and its compartmentation in Kinetoplastida. Kinetoplastid Biology and
Disease. 2:11.
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structure (Lukes et al., 2002). Kinetoplast maxicircle DNA (Fig. SA) is similar to other
mitochondrial DNA in that it is circular, and encodes rRNA and some essential protein
components for mitochondrial respiration. However, the majority of the mRNAs that are
encoded on the maxicircle are not translatable. These mitochondrial transcripts may
contain conserved frame shifts, internal stop codons, and in some cases lack start codons
(Koslowsky, 2004). RNA editing in kinetoplasts is a post-transcriptional process that
involves the precise insertion and deletion of uridine residues in mitochondrial messenger
RNAs (mRNAs). These changes are made by several proteins that collectively form the
editosome complex and are directed by a small RNA molecule called a guide RNA
(gRNA). This editing process is required to make many of the mitochondrial transcripts
translatable.

The first report of RNA editing showed that a frame shift in the cytochrome oxidase 11
gene encoded by the mitochondrial DNA was corrected in the mRNA transcript by the
addition of four uridine residues (Benne et al., 1986). Uridine deletion was also found to
occur (Shaw et al., 1988) during editing. Editing can repair conserved frame shifts,
internal stop codons, and in some cases create the proper start codon through the precise
insertion or deletion of uridines (Feagin et al., 1988b). Some mitochondrial transcripts
have more than 50 percent of their reading frame added through editing (Feagin et al.,
1988a).

The template for editing is provided by gRNAs that are usually encoded on
minicircles (Fig. 5B) (usually 3 gRNAs per minicircle) (Sturm & Simpson, 1990). Two
gRNAs are encoded on the maxicircle (Clement et al., 2004; Golden & Hajduk, 2005);

one of these appears to use a novel method of in cis gRNA binding for RNA editing of
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Figure 5. Maxicircle, minicircle, and gRNA diagrams. A. Maxicircle DNA resembles
other eukaryotic mitochondrial DNA; it encodes rRNAs (9S and 12S) and some essential
components of the mitochondrial protein respiration complexes. Many of these
mitochondrial transcripts require editing before they can be translated. B. Minicircles
encode ~3 gRNAs usually in between 18 bp inverted repeats. The gRNAS provide the
templates for editing the mRNAs. C. A gRNA (50-70 nts) consists of 3 functional
elements: an anchor sequence that is complementary to the mRNA, the guiding region
provides a template for RNA editing, and a U-tail added post transcriptionally with
probable multiple functions. 12S = 12S rRNA, 9S = 9S rRNA, A6 = ATPase subunit 6,
CO = cytochrome oxidase, CR3 = C-rich region, CYb = apocytochrome b, Murf =
Maxicircle Unidentified Reading Frame, ND = NADH dehydrogenase, RSP12 =
ribosomal protein 12. Courtesy of Donna Koslowsky.

13



the COII transcript (Golden & Hajduk, 2005). Guide RNAs have an average length of
50-70 nts and consist of three functional elements (Fig. SC). Contained within the 5’ end
of gRNAs is a short sequence known as the gRNA anchor, a 5-21 nucleotide region that
base pairs with a particular mRNA just 3’ of the editing domain (Blum et al., 1990). The
second element, the guiding region, serves as a template for the editing process and is
complementary (allowing G-U base pairs) to the mature mRNA (Blum et al., 1990).
Finally, at the 3’ end of the gRNA is a poly-uridylate tail (U-tail) that is added post-
transcriptionally (Blum & Simpson, 1990).
Developmental Regulation of RNA Editing

Many of the proteins for energy metabolism that are made in the mitochondria are
thought to be developmentally regulated by RNA editing (Table 1). Cytochrome b (CYb)
and Cytochrome oxidase II (COII) are preferentially edited in the procyclic host of the T.
brucei life cycle, while NADH dehydrogenase subunit genes 8 and 9 (ND8, ND9) are
preferentially edited in the bloodstream host (Priest & Hajduk, 1994). NADH
dehydrogenase subunit 7 (ND7) is fully edited in bloodstream form but only the 5’
domain is edited in the insect host (Koslowsky et al., 1992). Other substrates, ATPase 6
subunit (A6) and cytochrome oxidase III (COIII), appear to have consistent levels of
editing in either host (Bhat et al., 1990).

Developmental regulation of RNA editing may control mitochondrial biogenesis by
only allowing production of respiratory proteins during the correct life cycle. However,
very little is known concerning how editing is regulated. The gRNA transcripts, the

mRNA transcripts, and the editosome protein complexes are always present
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mRNA Mitochondrial Fully Higher Steady
Complex/ Edited/Higher State mRNA
Function Levels Level
NDI I Never Edited Constitutive
ND3 I Bloodstream Bloodstream
ND4 I Never Edited Bloodstream
NDS I Never Edited Bloodstream
ND7 I 5’both/3’BS Bloodstream
ND8 I Bloodstream Bloodstream
ND9 I Bloodstream Bloodstream
CYb I Procyclic Procyclic
COI v Never Edited Procyclic
COlIl v Procyclic Procyclic
CoIll v Constitutive Procyclic
A6 \'% Constitutive Constitutive
MURFI Unknown Never Edited Bloodstream
MURFII Unknown Constitutive Constitutive
CR3 Unknown Bloodstream Unknown
CR4 Unknown Bloodstream Unknown
RSP12 Ribosomal Bloodstream Bloodstream

Table 1. Regulation of the RNA editing of the T. brucei mRNA transcripts. Column 1:
mitochondrial mRNA. Column 2: mitochondrial complex is which thé protein is thought
to function. Column 3: life cycle stage that the transcript is preferentially edited in.
Column 4: life cycle stage where steady state level of mRNA is upregulated. The ND7
transcript is differentially edited in the two hosts; the 5° end is edited in both hosts, while
the 3’ end is edited in the mammalian bloodstream. 12S = 12S rRNA, 9S = 9S rRNA, A6
= ATPase subunit 6, CO = cytochrome oxidase, CR3 = C-rich region, CYb =
apocytochrome b, Murf = Maxicircle Unidentified Reading Frame, ND = NADH
dehydrogenase, RSP12 = ribosomal protein 12. Hajduk SL, Sabatini RS. 1998.
Mitochondrial mRNA Editing in Kinetoplastid Protozoa. In: Grosjean H, Benne R, eds.
Modification and Editing of RNA. Washington, D.C.: ASM Press. pp 377-411.
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(Koslowsky et al., 1992; Hajduk & Sabatini, 1998). However, there may be
developmentally regulated proteins that are involved in regulating RNA editing through
gRNA recruitment, RNA-RNA annealing activity or chaperone activity.
Apocytochrome b

Most of my work will focus on the study of the apocytochrome b (CYD)
mRNA/gRNA pair (Fig. 6). Expression of the CYb mRNA is regulated through RNA
editing (Feagin et al., 1988b) and is needed for mitochondrial respiration in the insect
host (Vickerman, 1965). Editing of the apocytochrome b mRNA requires the insertion of
34 uridylates at 13 sites near its 5° end (Fig. 6A). The editing process that creates the
CYb initiation codon occurs preferentially during the procyclic (insect) and stumpy
bloodstream stages of the trypanosome life cycle (Feagin et al., 1987; Feagin & Stuart,
1988). There are three redundant gRNAs that provide the template for initiating CYb
editing (Fig. 6B) and at least one more is thought to exist for downstream editing (Riley
et al., 1994). The initiating gRNA, gCYDb558, directs the first seven editing events where
21 uridylates are inserted.
The Editosome

The latest model for RNA editing in trypanosomes involves >20 proteins (Table 2)
that form a complex structure of proteins called the editosome around an mRNA/gRNA
pair (Simpson et al., 2004; Stuart et al., 2005). The naming scheme for these 20 proteins
includes kinetoplast RNA editing (KRE) at the beginning of every editosome protein
name. The insertion and deletion of uridines occurs through successive rounds of

enzymatic reactions. These enzymatic activities are coordinated by the editosome and

16



A CYb DNA aligned to edited mRNA and AA sequence:

1l ----=---- P P +==- - = -- = =% - - 42
DNA GTTAAGAATAATGGTTATAAATTTTATATAAA A G CG G AGA A A
RNA-ed GUUAAGAAUAAUGGUUAUAAAUUUUAUAUAAAUAUGUUUCGUUGUAGAuUuUUAUUAuUUU
l --rreee-- R R R $=m-mm———- $ommmm— - Rl e + 60
AA M F R C R F L L F
1- - - - - - - - - 9
43 -~ - eee-- + = eemeeee-- Ll $--—-—---- +------ 86

A A AGAAA G G GTCTTTTAATGTCAGGTTGTTTATATAGAATATAT
UUUUUAUUAUUUAGAAAUUUGUGUUGUCUUUUAAUGUCAGGUUGUUUAUAUAGAAUAUAU
61 --------- e Fmmmmm - Fmmmm—m——- EE R R btk - + 120
F L L F RNILICCLILMSGT CULYURTI Y
10 + - - - - - - - - - 4 - - - - - - < - = 29

B
CYb mRNA aligned with gCYb558:

5’AuAuGuuuCGuuGuAGAuuuuuAuuAuuuuuuuuAuuAuuuAGAAAuuuGuGuuGUCUUUUAAUGUCAG

[JezelIILelzef ]l 0] IIIIIIlIIIII#I

gCYb-558-3" AAGGGAAAUAG GGAUUUUUAAGUGUAACAGAAAAUU

gCYb RNA sequences aligned:

gCYb560A GGAGAUAGUAAAAGACAAUGUAGAUUUCUGAGUAAUGGGGAGGAUAACUACUCUCUAGGGAAGAAAAU
gCYbS 60B GGAGAUAGUAAAAGACAAUGUAGAUUUCUGAGUAAUAGGGAGGAUAACUACUCUCUAGGGAAGAAAAU
gCYb560C GGAGAUAGUAAAAGACAAUGUAGAUUUCUGAGUAAUGGGGGGGAUAACUACUCUCUAGGGAAGAAAAU
gCY¥b558 GGGAGAU - - UAAAAGACAAUGUGAAUUUUUAGGUGAUAAAGGGAAUAAUUA

.*ﬁiﬁtt. . AL EAAS AL BN AL L DL DN L I L I S AL e S

Figure 6. A. The DNA sequence of the 5’ end of the apocytochrome b gene is aligned
with the 5° end of the edited RNA transcript (RNA-ed) and the amino acid sequence
(AA). (A. Estevez and L. Simpson, Unpublished,
http://dna.kdna.ucla.edu/trypanosome/seqs/tbcybed.map.html). The 34 uridine residues
that are inserted into the 13 editing sites near the 5’ end of the gene are shown in
lowercase. The DNA codes for 1118 nucleotides. After editing, the mature RNA
transcript is 1152 nucleotides long and codes for a protein that is 370 amino acids long.
B. Part of the edited mRNA is aligned with the wild-type initiating gRNA, gCYb558.
The wildtype gCYb gRNAs are aligned below the mRNA/gRNA alignment (gRNA
sequences from http://biosun.bio.tu-darmstadt.de/goringer/gRNA/gRNA.html). # =
mismatched sequence, “:” = GU base pair, “|” for Watson-Crick base pairing, * =
matching sequence, - = gap.

66,9
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“Protein U insertion/ Function Functional Domains
Name deletion

KREPA1 Both Interaction 1 zinc finger, 1 zinc-like finger, OB fold
KREPA2 U deletion Interaction 2 zinc finger, OB fold
KREPA3 Both Interaction 2 zinc finger, OB fold
KREPA4 Both Interaction OB fold-like
KREPAS Interaction OB fold-like?
KREPAG6 Both Interaction OB fold-like
KREN1 U deletion endonuclease  U1-like zinc finger, RNaselll, dsRBD
KREPB2 Both endonuclease  U1-like zinc finger, RNaselll, dsRBD
KREN2 Uinsertion  endonuclease  U1-like zinc finger, RNaselll, dsSRBD
KREPB4 Both Interaction U1-like zinc finger, RNaselll-like, Pumilio
domain
KREPB5 Both Interaction U1-like zinc finger, RNaselll-like, Pumilio
domain
KREPB6 Interaction U1-like zinc finger
KREPB7 U insertion Interaction U1-like zinc finger
KREPB8 U deletion Interaction U1-like zinc finger
KREX1 U deletion ExoUase 5'3'exonuclease, endo, exo, phosphatase
KREX2 Both? ExoUase §'3'exonuclease, endo, exo, phosphatase
KREL1 U deletion RNA ligase Ligase, tau (microtubule assoc.), kinesin light
chain
KREL2 U insertion RNA ligase Ligase, tau (microtubule assoc.), kinesin light
chain
KRET2 U insertion TUTase Nt. transferase domain, core,
) Poly(A)polymerase associated domain
KREH1 transient helicase Helicase
KRET1
complex
KRET1 ? gRNA TUTase zinc finger, poly-A polymerase catalytic and
associated domains
?
MRP
Complex
MRP1 ? RNA R-rich domain
matchmaking
MRP2 ? RNA R-rich domain
matchmaking
Others
RBP16 ? Interaction cold shock domain, RGG RNA binding domain
REAP-1 ? Interaction 21 AA repeat
TbRGG1 ? Interaction RGG RNA binding domain

Table 2. RNA editing complexes and the protein components. Column 1: name of the
proteins. Column 2: involved in U insertional editing, U deletional editing, or both.
Column 3: putative function. Column 4: lists the motifs found in each protein. Stuart KD,
Schnaufer A, Emst NL, Panigrahi AK. 2005. Complex management: RNA editing in trypanosomes. Trends
Biochem Sci 30:97-105. Carnes J, Trotter JR, Emst NL, Steinberg A, Stuart K. 2005. An essential RNase
111 insertion editing endonuclease in Trypanosoma brucei. Proc Natl Acad Sci U S A 102:16614-16619.
Panigrahi AK, Emst NL, Domingo GJ, Fleck M, Salavati R, Stuart KD. 2006. Compositionally and
functionally distinct editosomes in Trypanosoma brucei. RNA 12:1038-1049.
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templated by the gRNA (Blum et al., 1990; Blum & Simpson, 1990; Seiwert & Stuart,
1994; Adler & Hajduk, 1997; Simpson et al., 2004; Stuart et al., 2005). After gRNA
binding, editing begins with the endonucleolytic cleavage of the pre-mRNA at the first
editing site via either an insertional (KREN2) or deletional (KREN1) endonuclease
containing an RNase III domain (Panigrahi et al., 2003b; Carnes et al., 2005; Trotter et
al., 2005; Kang et al., 2006). Uridine residues not base paired with the gRNA are thought
to be removed via an editosome U-specific 3’ to 5° exonuclease (ExoUase); there are two
candidate ExoUases with 5’ to 3’ exonuclease motifs (KREX1 and KREX2) (Aphasizhev
et al., 2003a; Panigrahi et al., 2003b). KREXI1 appears to be involved in U deletion;
however KREX2 appears to be involved in both U insertion and U deletion and may be a
“U-trimmer” (Panigrahi et al., 2006). Uridine residues are added via a terminal uridylyl
transferase (TUTase) (Aphasizhev et al., 2002; Emst et al., 2003; Panigrahi et al., 2003b).
RNAIi studies indicate that the most likely candidate for the editing TUTase is KRET2
(Aphasizhev et al., 2003c). A second TUTase (KRET1) is found in an independent
complex and is thought to be involved in addition of the gRNA U-tail (Nebohacova et al.,
2004). After uridine addition or deletion has occurred, an RNA ligase is required to
ligate the two halves of the mRNA. Again, there are two RNA ligases called kinetoplast
RNA editing ligase (KREL) 1 and 2 that appear to be the editing ligases (McManus et al.,
2001; Panigrahi et al., 2001a; Schnaufer et al., 2001; Cruz-Reyes et al., 2002). Similar to
the endonucleases and exonucleases, one ligase, KREL1, appears to be for U deletion,
while the other, KREL2, appears to be for U insertion (Huang et al., 2001). However,
there is some question as to how strictly these roles for the ligases in the separate U

insertion or deletion complexes are upheld (Gao & Simpson, 2003). Additional protein
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studies find many editosome proteins have RNA binding activities, are essential for
editosome complex assembly, and appear to be involved in RNA-protein interactions and
these include KREPA1-6 and KREPB4-8 (Panigrahi et al., 2001b; O'Hearn et al., 2003;
Panigrahi et al., 2003a; Panigrahi et al., 2003b; Wang et al., 2003; Kang et al., 2004;
Brecht et al., 2005; Salavati et al., 2006).

Significant progress has also been made in identifying proteins that appear to be
accessory factors that transiently act during the editing process (Table 2) (Koller et al.,
1997; Missel et al., 1997; Madison-Antenucci et al., 1998; Vanhamme et al., 1998;
Hayman & Read, 1999; Aphasizhev et al., 2003b; Pelletier & Read, 2003). A few of
these appear to enhance the mRNA/gRNA annealing process (Muller et al., 2001; Miller
et al., 2006). The mitochondrial RNA-binding proteins (MRP), MRP1 and MRP2, are
accessory factors to the editing process that are arginine rich and bind to gRNAs (Koller
et al., 1997; Blom et al., 2001). Both MRP proteins co-purify in a protein complex, and
when both proteins are knocked down in RNAi experiments, there are very low amounts
of CYb mRNA editing (Vondruskova et al., 2005). RBP16 is a 16 kDa protein that
binds U-rich sequences such as the gRNA U-tail. It contains an N-terminal cold shock
domain and a C-terminal region rich in arginine and lysine residues (Hayman & Read,
1999). The in vitro association between RBP16 and gRNA is increased in the presence of
p22, a human p32 homologue (Hayman et al., 2001). RNAi knock-down of RBP16
results in a ~98% reduction in CYb mRNA editing (Pelletier & Read, 2003).

Under electron microscopy, the editosome appears to be a structure composed of 4
protein bulges (Stuart et al., 2002). During the purification process for the editosome

complex, protein complexes of various protein compositions and sizes are found to co-
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exist. In 1992, Pollard et al. discovered two different complexes could be obtained
through separation on glycerol gradients, a 40S complex and a 19S complex (Pollard et
al., 1992). Since then, discovery of these complexes as well as others has led to new
protein discoveries. These additional complexes that have been isolated by separate labs
appear to have different editing capabilities, and this suggests that insertion and deletion
editing could be physically and functionally separate (Goringer et al., 1994; Peris et al.,
1994; Corell et al., 1996; Peris et al., 1997; Rusche et al., 1997; Cruz-Reyes et al., 1998;
Stuart et al., 2002; Aphasizhev et al., 2003a; Panigrahi et al., 2003b; Schnaufer et al.,
2003; Panigrahi et al., 2006). Many of the editosome proteins mentioned above appear to
have evolved in pairs. It has been suggested that these pairs then insert specifically
either into a U-deletion or a U-insertion complex or subcomplex. These subcomplexes
may form one large complex that coordinates the entire editing process, or the editosome
complexes may load and unload from the mRNA/gRNA complex during editing
(Panigrahi et al., 2006).

Despite this progress, very little is known about how the editing complex is assembled
onto specific RNAs. There are hundreds of different mRNA/gRNA pairs, but no
conserved sequence domains have been found in mRNAs. The only conserved sequence
domain shared between the gRNAs is the U-tail. Previous work in this lab suggests that
different mRNA/gRNA pairs can form similar structures. Initially, computer predicted
models of three separate mRNA/gRNA pairs gave three very different structures. Upon
incorporating 3’ crosslinking results into a secondary structure modeling program, all
three nRNA/gRNA pairs formed similar structures of three helices that form around and

appear to expose the first few editing sites (Leung & Koslowsky, 1999). The three
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U-tail Helix v A

gRNA stem-loop

Figure 7. Diagram of the mRNA/gRNA complex. The predicted model for
mRNA/gRNA complex secondary structure has three predicted helices: an mRNA/gRNA
anchor helix, a gRNA stem-loop of the guiding region, and a U-tail/mRNA duplex. ES1
shows the first editing site is just 5 (mRNA) of the anchor helix.
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helices consisted of a gRNA/mRNA anchor duplex, a U-tai/mRNA duplex and a gRNA
stemloop (Fig. 7). Initial solution structure probing of CYb mRNA crosslinked to gCYb-
558 supports this model (Leung & Koslowsky, 2001a). We believe that structure
recognition of the mRNA/gRNA complex may be important for efficient editosome
assembly with the mRNA/gRNA pair.

One possibility for editosome recruitment is that proteins with RNA binding sites are
needed to recognize different structural elements of the mRNA/gRNA complex and that
the local structure at the editing sites may determine which protein editing complex is
recruited. The first step in editing is the gRNA anchor binding the mRNA anchor
binding site and this anchor helix must form in order to correctly position the gRNA for
efficient editing. The endonucleases of the editosome have double-stranded RNA
binding domains that may target the anchor helix for binding to cleave the mRNA strand
(Panigrahi et al., 2006). In addition, one of the proteins that binds RNA, KREPA4,
appears to bind gRNA U-tails or U-rich sequences with a putative S1 motif similar to a
cold-shock domain (Salavati et al., 2006). Proteins that prefer U-rich sequence could
function as sensors to detect U’s needing deletion by targeting deletion complexes to
deletion sites. Additionally, there may be proteins of the editosome that bind various
elements of RNA structure in order to correctly position the editosome on the complex.
Discovering the structure of an mRNA/gRNA pair such as CYb may be the first step in
unraveling what RNA structure attracts the editosome, and how the RNA structure
changes when in contact with the editosome.

Our lab is interested in how the editosome group of proteins recognizes the

mRNA/gRNA complex. There appear to be many different specialized complexes for
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editing that target hundreds of different pairs of mMRNA/gRNA complexes. Our lab is
interested in gRNA targeting of the mRNA for binding and how this affects editing
efficiency. Specifically, we are interested in the mRNA/gRNA complex interaction and
understanding how the anchor sequence, U-tail, and guiding region interact with the
mRNA during RNA editing. Since there appears to be no sequence homology between
the many mRNAs and their gRNAs that proteins can recognize, a common structure may
be what the editosome proteins recognize. We are interested in knowing what the
structure of the CYb gRNA/mRNA complex is as well as what role the structure of the
CYb mRNA plays in the binding affinity of the gRNA to the mRNA. We are also
interested in what role the U-tail has in the mRNA/gRNA complex interaction.
Additionally we would like to know what effects partial editing of the mRNA has on the
gRNA/mRNA complex structure as well as the kinetics of its formation.
Other RNA-RNA Interactions

Studying other well characterized RNA-RNA interactions may aid in our
understanding of this complex interaction. RNA-RNA interactions are important
regulators and tools in every organism. RNA structure is critical for many RNA-RNA
and RNA-protein interactions to display nucleotides in the correct orientation for efficient
interaction. The versatility of RNA interactions allow organisms to control multiple
processes and relies on diverse structures, mechanisms, and biological roles (Altuvia &
Wagner, 2000). There appears to be some repetition in structure and method of target
identification that resembles and contrasts with the gRNA/mRNA binding interaction.
Here are a few well-studied examples of RNA target recognition of mRNAs that may aid

in the understanding of our gRNA/mRNA interaction.
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Antisense RNAs

Antisense RNA regulation in prokaryotes is one example of regulatory RN As that use
target binding to achieve post-transcriptional regulation of gene expression (Altuvia &
Wagner, 2000). The studies of antisense RNAs from bacteria also elucidate ways that the
structure of RN A affects target recognition and binding progression. Many antisense
RNAs function as regulators of plasmid copy number in prokaryotes. Antisense RNAI
binds its target RNAII to control the copy number of plasmid, ColE1. It does this by not
allowing RNAII to bind the plasmid near the origin of replication where RNase H would
digest RNAII to provide primers for DNA replication of ColE1 (Tomizawa et al., 1981).
The RNAI-RNAII complex uses the preferred antisense target binding strategy of kissing
loops. This describes the first helix nucleation event that begins when two
complementary stem-loops, one or more from each RNA molecule, begin forming a helix
with the two loop regions. This loop-loop interaction initiates helix formation
(Tomizawa, 1984). The RNAI-RNAII kissing complex is recognized by the Rom protein
that then stabilizes the complex and stops RNAII from binding the plasmid (Eguchi &
Tomizawa, 1990, 1991). Most antisense RNAs present their complementary sequence in
a loop structure that appears to be optimized to achieve rapid binding (Franch et al.,
1999). Another antisense RNA, CopA, regulates the copy number of plasmid R1 through
the translational repression of rep4; CopA binds its target site CopT in the leader region
of the repA mRNA. Studies of the CopA antisense RNA show that modification of loop
regions and removal of bulge regions alter this RNA-RNA interaction. The bulges
facilitate binding between the RNAs by acting as helix destabilizing elements in the

binding intermediate structures (Hjalt & Wagner, 1995). When modifying loop regions,
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disruption of a putative U-turn disrupts the structure of the loop in CopA (Slagter-Jager &
Wagner, 2003) as well as sok RNA (Franch et al., 1999). The lack of U-turn inhibits
binding at the nucleation site of the kissing loops, delaying formation of the stable
inhibitory structure to stop translation. Rapid binding of CopA and formation of the
inhibitory four helix junction is necessary to stop the ribosome from binding (Slagter-
Jager & Wagner, 2003). The rate limiting step of binding of CopA to CopT is formation
of the loop-loop interaction that rapidly forms an early intermediate structure. Once the
kissing loops form, the probability of dissociation is small compared to conversion to the
stable inhibition complex (Nordgren et al., 2001). Antisense RNAs such as ColE1,
CopA, etc are efficient as inhibitors, because they have high affinity target binding (Kolb
et al,, 2001). These antisense RNAs do not require protein co-factors for efficient target
binding. It has been postulated that the structure of these RN As has evolved for optimal
target recognition leading to plasmid copy inhibition (Kolb et al., 2001). For antisense
RNAEs, a fast association rate is more important than the thermodynamic stability (AG)
between the interacting RNAs (Nordstrom & Wagner, 1994; Altuvia & Wagner, 2000).
Antisense regulation requires co-transcriptional binding i.e. the antisense RNA must bind
before the ribosome binds to repress translation (Altuvia & Wagner, 2000). Therefore,
these antisense RN As appear to have evolved structures that maximize the association
rate.

While CopA and other antisense RNAs have been shown to bind their targets unaided,
other antisense RNA interactions with their targets are mediated by a protein co-factor
called Hfq. In E. coli, this sm-like protein was able to improve complex formation

between an antisense RNA (spot42) and its mRNA target (gal) by increasing the affinity
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of the anti-sense RNA for its target ~150 fold (Moller et al., 2002). It does not appear to
alter the RNA structure of spot42 when bound, while it increases the affinity of the
antisense RNA for its target mRNA (gal). Hfq may act as a general co-factor that
facilitates RNA-RNA interactions (Moller et al., 2002). Hfq is also able to melt the
structure of a target mRNA (sodB) making it accessible to RyhB, a small RNA regulator
(Geissmann & Touati, 2004). Another study describes Hfq as a chaperone, because Hfq
is required to facilitate the OxyS RNA-RNA interaction but is dispensable after binding
has taken place (Zhang et al., 2002). There is speculation that an ancestral sm-like
protein played decisive roles in the folding, binding, and functions of RNAs.
Establishment of short stretches of base pairing in bimolecular RNA interactions would
allow any short segment of exposed RNA to be used for target recognition (Moller et al,,
2002).
miRNAs

MicroRNAs (miRNAs) also employ RNA-RNA target binding to control post-
transcriptional regulation of mRNAs. Until recently, miRNAs along with other non-
protein coding RNAs were considered evolutionary debris (Mattick & Makunin, 2005).
However, it is becoming clear that an extensive RNA regulatory network exists in all
organisms that works independently and in parallel with the protein coding system
(Mattick, 2004).

MicroRNAs are ~21-25 nt RNAs made from longer hairpin precursors (primary
microRNA transcripts) (Lee et al., 2003). These small RNAs target mRNAs for cleavage
or translational repression (Lai, 2003) through complementarity with a ~7 bp “seed”

sequence near the 5’ end (Lewis et al., 2003). This seed sequence is sufficient to confer
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strong regulation by the miRNA (Brennecke et al., 2005). The miRNA is separated from
its complement after integration into the RNA Induced Silencing Complex (RISC)
(Tomari et al., 2004; Matranga et al., 2005). The varying members of the RISC complex
determine the destiny of the transcript. However, the amount of complementarity
between the miRNA and the mRNA is thought to determine the fate of the mRNA
through recruitment of the different RISC complexes (Hutvagner & Zamore, 2002; Tang
et al., 2003).

MicroRNAs are excellent examples of mRNA regulation through target binding. The
seed sequence of miRNAs is very similar to the gRNA anchor sequence. It is
complementary to its target RNA and allows G-U bps. The complementarity between the
gRNA and the mRNA determines the amount and type of editing of the mRNA. This
correlates well with miRNAs and how the amount of miRNA complementarity to its
target directs transcript cleavage or repression. The gRNA directs the editosome proteins
for U addition or deletion. Studies of the editosome show that the protein content is
dynamic with various editosome complexes composed of different complexes of proteins.
It would appear that U addition and U deletion complexes have differing complexes of
proteins (similar to RISC) suggesting alternate complexes must bind the mRNA/gRNA
complex in order to complete editing (Panigrahi et al., 2006). This alternate loading of
editosome complexes is directed by the gRNA; similar to the miRNA directing the
loading of the proper RISC complex.

RNA-RNA conclusions
Historically, antisense RNA studies focused on RNA-RNA interactions. The studies

that combine binding rate with structure changes are important first steps that laid the
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groundwork for Hfq and antisense studies that were discovered later. The miRNA
involvement with the mRNA mirrors the gRNA binding to its target mRNA, while
loading of the RISC complexes onto the miRNA appear to be similar to the editosome
complexes loading onto the mMRNA/gRNA complex.

Overview

The focus of this work is on the structure and thermodynamic interaction between the
CYDb gRNA, gCYb-558, and its mRNA during the editing process. The many RNA-RNA
examples provide ideas and templates for discovering how this interaction proceeds. The
CYb interaction does not appear to copy any of these interactions, and yet elements of the
interaction are similar to other RNA-RNA interactions. It will be interesting to see how
this interaction compares to these examples of RNA target binding.

The structure of the CYb mRNA/gRNA pair was predicted to form three helices
(Leung & Koslowsky, 1999). Solution structure probing of the unedited CYb mRNA
bound to the gRNA verified two of the predicted helices (Fig. 8) (Leung & Koslowsky,
2001a). Curiously, the secondary structure predictions of two partially edited substrates,
with crosslinking data incorporated, produced similar structures with the same three
predicted helices. The anchor region becomes progressively longer after editing begins,
and the U-tail interaction with the purine rich region becomes increasingly shorter (Fig.
8). The gRNA stem-loop was predicted to be maintained by feeding portions of the U-
tail into this helix (Fig. 8) (Leung & Koslowsky, 2001b). Crosslinking data verified the
5’ end (gRNA orientation) of the anchor duplex as well as the 3’ position (gRNA

orientation) of the U-tail. The CYb U-tail was found to interact with the same §
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Figure 8. Predicted structures of the apocytochrome b RNAs. A. Predicted structure of
gCYb-558 from Schmid, B. etal. (1995) NAR 23:3093-3102. The gRNA appears to form
two loop regions. One is a small anchor loop, while the second, larger stem-loop forms
in the guiding region. B. Predicted structure of 5’°CYbUT+NgCYb-558 from Leung, S.S.
and Koslowsky, D.J. (2001) RNA 7:1803-1816. The solution structure probing
experiments prove that the mRNA is involved in two helices with the gRNA with the first
few editing sites being sensitive to single-stranded specific nucleases. C. Predicted
structure of S’CYbPES3T+NgCYb-558 from Leung, S.S. and Koslowsky, D.J. (2001)
NAR 29:703-709. The red U’s represent uridines inserted through RNA editing and
result in the anchor helix doubling in length. The 3’ end of the U-tail is predicted to
interact with the same region of the mRNA even after the third editing event even as the
U-tail is predicted to become incorporated into the gRNA stem-loop.
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nucleotides upstream of the anchor duplex when base paired with the unedited and two
partially edited CYb mRNAs (Fig. 8) (Leung & Koslowsky, 1999). In chapter 2 of this
thesis, the solution structure probing of the gRNA interacting with both unedited and
partially edited CYb mRNAs is presented which experimentally confirms the computer
predicted structures. This suggests that the formation of three helices surrounding the
editing site may be an important structural feature and that the U-tail may play an
important structural role. By employing an U-tail, the gRNA may increase the
mRNA/gRNA complex stability, while still allowing U-tail migration within the complex
during editing.

Additionally, comparisons of the thermodynamic binding affinities for two different
mRNA/gRNA pairs have been investigated. The affinity of the CYb mRNA/gRNA pair
was compared to the A6 mRNA/gRNA pair. The ATPase 6 subunit (A6) mRNA and its
initiating gRNA, gA6-14, is used in all in vitro studies of editing and is constitutively
edited. In contrast, the CYb mRNA is only edited in the insect and short stumpy stages
of the life cycle (Feagin & Stuart, 1988) and will not undergo a full round of editing in
the in vitro assay. The A6 mRNA/gRNA pair is predicted to have an open structure with
an accessible anchor binding site, while the CYb mRNA (Fig. 9) has been shown through
solution structure probing to form a stable stemloop structure that incorporates the
mRNA anchor binding site within the stem (Leung & Koslowsky, 2001a). The
difference in mRNA structure and accessibility of the anchor binding site is clearly
reflected in the measured apparent equilibrium constants. The A6 gRNA, gA6-14, has a
very high affinity for its cognate mRNA, with measured Kp’s in the single digit nM

range. In contrast, the CYb gRNA, gCYb-558, has a very low affinity for its cognate
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Figure 9. Predicted secondary structures of the unedited CYd mRNA. 5’°CYbUT, forms
a stable stem-loop with the first few editing sites positioned within the terminal loop of 5
base pairs. The hollow nucleotides represent the anchor binding site (ABS) where the
gRNA anchor binds to form the mRNA/gRNA complex. ES1 = Editing site 1.
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mRNA with measured Kp’s in the uM range. This suggests that for efficient gRNA
interaction a RNA chaperone is probably required and that the stable stem-loop formed
by the CYb mRNA may be a way to regulate its editing. In chapter 3 of this dissertation,
an in depth analysis using real time kinetics was used to study the thermodynamics of
three different mRNA/gRNA pairs. The CYb mRNA/gRNA binding interaction is
compared to two unedited mRNA/gRNA substrates that have predicted single stranded
anchor binding sites (ABS) using surface plasmon resonance (SPR). The A6 and NADH
dehydrogenase 7 (ND7) substrates are constitutively edited in contrast to the CYb
substrate. Interestingly, the A6 and ND7 mRNAs had 2000 fold and 8400 fold higher
affinity binding to their gRNAs respectively than the CYb mRNA/gRNA pair. The SPR
data provides additional rate constant data. The A6 pair has a ~20 fold faster association
rate and a ~20 fold slower dissociation rate than CYb. The ND7 pair has a ~90 fold
faster association rate and a ~20 fold slower dissociation rate than CYb. This provides
further evidence and information concerning how the mRNA structure around the
immediate editing domain can strongly affect the gRNA target binding.

In chapter 4, the interaction between two partially edited CYb mRNAs and the
initiating gRNA, gCYb-558, is investigated through the use of gel shift assays and
surface plasmon resonance to find the dissociation constants as well as the association
and dissociation rate constants. Both methods confirm that the addition of two uridines
in the first editing site results in a significant decrease in the dissociation constant (Kp),
while the next two editing events (+4 U’s) results in an additional decrease. The binding
affinity for the CYb gRNA/mRNA improves with each editing event; this suggests that

with each editing event, the mRNA becomes more likely to finish editing. Surprisingly,
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the presence of the U-tail appears to increase the association rate of the gRNA binding
the unedited CYb mRNA. Crosslinking data shows that the U-tail binds one side of the
helix that hides the anchor binding site. This suggests that the U-tail is helping disrupt
the CYb mRNA stem-loop through base pairing with the upstream purine rich region. In
chapter 5, I discuss the results of my research and the future directions for research on

target binding between the CYb gRNA and mRNA and editosome recruitment.
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