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ABSTRACT OF DISSERTATION

STRUCTURAL AND BIOCHEMICAL CHARACTERIZATION OF POLIOVIRUS
RNA-DEPENDENT RNA POLYMERASE FIDELITY AND TRANSLOCATION.

Picornaviruses are small positive-sense single-stranded RNA viruses that result in a number of
pathological conditions including foot-and-mouth disease, heart disease, poliomyelitis, and the
common cold. Upon infection the small RNA genome is translated into a single polypeptide that is
subsequently cleaved by cis-acting proteases into ~12 viral proteins needed to carry out the viral
life cycle. The last protein in the polypeptide is an RNA-dependent RNA polymerase whose
primary function is genome replication. The N-terminus of the RNA-dependent RNA polymerase of
poliovirus (3Dro)) is specifically buried within a tight pocket at the base of the fingers domain. Our
lab has shown that the integrity of this pocket must be maintained for the proper positioning of
Asp238, allowing it to form a hydrogen bond with the 2'-OH of the incoming NTP. If proper
positioning of Asp238 is not maintained the polymerase will be unable to act as a catalyst for
poliovirus genome replication. Recently the Kirkegaard and Andino laboratories isolated a
poliovirus strain that was resistant to the effects of the antiviral nucleoside analog drug ribavirin
(RTP). This strain contained a single point mutation within 3D, changing glycine 64 to a serine
(GB4S). Glycine 64 comprises a portion of the N-terminus binding pocket and forms two hydrogen
bonds to glycine 1. The structure of the 3Drol G64S mutant demonstrates that the loss of
conformational flexibility at residue 64 results in the expansion of the exterior portion of the N-
terminal binding pocket. Structural alignments of the G64S structure with the native protein also
reveal larger structural changes at a helix located in the index finger of the polymerase. In addition
to movements within the index finger, the Gly64 mutant exhibited density suggestive of an alternate

conformation for a loop consisting of residue 288-292. Biochemical and structural investigation of

iii
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these residues indicates that the loop does indeed exist in two separate and stable conformations.
Furthermore, the ability of the loop to switch between these two conformations is essential for
proper functioning of the polymerase and mutations designed to inhibit loop flexibility lead to
translocation defects. These data, in combination with the Gly64 data, are providing us with a

better understanding of the molecular events in a complete catalytic cycle of the enzyme.

Aaron J. Sholders
Department of Biochemistry
and Molecular Biology
Colorado State University
Fort Collins, CO 80523
Summer 2006
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Chapter |

Introduction

Poliovirus lifecycle
Epidemiology
In 1988 the World Health Organization put forth resolution 41.28 describing an intemational

effort to eradicate poliovirus. Since that time the number of polio cases reported world-wide has
dropped 99% and endemic wild poliovirus has been eliminated from all but four countries: Nigeria,
India, Pakistan and Afghanistan (World Health Organization, 2005). Despite these promising
numbers, the risk of a polio viral out break remains a distinct possibly in large p'art due to the use of
the oral polio vaccine (OPV) that has resulted in a number of vaccine-derived poliovirus cases in
Hispaniola, the Philippines, Madagascar and China (World Health Organization, 2005). These
cases can be attributed to rapid viral evolution, resulting in reversion of two of the three mutations
introduced to attenuate the live virus used in the vaccine. These reversions result in a vaccine-
derived virus every bit as infective as the wild-type virus, leading to paralysis or death (Abraham et
al., 1993). Currently it is estimated that there is a 65-90% chance of a vaccine-derived polio viral
outbreak within the first year following OPV cessation (World Health Organization, 2005). Given
this data, it is safe to say that research leading to drug development for poliovirus continues to be a

relevant endeavor.
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Poliovirus Cell-entry, Translation and Proteolytic Cleavage
Poliovirus is an enterovirus and a member of the Picornaviridae family of viruses whose

hallmark feature is a small single-stranded positive-sense RNA genome. Members of this family of
viruses include the heart-disease causing coxsackievirus, the aphthoviruses that cause a number
of animal diseases such as foot-and-mouth disease, and the rhinoviruses that are the cause of the
common cold.

Polio viral infection is mediated through an interaction between the virion, made of structural
proteins VP1, VP2, VP3 and VP4, and an immunoglobulin cell surface receptor, Pvr/CD155.
Current models of genomic cell entry suggest the formation of a pore through multiple interactions
with cell surface receptors resulting in translocation of the small RNA genome into the host cell
(Figure 1.1) (Hogle, 2002).

The polio viral genome is 7,441 nucleotides in length containing several complicated RNA
structures found throughout the genome (Figure 1.2). Of particular interest are the 5’-cloverleaf,
the 3' stem-loop, the internal ribosome-entry site (IRES), and the CRE that are all crucial for
various aspects of translation and replication of the genome (Barton et al., 2001; Mirmomeni et al.,
1997; Paul et al., 2000; Pelletier and Sonenberg, 1988). Once inside the cell the genome is
translated in a cap-independent manner by host ribosomes that recognize the IRES found in the &'
UTR (Pelletier and Sonenberg, 1988). Translation of the polio viral genome results in a 247-kDa
protein that is cleaved co- and post-translationally by viral proteases (Krausslich et al., 1988;
L.awson and Semler, 1990), producing 11 viral proteins that fall into three broad categories: P1, P2
and P3 (Figure 1.1 and Figure 1.2). The P1 region consists of structural peptides that form the
viral capsid and are important for cell surface recognition and viral infectivity. The P2 region
contains proteins that shut down host protein synthesis and wreak havoc on the internal

environment of the cell, destroying membranous compartments and reorganizing them into
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Figure 1.1: The Picornaviridae life cycle. The life cycle of poliovirus begins with host-cell
attachment and RNA viral genome insertion (1). Once in the cell the small RNA genome is
translated (2) making the viral proteins necessary to carry out the rest of the life-cycle. Translation
is followed by rounds of minus-strand (3) and positive-strand synthesis (4), both of which occur in
large membrane-bound replication centers (orange). The newly synthesized positive strands are
then packaged with viral capsid proteins (7), resulting in mature virions that then exit the cell (8).
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Figure 1.2: The Poliovirus Genome. RNA cloverleaf and hairpin structures, important for both
replication and translation, are shown in the 5 and 3' -UTR’s as well as CRE, a single RNA
hairpin in the open reading frame (colored green) which is required for viral growth and
propagation. The small 22-amino acid peptide, VPg or 3B (light blue), is shown attached to the
5 -UTR and in the P3 coding region of the open reading frame. The opening reading frame is
divided into 11 boxes each of which correspond to a separate viral protein. The last four
proteins of the genome are involved in genome replication and include the RNA-Dependent RNA
polymerase, shown in red, which is cleaved by viral protease from its precursor protein 3CD.
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vesicles on which viral replication centers will assemble (Leong et al., 2002). Finally, the P3 region
consists of several proteins involved in the replication of the viral genome (Figure 1.2). The P3
region is initially cleaved into two precursor proteins, 3AB and 3CD. 3CD is a protease and an
RNA-binding protein that has been shown to interact with the 5'-cloverleaf, the 3’ stem-loop and
the CRE (Gamarnik and Andino, 2000; Harris et al., 1994; Pathak et al., 2002). This protein is a
“master regulator” of the polio viral genome, controlling both replication and translation, and is
thought to lead to the circularization of the viral genome (Andino et al., 1993; Murray and Barton,
2003). 3CD is subsequently cleaved into 3Cpr, a protease, and 3Dro!, an RNA-dependent RNA
polymerase (RdRP) responsible for the complete replication of the viral genome. Interestingly,
3CD is completely dead as a polymerase and has remarkably different specificities as a protease
when compared to 3C (Flanegan and Van Dyke, 1979; Parsley et al., 1999; Ypma-Wong et al,,
1988). 3AB cleavage results in 3B, also called VPg, a 22-amino acid peptide responsible for
priming positive-strand RNA synthesis. 3B is found attached to every negative- and positive-sense
RNA strand and must be cleaved from the genome by host proteases before translation can occur

(Figure 1.2) (Ambros and Baltimore, 1980; Ambros et al., 1978).

Poliovirus Repiication
Following polio viral protein synthesis and proteolytic cleavage, the RNA genome goes through

replication and assembly at viral replication centers (Figure 1.1). Replication center are large
membrane-bound vesicles made from the endoplasmic reticulum that contain viral proteins 3D},
3CD, 3AB and 2C. In 2003 the Barton lab proposed a model for the replication cycle whereby 3CD
acts to circularize the genome through an ill-defined RNA-protein-protein-RNA interaction with the

5'-cloverleaf and the 3’ stem-loop found in the UTR's (Figure 1.3). 3CD then cleaves both itself
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Figure 1.3: A Model of the Poliovirus Replication Cycle. The positive-sense genome is
associated with membranes in the replication centers and negative-strand synthesis initiation
occurs at the poly-A tail (A) followed by 3CD association with the CRE resulting in VPg
uridylylation (B). VPg-pUpU production is terminated following the disruption of the 3CD-CRE
complex by 3D, which is carrying out negative-strand synthesis (C). Once negative-strand
synthesis is terminated the VPg-pUpU molecules are used to prime positive-strand synthesis
using the newly generated negative-strand as a template (D) (figure from Murray and Barton,
2003) .
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and 3AB, which has been found in a ribonucleoprotein complex at the 5’ UTR (Andino et al., 1993;
Andino et al., 1990), releasing VPg and the RARP 3Dre! at the poly-A tail. VPg acts to prime
negative-strand synthesis, which begins at the poly-A tail working its way through the genome to
the 5’ end.

In this model, initiation of negative-strand synthesis results in the disruption of the
ribonucleoprotein complex at the 3'-UTR, allowing the 5’-UTR-bound 3CD to interact with a third
3CD bound to the CRE. CRE is a cis-acting RNA element found in the 2C coding region of the
genome that is crucial for viral growth by acting as a template for VPg uridylylation (Goodfellow et
al., 2000; Rieder et al., 2000). VPg uridylylation is a process by which 3Drol adds two uridine
residues to the hydroxyl of Tyr3, forming VPg-pUpU, which then acts as a primer for positive-strand
RNA synthesis (Pathak et al., 2002). The formation of the ribonucleoprotein complex at the CRE
will stimulate VPg uridylylation, producing a number of positive-strand RNA primers for the ensuing
round of positive-strand synthesis (Paul et al., 2000; Rieder et al., 2000). Indeed, Murray and
Barton demonstrate that ~500 VPg-pUpU molecules can be produced in the time expected to
elapse for the completion of a single-round of negative-strand synthesis (Murray and Barton,
2003). Once negative-strand synthesis has been completed, positive-strand synthesis begins
using the VPg-pUpU molecules as primers, resulting in a large number of positive-sense RNA
genomes that are subsequently packaged into viral capsids that exit the cell (Murray and Barton,
2003). A hallmark feature of poliovirus infection is the asymmetry of replication where positive-
strands outnumber the negative-strands by ~50:1 (Novak and Kirkegaard, 1991). The model
presented by the Barton lab provides a molecular explanation for the asymmetry of replication and
is consistent with a large body of data. However, further biochemical and structural investigation of

RNA-protein-protein-RNA complexes needs to be done for fuller understanding of viral replication
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and support of Barton's model. The Peersen lab has undertaken a structural and biochemical

investigation of 3Drol, and other viral RdRP.

The Poliovirus RNA-Dependent RNA Polymerase

RNA-Dependent RNA Polymerases
To date, the structures of at least nine different RNA-Dependent RNA polymerases (RdRP's)

have been solved, including the full-length structure of the RARP from poliovirus (Thompson and
Peersen, 2004). Comparison of these polymerases reveals striking similarities both structurally
and biochemically. Each polymerase structure follows the right-hand analogy first used by Tom
Steitz to describe the structure of the DNA polymerase | Klenow fragment from Escherichia coli
(Ollis et al., 1985). The analogy compares the polymerase with the anatomical features of a
cupped right-hand, dividing the protein into fingers, palm and thumb structural domains (Figure
1.4).

The active site is contained within the palm domain where two Asp residues act to coordinate
the magnesium cations necessary for phosphoryl transfer. The active site, unlike those of larger
polymerases, is said to be enclosed due to an interaction between the tip of the fingers domain and
the top of the thumb. Many in the field hypothesize that this interaction likely prohibits large
structural rearrangements that have been observed in other classes of polymerases, in particular
the DNA-dependent RNA polymerase of bacteriophage T7 that has structural elements which
move up to 70 A when switching from the initiation to the elongation complex (Yin and Steitz,
2002). The RNA/polymerase complexes from foot-and-mouth-disease virus (FMDV) (Ferrer-Orta
et al., 2004), bacteriophage ¢6 (Butcher et al., 2001; Salgado et al., 2004) and hepatitis C virus

(HCV) (O'Farrell et al., 2003) all reveal that the fingers domain forms a structural platform for RNA
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Figure 1.4: Structures of 10 Different RNA-Dependent RNA Polymerases. Each polymerase follows
the right-hand analogy with thumb (blue), palm (gray) and finger (red) domains. An emerging feature of
RNA-dependent RNA polymerases is an enclosed active site (magenta) due to an interaction between the
fingers and thumb domain. Polymerases capable of primer-independent initiation, (G) HCV (Ago et al.,
1999 (1QUV); Bressanelli et al., 1999 (1CSJ); Lesburg et al., 1999 (1C2P); O’Farrell et al., 2003 (1NBG)),
(H) 6 (Butcher and Grimes et al., 2001 (1HHT)),(1) BVDV (Choi et al., 2004 (1548)) and (J) reovirus
(Tao et al., 2002 (1MUK)), contain a large C-terminal domain referred to as the priming platform (yellow).
Structures lacking the priming platform; (A) poliovirus (Thompson and Peersen, 2004 (1RA6)),(B)
coxsackie virus (Campagnola et al., in press), (C) rhinovirus (Love et al., 2004 (1XR5)), (D) FMDV (Ferrer-
Orta et al., 2004 (1WNE)), (E) rabbit hemorrhagic disease virus (Ng et al., 2002 (1KHV)), and (F) Norwalk
virus (Ng et al., 2004 (1SH2)), require a protein or nucleotide primer for replication initiation (figure from
Thompson, 2006).
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template binding and that the interaction between the fingers and thumb forms a positively charged
NTP entry tunnel.

In addition to the three structural motifs of the right-hand analogy, RdRPs from HCV (Ago et
al., 1999; Bressanelli et al., 1999; Lesburg et al., 1999; O'Farrell et al., 2003), bovine viral diarrhea
virus (BVDV) (Choi et al., 2004), bacteriophage ¢6 (Butcher et al., 2001; Salgado et al., 2004) and
reovirus (Tao et al., 2002) all contain a large C-terminal domain called the priming platform (Figure
1.4). The priming platform gives the structural basis for de novo initiation of RNA synthesis by
providing a Tyr or Trp that interacts with the first base via a n-stacking interaction in the priming
site. Recruitment of the first base to the priming site provides the 3'-OH necessary for
phosphodiester bond formation with the second base bound to the catalytic site, resulting in primer
independent initiation of RNA synthesis (Butcher et al., 2001).

As discussed above, 3Dro! and other RdRP's of the Picornaviridae family of viruses require a
small protein primer called VPg to initiate either negative-strand or positive-strand synthesis.
Recently the Verdaguer lab solved a structure of the RARP from FMDV in complex with VPg
(Ferrer-Orta et al., 2006). This structure demonstrates that the C-terminal end of VPg interacts
with the RNA-binding groove similar to the RNA. The N-terminal end of VPg is bound in the NTP-
entry tunnel and Tyr3, which is uridylyated, is located directly above the active site of the enzyme
(Figure 1.5). Structural alignments of the RdRP's from rhinovirus and poliovirus show very high
homology, suggesting that all picornaviral polymerase can bind VPg in this fashion (Ferrer-Orta et

al., 2006).

The Structure of 3Dro! and the N-terminus Binding Pocket
The structure of the RARP from poliovirus, 3Drel, demonstrates many of the features already

discussed for the RdRP's in general. Furthermore, the picomaviral fingers domains can be further
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Figure 1.5: Picornaviridae RNA-dependent RNA Polymerase VPg Binding. A) Cartoon
model of the RARP from FMDV following uridylylation of VPg. The VPg molecule has a UMP
covalently bound to Tyr3, which is situation directly over the active site (magenta) and catalytic
Mg?* cations (red spheres). The thumb is shown in blue, the fingers shown in red and the palm
is shown in gray. B) Surface representation of VPg-pU bound FMDV RdRP. A large portion of
the fingers domain has been removed to reveal the VPg molecule’s interaction with the palm
(Ferrer-Orta et al., 2006 (2F8E)).
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divided by analogy to anatomical features of a primate hand consisting of an index finger (residue
1-68), a middle finger (residues 269-285), a ring finger (residues 150-179) and a pinky finger
(residues 96-146 and 180-190) (Figure 1.6). The active site, found in the palm domain, is enclosed
due to a contact between index finger and the thumb where Phe 30 and 34 are buried in a
hydrophobic pocket at the tip of the thumb (Figure 1.6) (Thompson and Peersen, 2004).

An important structural feature of this polymerase is the burial of the N-terminus in an intricate
pocket at the base of the fingers domain. This pocket provides a number of hydrogen bonds to the
amino group of Gly-1 which help anchor the N-terminus in place (Figure 1.7). Recently our lab has
shown that the proper burial of the N-terminus plays an essential role in the catalytic ability of the
enzyme. Replacement of Gly1 with an Ala or a Ser leads to 2- and 50-fold reductions in elongation
activity, respectively. Similarly, the removal or addition of a single amino acid at the N-terminus
completely abolishes elongation activity. The decrease in activity for these mutants has been
attributed to an allosteric effect whereby the burial of the N-terminus correctly positions Asp238
relative to the active site to allow it to form a hydrogen bond to the 2-OH of the incoming NTP
(Thompson and Peersen, 2004). Interestingly, the burial of the N-terminus appears to be a
common feature among picornaviral RARP’s, suggesting that it plays a fundamental role in the
activation of all these enzymes (Figure 1.7).

While this data has given a structural basis for the observed proteolytic activation of 3Dre upon
cleavage of the precursor protein 3CD, it gives only limited insight into the molecular details of
catalysis. Based upon data from a number of kinetic studies performed on the various classes of
polymerases, including poliovirus 3D (Arnold and Cameron, 2004), it is expected that for
catalysis to occur the RARP will have to undergo significant allosteric rearrangements.  Indeed,

the structure of 3Drol bound to GTP indicates that the NTP initially binds in a site that is unsuitable
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Thumb

Figure 1.6: Top View of the Poliovirus RNA-Dependent RNA Polymerase. The fingers
domain of the RARP from poliovirus has been divided into 4 separate structural motifs: the pinky
finger (red), the ring finger (yellow), the middle finger (orange) and the index finger (green). This
coloring scheme will be the common depiction of 3D throughout the thesis. The index finger
reaches across the polymerase to insert Phe 30 and 34 into a hydrophobic pocket at the top of
the thumb (blue) enclosing the active site (magenta). The N-terminus is shown as a blue sphere
that is buried in an intricate pocket at the base of the fingers domain (figure from Thompson,
2006) (Thompson and Peersen, 2004 (1RAB)).
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Poliovirus 3Dre! Coxsackie

Asp

‘ Thompson and Peersen, 2004 (1RA6) ‘ Campagnola et. al., in press

Rhinovirus (serotype 1b)

Rhinovirus (serotype 14)

Asp

‘ Love et al,, 2004 (1XR5) Love et al., 2004 (1XR6)

Rhinovirus (serotype 16)

Asp

Love etal., 2004 (1XR?7)

Foot-and-mouth-disease virus

Asp

Ferrer-Orta et al., 2004 (1WNE)

A

Figure 1.7: The Buried N-terminus of Picornaviridae RNA-Dependent RNA Polymerases.
The N-terminus (blue sphere) from each Picornaviridae RARP is shown buried in an intricate
pocket at the base of the fingers domain. Each N-terminus is hydrogen bonded to the backbones
and side chains of residues found in the finger (green) and the palm (gray) domains. Asp238
analogs are labeled for each structure. The Peersen lab has shown how the proper burial of the
N-terminus in poliovirus is crucial for the activity of the polymerase due to correct positioning of
Asp238 with respects to the active site (Thompson and Peersen, 2004).
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for base pairing with the template strand and phosphoryl transfer (Thompson and Peersen, 2004).
This structure indicates that at the very least the protein must undergo a conformational change
that places the NTP in a site suitable for catalysis. This type of conformational change is yet to be

observed in structural studies of any RdRP.

Description of this Dissertation

The work described in this dissertation is aimed at producing a better understanding of the
molecular details of catalysis for the poliovirus RdRP. These investigations include the structural
and biochemical analysis of the N-terminus binding pocket, specifically addressing the role of
Gly64. Interestingly, mutation of this residue to a serine results in poliovirus strains that exhibit
resistance to the antiviral effects of ribavirin (Pfeiffer and Kirkegaard, 2003; Vignuzzi et al., 2006).
Results described in this dissertation have contributed to a greater understanding of the dynamic
interrelationship between the N-terminus and possible structural rearrangements within the fingers
domain.

Investigation of N-terminus-binding pocket mutants led to the discovery of dynamics within a
separate portion of the enzyme centered at a loop comprised of residue 288-292 in the palm
domain. Structural and biochemical analysis of this loop indicate that these residues exist in two
stable conformations and that the ability of the loop to switch between these conformations is
required for the translocation of the template/product strand following phosphoryl transfer. These
results, in combination with results obtained from N-terminus-binding pocket mutants, are providing

a better understanding of the molecular details of catalysis for all RdRP's.
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Chapter i

Structure of the G64S Ribavirin Resistant Poliovirus Shows an Altered Binding
Pocket for the Buried N-terminus.

Introduction

Viral RNA-dependent RNA polymerases are small single-subunit proteins exhibiting rather high
mutation rates due to the lack of a proofreading mechanism seen in larger polymerases (Holland et
al., 1982; Steinhauer et al., 1992). This results in a selective advantage commonly seen among
RNA viruses whereby the viral genome does not exist as a single genotype, but rather as a
distribution of genetically related sequences collectively called a quasi-species (Eigen et al., 1988;
Holland et al., 1982; Steinhauer et al., 1989). This genomic diversity supplies a collection of
potentially advantageous mutations that allow the virus to adapt to different cellular environments
and escape host immune responses or clinical intervention (Domingo et al., 1997). The high
mutation rate and existence of this pool of quasi-species continues to frustrate efforts to develop
effective therapeutics for this class of viruses. For example, the attenuated poliovirus currently
being used in the oral vaccine has been found to revert two of its three point mutations in a matter
of days to produce a virus that is essentially as infective as wild-type (Abraham et al., 1993). This
observation offers a vivid picture of the effect that the mutation rate has on a viral population and
the establishment of quasi-species, and presents a major obstacle for the World Health

Organization effort’s to eliminate poliovirus from the planet.
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While genetic diversity and high mutation rates provide selective advantages, they are also a
danger to the virus in that small increases in the mutation rate can lead to the production of non-
viable genomes. Indeed, Crotty et al. (2000) were able to show that ribavirin, a nucleoside analog
with broad-spectrum antiviral activity, acts as a mutagen that is incorporated into the viral RNA
genome opposite of cytosine or uracil bases, increasing the mutation frequency and subsequently
pushing cultured virus into “error catastrophe”. The authors were able to show that poliovirus
cultured in the presence of high concentrations of ribavirin displayed a 10-fold increase in mutation
frequency accompanied by a 2000-fold reduction in viral production and a 140-fold reduction in
viable genomes (Crotty et al., 2001; Crotty et al., 2000). These results give direct molecular
evidence linking mutation frequency with genomic viability and demonstrate ribavirin's ability to act
as a lethal mutagen. Recently, two separate labs were able to generate a strain of poliovirus that
was less sensitive to the mutagenic effects of ribavirin. Interestingly, both studies showed that this
resistance was conferred by a single point mutation within the RNA-dependent RNA polymerase
(3Dr9) coding region that changed glycine 64 to a serine (G64S) (Pfeiffer and Kirkegaard, 2003;
Vignuzzi et al., 2006). The G64S mutant 3Drol displays a greater fidelity, resulting in an average of
~0.3 mutations per genome per generation as compared to ~1.9 for wild-type. These mutant
viruses were more sensitive to other antiviral drugs, such as the capsid-binding WIN compounds,
due to their inability to rapidly evolve resistance to them (Arnold et al., 2005). Furthermore, G64S
mutant-containing viruses also showed reduced tissue tropism and altered pathogenesis in
infected mice, resulting from a more homogeneous quasi-species population, providing a direct link
between mutation rate, genomic diversity and viral fitness and pathogenesis (Pfeiffer and
Kirkegaard, 2005; Vignuzzi et al., 2006).

The structure of poliovirus RNA-dependent RNA polymerase (3Dre!) provides insights into a

possible mechanism of action by the G64S mutation. This residue forms a portion of an intricate
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pocket located at the base of the fingers domain in which the very N-terminus must be buried to
activate the enzyme. The pocket provides key hydrogen bonds between the N-terminus and
residues of the palm domain which in turn correctly position Asp238 relative to the active so that it
can form a very important hydrogen bond with the 2’-OH of incoming NTP (Figure 2.1). This
interaction is necessary for catalysis in that changing Asp238 to an alanine completely abolishes
activity while maintaining backbone geometry identical to native 3Dro! (Thompson and Peersen,
2004).

Gly64 forms the exterior portion of the N-terminus-binding pocket and has two reciprocal
hydrogen bonds linking the backbone carbonyls and amide groups of Gly64 and Gly1. These
interactions require unusual backbone geometry and Gly64 is therefore in the disallowed region of
the Ramachandran plot. The interior portion of the pocket is formed by two additional hydrogen-
bonds between the N-terminus and the carbonyl oxygen of residues 239 and 241 (Figure 2.1).
Proper burial of the N-terminus in this pocket is essential for enzymatic activity in that the addition
or removal of a single amino acid to the N-terminus will completely abolish activity while mutations
of Gly1 will result in marked decreases in activity (Thompson and Peersen, 2004). For example,
substitution of Gly1 with an alanine results in a 2-fold reduction in polymerase activity as measured
by an oligo-dT/polyA extension assay (Appendix 1). This change in activity has been attributed to
a ~0.9A displacement of the N-terminus resulting in an expansion of the N-terminus-binding
pocket, the loss of a hydrogen bond between the N-terminus and residue 241, and an
accompanying movement of Asp238 away from the active site (Thompson and Peersen, 2004).

It was our hypothesis that the G64S mutation disrupted the intricate N-terminus-binding pocket
by replacing Gly64 with a residue unlikely to adopt the constrained backbone torsion angles

observed in the native structure, thus resulting in a decrease in the activity and overall rate of this
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Figure 2.1: Asp238 moves 1.4 A away from the active site in absence of an N-terminus.
Superposition of full-length 3D (gray and green) (Thompson and Peersen, 2004 (1RA6)) with
3D"-A68 (pink) (Thompson and Peersen, 2004 (1RDR)), a construct missing the first 68
residues of the polymerase, demonstrates that the burial of the N-terminus (blue sphere) results
in a movement of Asp238 towards the active site (magenta) allowing it to form a hydrogen bond
with the 2’-OH of the incoming NTP. The N-terminus-binding pocket is made of residue 64,
which forms two hydrogen bonds with the N-terminus, and residues 239 and 241. The active
site is comprised of two aspartic acid residues that coordinate catalytic Mg?* cations and is often
referred to as the GDD motif.
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enzyme. Here | present the crystal structures of native 3Dpe! and 3Dro! G64S in the presence of
ribavirin triphosphate (RTP). These structures demonstrate that RTP binds 3D in the same site
as canonical NTPs, supporting its role as a nucleotide analog. The structure of the G64S mutant
displays not only a local change about the N-terminus-binding pocket, but also a shift in the entire
o-helix comprising residues 52-62. Furthermore, the binding of RTP to the G64S mutant causes a
shift in this o-helix back toward its native position. We also wanted to examine if there was
something unique about the replacement of glycine with serine at residue 64 and therefore
generated an alanine mutation of this residue (G64A). This structure is superimposable with the
G64S structure and also results in a 4-fold decrease in activity, lending support to the view that the
serine side-chain does not play a unique role from a structural standpoint. The combination of our
results suggests a dynamic interplay between the N-terminus, its binding pocket, the surrounding
structural elements, and the binding of NTP's all coming together to modulate polymerase fidelity

and activity.

Results

Crystals and x-rays structures were obtained as reported by Thompson and Peersen (2004)
with slight modifications to cyro-protectant and soaking procedures. In order to obtain base and
ribose density for ribavirin tri-phosphate, the crystals were slowly transferred to a solution
containing 260mM sodium acetate and 30% PEG400, as compared to 1.8M sodium acetate and
30% glycerol used in prior work (Thompson and Peersen, 2004). These lower ionic strength
conditions lead to better overall density for the nucleoside analog and seemed to slightly improve
resolution up to a typical limit of 2.1A. This effect on resolution may have resulted from the binding
of a PEG molecule at a crystal packing contact, leading to stabilization of the contacts and an

overall increase in the order of crystal packing (Figure 2.2). Structures were refined with resolution
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Figure 2.2: Poly (ethylene glycol) (PEG) binding at a crystal contact. Surface
representation of two symmetry related molecules with a PEG molecule (yellow and red sticks)
bound at their interface. The PEG molecule was not observed in the original crystal lattice and
may be contributing to the small increase in resolution observed in the Gly64 mutant crystals as
compared to the native crystals (Thompson and Peersen, 2004).
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ranging from 2.1-2.6 A and R and Ryee values ranging from 21-24% and 23-26% respectively
(Appendix 2, Tables A2.1 and A2.2).

The overall structures of the mutant polymerases do not significantly change as compared to
the native 3Dl structure. All major structural domains and folds are maintained throughout and
changes resulting from each mutation are limited to small movements in the N-terminus binding

pocket and the surrounding structural elements.

3Drol G64S Structure and Biochemistry
Immediate observation of the G64S mutant structure reveals a significant expansion of the

exterior portion of the N-terminus-binding pocket that results in the loss of hydrogen bonds from the
N-terminus to both the amide nitrogen and carbonyl oxygen of residue 64 (Figure 2.3). This
expansion is not unexpected due to the improbability of finding a serine in the disallowed region of
the Ramachandran plot. Despite these perturbations, the N-terminus displays only a slight
displacement and maintains hydrogen bonds with the backbones of residue 239 and 241. Itis also
evident that no major structural change takes place in residues comprising the active site and that
the position of Asp238 has not been greatly affected despite the 4-fold decrease in activity as
measured by an oligo-dT/polyA extension assay (Table 2.1).

In light of these observations, we set out to compare this structure with an ensemble of 3Dwe!
structures solved by our lab using a maximum likelihood-based structural alignment algorithm
developed by Doug Theobald at the University of Colorado and implemented in his program
Theseus (Theobald and Wuttke, 2006). These alignments brought to light the fact that while
mutations at Gly64 certainly effect the local structure surrounding the N-terminus itself, they also
have a more global effect reaching into the fingers domain of the polymerase, in particular to the

a-helix in the index finger that precedes the Gly64 mutation site (Figure 2.4). The a-helix,
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Figure 2.3: Structural alignment of 3DP°' and 3DP°' G64S. The structure of 3D G64S
(orange) shows that a serine at residue 64 will cause an expansion of the exterior portion of the
N-terminus-binding pocket resulting in the loss of two hydrogen bonds to the N-terminus. For
simplicity hydrogen bonds from the N-terminus to residue 239 and 241 are not shown for 3D
G64S. The N-terminus is slightly displaced compared to native 3D, However, Asp238 and
the GDD motif do not show significant changes in conformation.
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Table 2.1 - Polymerase extension activities for Gly64 mutants

Protein % Activity

30DD G64S 282

3DDD G64A 26+2

3DDD G64D 18+3

3DDD G64N 33+£8
24
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B)

Figure 2.4: An a-helix comprised of residue 52-62 moves in response to the G64S
mutation. A) Structural alignment of native 3D*! (normal coloring scheme) with 3DP°! G64S
(cyan) shows that the 52-62 a-helix, shown as sticks with residue 64 colored purple, moves up
and away from the active site. Surface representations of the ring finger, the palm and the
middle finger are shown displaying the tight interaction this a-helix has with these structural
motifs. The N-terminus of each protein is shown as a blue sphere and the active site (magenta)
can be seen in the background. B) Same view and color scheme as shown in A) however, all
structural elements besides the a-helix are shown as cartoon models.
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comprising residues 52-62, shifts up and away from the N-terminus-binding pocket relative to
native 3Dpol.  Interestingly, the binding of RTP results in a shift of the helix back toward the
N-terminus-binding pocket and this is accompanied by a marked improvement in the density
surrounding the N-terminus, suggesting that the binding of an NTP locks the polymerase in a less

dynamic state (Figure 2.5).

Why is Only Serine Found in Ribavirin Resistant Mutations?
We were also interested in determining if there was anything uniquely favorable about a serine

substitution at Gly64 since two different laboratories recovered the same ribavirin resistance
mutation. The lack of density and high B-factors for the side-chain of residue 64 do not suggest
that the residue makes any specific structural contacts that would require a serine. To test whether
the expansion of the pocket was due primarily to the loss in conformational freedom and not an
intrinsic effect mediated by the serine side-chain, | expressed and crystallized a mutant that
contained an alanine at residue 64. Alanine, like serine, will not readily adopt unfavorable phi and
psi angles, but minimizes the potential for side-chain specific interactions. G64A is virtually
identical with G64S in all aspects tested. The structure of G64A is superimposable with G64S,
both having an expanded N-terminus-binding pocket accompanied by a movement in helix 52-62
(Figure 2.6). In addition this mutant shows a comparable ~4-fold decrease in activity (Table 2.1)
and small displacements of the N-terminus and Asp238.

Ribavirin mutagenesis results in transversion mutations of the original GGU codon at residue
64, leading to three possible amino acids substitutions: serine (AGU), aspartic acid (GAU) and
asparagine (AAU). Mutations of the wobble position to GGN retain the wild-type Gly. While it is
statistically improbable to generate a double mutant resulting in asparagine at residue 64, both it

(G64N) and the aspartic acid (G64D) mutations were generated and analyzed. Like the G64A
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Figure 2.5: The binding of an NTP to the 3DP°! G64S mutant results in a shift of the 52-62
a-helix back toward native-like topology. A) Structural alignment of 3D (normal coloring
scheme), 3D G64S (cyan), and RTP bound 3D G64S (wheat). A stick model of the 52-62
o-helix is shown with Gly64 colored purple and the N-terminus is represented by a blue sphere.
The binding of an NTP results in a small shift of the o-helix back toward native-like topology. B)
Identical view and coloring scheme as shown in A) with the surface representation of the fingers
and palm domains removed.
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Figure 2.6: Structural alignment of 3D°, 3DP°! G64A and 3DP°! G64S. Substitution of Gly64
with an alanine (cyan) results in a backbone geometry that is identical to 3D*! G64S (orange)
displaying an expansion of the N-terminus-binding pocket and the loss of two hydrogen bonds
from the N-terminus to residue 64. The G64A mutant, like G64S, does not display a significant
change in Asp238 and the GDD motif.
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mutation, the structures of both G64N and G64D were virtually superimposable with the G643
structure and these mutants display ~4-fold and ~5-fold reductions in activity respectively (Figure

2.7) (Table 2.1).

X-ray Crystal Structures with Ribavirin tri-phosphate (RTP)
The crystal structures of native 3Dre! and G64S in the presence of RTP show that the antiviral

drug is found to have identical interactions with the protein as does GTP, supporting the idea that
RTP acts as a nucleoside analog (Figure 2.8) (Crotty et al., 2000). The position of the base is
stabilized by both a stacking interaction with the side-chain of Arg174 and a hydrogen bond
between the exocyclic carboxy-amide and the backbone carbonyl of residue 175. In addition,
multiple hydrogen bonds are made between the ribose and phosphate moieties of RTP and the
side-chains of residues 163, 167 and 174. The hydrogen bond between the 2'-OH of the RTP and
Asp238 is conserved in both structures, an interaction shown to be crucial for NTP/ANTP selection
(Gohara et al., 2000; Huang et al., 1997). The binding site of the RTP molecule, like that of GTP,
is pre-catalytic in that the base-pairing face of the nucleotide is facing the protein and the
phosphate moiety is not yet positioned over the Mg2* ion-containing active site. The binding of the
RTP molecule has little or no effect on the overall structure, other than the aforementioned change
seen in the a-helix comprised of residues 52-62, and all other structural elements and folds remain

identical to those seen in the apo-structures.

Discussion

Structural investigation of the RNA-dependent RNA polymerase of poliovirus has lead fo a
detailed understanding of the importance of proper proteolytic processing and subsequent burial of

the N-terminus in a specific pocket at the base of the fingers domain. Our lab has shown that this
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Figure 2.7: Structural alignment of 3D°,, 3DP°! G64A, G64D, G64N and G64S. Identical view
of the N-terminus-binding pocket as that seen in Figure 2.6 with the addition of 3D G64D
(black) and G64N (salmon). Like 3DP°' G64A, the backbone geometry of 3DP G64D and G64N
are identical to that of 3DP G64S.
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Figure 2.8: RTP 1000K composite simulated anneal omit map contoured at 1.6c. A) GTP-
bound 3Dr! showing multiple interactions between the ring finger and the NTP including the
hydrogen bond between Asp238 and the 2'-OH (Thompson and Peersen, 2004 (1RA7)). B)
RTP bound 3D shows that RTP has identical interactions with the protein as a canonical NTP
supporting its role as a nucleoside analog. Maps for both GTP and RTP are composite
simulated anneal omit maps contoured at 1.6c.
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interaction is essential for the activity of the polymerase and proper positioning of Asp238 in the
active site, allowing it to form a hydrogen bond with the 2’-OH of the incoming NTP (Thompson and
Peersen, 2004). Structural studies of rhinovirus (Appleby et al., 2005; Love et al., 2004), foot and
mouth disease virus (Ferrer-Orta et al., 2006; Ferrer-Orta et al., 2004) and coxsackie virus
(Campagnola et al., in press) polymerases reveal an analogous feature, suggesting a similar link
between polymerase activity, structural integrity of the polymerase active site, and proper
positioning of the N-terminus across all picornaviruses. The isolation of a mutation in a residue
comprising the outer edge of the N-terminus-binding pocket leading to higher fidelity and resistance
to the antiviral drug ribavirin prompted us to investigate whether these affects could be accounted
for structurally.

Interestingly, two separate labs found only a serine mutant arising as a viable ribavirin resistant
mutant, begging the question whether the serine side-chain plays a unique structural role. For
example, serine side-chains have been known to hydrogen bond back to the protein backbone,
which in this case could be stabilizing unfavorable backbone geometry. However, in light of the
essentially identical structure and activity of G64S and G64A mutants and the surface-exposed
structure of the serine side-chain, it is unlikely that the hydrogen bonding potential of the serine
side chain plays any significant structural role.

Instead, the serine mutation is likely the result of the limited set of mutations that can be
obtained by a ribavirin-induced G to A transversion of the original GGU codon. Transversion of the
first G to A in positive-strand synthesis results in an AGU codon and the observed Ser64 mutation,
while mutation of the second G results in a GAU codon encoding an aspartic acid. Minus-strand
mutagenesis of the A opposite the U in the Gly64 codon during viral replication would result in a

GGC codon in the plus strand that would still encode the wild-type Gly64 residue. Thus, a serine
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and an aspartic acid are the only residues possible with a single ribavirin-induced point mutation in
the codon. Even though they are unlikely to be recovered in a growth-selection experiment, double
mutations could result in asparagine (AAU), serine (AGC) or aspartic acid (GAC) codons in
addition to reversions back to glycine. Therefore, mutants containing either an asparagine (G64N)
or an aspartic acid (G64D) at residue 64 were also expressed and analyzed structurally and
biochemically. Like G64A, both G64N and G64D mutants were identical in structure to the G64S
mutant. The G64N mutant had a similar ~4-fold reduction in elongation activity while the G64D
mutant displayed a ~5-fold reduction in activity (Table 2.1). These results imply that @ minimum
elongation rate may be necessary to support viral growth in cultured cells, a condition not met by
the G64D mutant. Therefore, the lower activity of the G64D single mutant and the statistical
improbability of isolating the G64N double mutant are both likely explanations for the isolation of
only a G64S mutant in growth-selection experiments in the presence of ribavirin.

Ribavirin is currently being used to treat hepatitis C, severe acute respiratory viruses and
Lassa fever virus (Andrei and De Clercq, 1993; Cummings et al., 2001; Krilov, 2001). Its mode of
action, up until recently, was thought to be the inhibition of inosine monophosphate dehydrogenase
(IMPDH), an enzyme required for the catabolism of GTP (Muller et al., 1977). Low intracellular
levels of GTP may lead to a reduction in viral protein translation and RNA replication and a
reduction in the efficiency of RNA capping (Bougie and Bisaillon, 2004; Hong and Cameron, 2002).
Ribavirin has also been shown to directly inhibit the polymerases of hantaan virus, HCV, HIV and
influenza virus (Fernandez-Larsson and Patterson, 1990; Maag et al., 2001; Severson et al., 2003;
Vo et al., 2003; Wray et al., 1985). However, the Cameron lab has shown that upon entering the
cell, ribavirin is converted to ribavirin triphosphate (RTP), which then acts as a nucleoside analog
(Crotty et al., 2000). The structures of RTP bound to both the G64S mutant and native 3Dpo!

further support that it does indeed bind as a nucleotide analog and is found to have identical
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interactions with the protein as compared to all other NTPs (Figure 2.8) (Thompson and Peersen,
2004; Thompson, 2006). 1t is also evident that binding of RTP in G64S and native 3Drel is
identical, supporting the nearly equal affinities each protein has for the nucleoside analog (Amold
et al., 2005). These findings strongly support the conclusion that it is an increase in fidelity of the
G64S polymerase that leads to ribavirin resistance, and not simply a defect in RTP binding.

Craig Cameron’s lab has done a full kinetic and thermodynamic analysis of G64S and has
attributed the increase in fidelity to the slow kinetics of a conformational change preceding
phosphoryl transfer. In this paper the authors observed a 3-fold decrease in the overall elongation
rate of G64S as compared to native 3D0l. Furthermore, they observe a 3-fold decrease in the
equilibrium constant for the conformational change that takes place after NTP binding but before
phosphoryl transfer, implicating this as the rate-limiting step in catalysis for G64S (Arnold et al.,
2005). We set out to provide a structural explanation for how the G64S mutation slows this
conformational change and, while this remains an elusive goal, the structures reported here, in
combination with already existing structures, lead us to believe that there is a dynamic interplay
between the N-terminus, Asp238, and the binding and incorporation of NTP's.

The G64S mutant has a significant impact on the structural integrity of the N-terminus-binding
pocket, showing a large expansion of the outer edge resulting in the loss of two hydrogen bonds
from residue 64 to the N-terminus and a 4-fold decrease in catalytic activity as compared to native
3Drol. A nearly identical expansion of the N-terminus-binding pocket is observed when replacing
Gly1 with an alanine (G1A), which is accompanied by a 2-fold decrease in activity (Figure 2.9).
Our lab has attributed the loss of activity in G1A to the displacement of the N-terminus leading to
altered positioning of Asp238 in the active site (Thompson and Peersen, 2004), and it was quite
surprising to see that while the N-terminus of G64S was slightly displaced, Asp238 displayed no

significant movement. In addition, Grace Campagnola of our lab has solved the structure of a
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Figure 2.9: Structural alignment of 3DP°! G1A, 3DP°! G64S and native 3D, 3D G1A, shown
in pink, results in an expansion of the N-terminus-binding pocket similar to 3D G64S and a small
displacement of both the N-terminus and Asp238, resulting in a 2-fold decrease in activity
(Thompson and Peersen, 2004 (1TQL)). Oddly, the movement of Asp238 is not observed in 3D
G64S despite a more drastic affect on the activity of the enzyme. Substitution of Gly1 with an
alanine results in the loss of a hydrogen bond from residue 241 to the N-terminus. For the sake of
simplicity, hydrogen bonds to the N-terminus are not shown.
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polymerase in which GIn65 has been replaced with an alanine (N65A). This side chain is hydrogen
bonded to the N-terminus in rhinovirus (Love et al., 2004) and FMDV (Ferrer-Orta et al., 2004)
polymerase structures and may represent a second position for the N-terminus in poliovirus 3Dro!,
Interestingly, the N65A mutation causes a collapse, rather than an expansion, of the outer edge of
the N-terminus-binding pocket that is accompanied by a 10-fold decrease in activity (Figure 2.10).
The N-terminus of this structure is not well-ordered but appears to have been significantly
displaced but, Asp238 again exhibits little or no displacement (Thompson, 2006).

How then can one correlate the clear loss in activity with the differing structural perturbations
surrounding the N-terminus and Asp238 that arise from separate mutations? To answer this
question we compared the G64S structures with an ensemble of structures solved in our lab using
Theseus, a structural alignment program developed by Doug Theobald (Theobald and Wuttke,
2008). The strength of Theseus is in its use of maximum likelihood probability mathematics that
allow it to down-weight the contribution from residues with clearly different relative coordinates.
The result is an alignment that is dominated by domains of each protein which are clearly super-
imposable, thereby highlighting those regions that differ.

Structural alignments of an ensemble of polymerase structures solved by our lab reveal that
N65A, G1A, and all mutations at residue 64 lead to a movement of residues 52-62, comprising an
o-helix in the index finger, up and away from the N-terminus (Figure 2.11). In the N65A structure,
the movement in this a-helix is accompanied by a movement in adjacent residues at the tip of the
ring finger (Figure 2.12). This finger, comprised of residues 150-179, forms the roof of the NTP
entry tunnel and is involved in a fairly extensive interface with the index finger directly adjacent to
the 52-62 a-helix. The fact that the ring finger moves in response to N-terminus-binding pocket

perturbations demonstrates that the fingers domain is not a rigid body, but is rather quite flexible
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Figure 2.10: Structural alignment of 3DP°' N65A, 3DP°' G64S and native 3D°'. 3DP° N65A,
shown in lime, results in a collapse of the N-terminus-binding pocket and a large displacement of
the N-terminus, and yet Asp238 and the GDD motif do not show significant alterations (Thompson,
2006). Substitution of Asn65 with an alanine results in the loss of all hydrogen bonds to the N-
terminus except a single hydrogen bond from its carbonyl to the backbone amide of Gly64. For
simplicity sake all hydrogen bonds to the N-terminus are not shown.
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Figure 2.11: The movement of the 52-62 a-helix is a common structural feature observed
among mutations that disrupt the N-terminus-binding pocket. A) Structural alignment of
native 3D (normal coloring scheme) with Gly64 mutants (cyan), G1A (wheat) and N65A
(wheat) shows that the 52-62 a-helix (shown as sticks) moves up and away from the active site
in all cases. The N-terminus of each protein is shown as a sphere and the active site (magenta)
can be seen in the background. B) Same view and color scheme as shown in A) however, all
structural elements besides the a-helix are shown as cartoon models.
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B)

Figure 2.12: The 3DP°! N65A mutant affects the conformation of the ring finger. A) Cartoon
representation of the ring finger from native 3D (yellow) and 3D N65A (slate) demonstrates a
small movement in response to the movement of the 52-62 o-helix. Surface representation of
the index finger demonstrate how the ring finger is tucked beneath a rather large structural
platform. B) Identical view and coloring scheme to that seen in A). However, surface
representations of the index finger (green) have been removed. The stick model of the 52-62 a-
helix demonstrates the rather large movement made by this helix in response to the 3D* N65A
mutation (slate). The NTP in both A) and B) has been modeled from GTP-bound 3D
(Thompson and Peersen, 2004).
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and small movements in one location can result in movements in separate portions of the protein.
Indeed, binding of an NTP to the G64S mutant results in a small movement of the 52-62 a-helix
back to native-like topology, indicating that the index finger is responsive to events taking place in
the NTP-entry tunnel and the active site.

The fact that the NTP is bound in such a manner as to prevent base-pairing and catalysis
demonstrates the need for a conformational change of the nucleoctide and the protein before
catalysis can occur. An analogous situation is found in the RNA-polymerase of bacteriophage T7,
where the Steitz lab has demonstrated that the NTP-binding O-helix undergoes a significant
conformational change to place the incoming NTP over the active site (Yin and Steitz, 2004).
Initially, NTP binds the T7 RNAP in a conformation unsuitable for catalysis in that the phosphate
moiety is not positioned over the active site nor is the base able to base pair with the template.
Following NTP-binding the O-helix undergoes a 22.5° rotation to position the NTP phosphates over
the catalytic aspartate residues. Furthermore, the movement of the O-helix displaces Tyr639 from
the base-binding site, allowing the incoming base to base pair with the template strand (Figure
2.13) (Yin and Steitz, 2004).

The Cameron lab has described the full kinetic mechanism for poliovirus 3D and has shown
that a conformational change preceding phosphoryl transfer is the rate-limiting step in 3Drel G64S
catalysis (Amold et al., 2005). Many in the field, including the Cameron lab, believe that this
conformational change is similar to the conformational change observed in the O-helix of T7 RNAP
that positions the NTP over the active site. Without further structural information it is difficult to say
how this conformational change occurs in 3D\, but our data demonstrates that structural elements
in the fingers domain are flexible and responsive to events taking place in the active site. Based

off these data, and by analogy to the O-helix, | propose that a yet-to-be-seen movement of the 52-
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Figure 2.13: Structural basis for NTP positioning in T7 RNA-polymerase. A) Initial binding
of the NTP to the O-helix results in a conformation that is unsuitable for catalysis, requiring a
conformational change prior to phosphoryl transfer. The template and product strands of the
nucleic acid have been labeled and catalytic aspartates (D812 and D537) are shown as sticks.
Arrows demonstrate the conformational change that needs to occur for a catalytically competent
conformation (Cheetham and Steitz, 1999, (1QLN)) B) Catalytically competent conformation of
the O-helix and NTP with two Mg?* cations (blue spheres) coordinated by active-site aspartates
and the phosphate moiety of the NTP. The O-helix undergoes a 22.5° rotation to move the NTP
over the active site (Yin and Steitz, 2004 (1S77)).
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62 a-helix will result in a clockwise rotation of the ring finger that will subsequently push the NTP
into the active site (Figure 2.14). By replacing a Gly with Ser, the G64S mutant constricts
movement within this region of the protein, favoring a distorted conformation of the 52-62 a-helix,
giving a possible explanation for the kinetic and thermodynamic effects observed by the Cameron
lab (Amold et al., 2005). Indeed, the N65A mutant demonstrates how a movement of the 62-62 a-
helix, similar to that observed in G64S, results in a counterclockwise rotation of the ring finger
(Figure 2.12). As a result, the 52-62 o-helix in the G64S mutant polymerase likely represents an
off-pathway conformation that must be brought back to native topology before the catalytic cycle
can be completed. Supporting this hypothesis is the observation that NTP-binding brings the 52-
62 a-helix back to a conformation similar to native 3Drel. However, further movement of the
a-helix and rearrangements in the fingers domain would be required before the polymerase was
on a pathway leading to catalysis. Additionally, the unfavorable conformation of the 52-62 o-helix
may also account for an increase in fidelity in that it slows the mutant polymerase and thus favors
canonical base pairs due to an energetically more favorable association preventing premature NTP
release.

The results presented in this chapter, in combination with the G1A and N65A mutations, are
leading us away from the view that structural perturbations of the N-terminus-binding pocket effect
Asp238 positioning alone, but rather have larger implications affecting the kinetics and
thermodynamic parameters governing a conformational change in the ring finger and the
polymerase mechanism as a whole. In conclusion we believe that a dynamic correlation exists
between movements in the fingers domain, the position of the N-terminus and Asp238, and the
binding and incorporation of NTP's. However, without further structural information the precise

molecular details of these events remain elusive.
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Figure 2.14: Proposed movement of the ring finger. Surface representation of 3D
demonstrates how the ring finger (yellow) makes multiple contacts with the index finger (green),
in particular the 52-62 o-helix (cyan). Movements within the 52-62 a-helix may result in a
clockwise rotation (demonstrated by the arrow) of the ring finger that push the NTP into the
active site (magenta) much like the O-helix of T7 RNAP (Yin and Steitz, 2004).
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Chapter lll

Structural and Biochemical Analysis of the 288-292 Loop, Implications for

Polymerase Activity and Mechanism.

Introduction

Incorporation of a single nucleotide into a growing nucleic acid is a complex process requiring
much more than a simple phosphory! transfer catalyzed by the active site of the enzyme. Kinetic
and thermodynamic studies of different classes of polymerases from Escherichia coli (Dahlberg
and Benkovic, 1991; Kuchta et al., 1987), bacteriophage T7 (Patel et al., 1991), human
immunodeficiency virus (Hsieh et al., 1993; Kati et al., 1992) and poliovirus (Arnold and Cameron,
2004) all reveal that a mechanism invoking up to five steps is required for the addition of a single
nucleotide. In all cases these steps include: 1) NTP binding 2) a conformational change 3)
phosphodiester bond formation 4) a second conformational change and 5) pyrophosphate release
(Figure 3.1). The conformational changes flanking the phosphodiester bond formation have been
hypothesized to be correct positioning of the nucleoside triphosphate over the active site prior to
chemical catalysis and translocation of the template/product strand following chemical catalysis
(Dahlberg and Benkovic, 1991; Kuchta et al., 1987; Patel et al., 1991). In support of this
hypothesis the Steitz lab published a series of papers describing the structures of the DNA-
dependent RNA polymerase from bacteriophage T7 (T7 RNAP) in various phases of its catalytic

cycle (Cheetham and Steitz, 1999; Tahirov et al., 2002; Yin and Steitz, 2002; Yin and Steitz, 2004).
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k+1 k+2 k+3 k+4 k+5
ER,+ NTP > ERNTP > *ER NTP > *ER,, PPi > ER, PPi >ER, +PPi
k-I k_2 k.3 k 4 k_5
B)
k+1 k+2 ks k+4 k+5

ER,+NTP o> ER NTP 7> *ERNTP > *ER,, PPi 3> ER,PPi > ER,, +PPi
k 5

S T N

ER_ NTP-Ser288 flip ER_,,PPi-Loop Out

Figure 3.1: Kinetic scheme for the catalytic cycle of a polymerase. A) Each catalytic cycle
begins with NTP binding to the Enzyme:RNA complex (ER,). This event is followed by a
conformational change (*ER,NTP) thought to position the NTP over the actives site. The
conformational change is followed by phosphoryl transfer making the product strand one
nucleotide longer (*ER,,4PPi). The complex then undergoes a second conformational change
and inorganic phosphate (PPi) is released. B) The results presented in this chapter represent
smaller conformational changes that lead to the larger conformational changes described
kinetically in A). We propose that Ser288 of 3D must first flip (ER NTP-Ser288 flip) down
leading to a series of events that have been measured kinetically as the first conformational
change. Following phosphoryl transfer, the 288-292 loop of 3D will adopt a second
conformation (ER,.,PPi-Loop Out) along with a series of other yet-to-be-described events
leading to the second conformational change. (Figure adapted from Arnold and Cameron, 2004)
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These articles provide the molecular details of two conformational changes required for catalysis
that do indeed correlate with NTP positioning and translocation.

In 1997, Steve Schultz's lab published the partial structure of the RNA-dependent RNA
polymerase (RdRP) from poliovirus (Hansen et al., 1997), demonstrating that the structures of this
class of polymerases could also be described using the right-hand analogy first used by Tom Steitz
to describe a fragment of the DNA polymerase from Escherichia coli (Klenow fragment) (Ollis et al.,
1985). Since this publication, the structures of at least nine separate RARP have been solved,
including the full-length structure of the RARP from poliovirus. Observation of each structure
reveals striking similarities between the members of this class of polymerases, all of which adopt
the right-hand analogy with an enclosed active site characterized by a contact between the finger
and thumb domains (Figure 1.4). In addition to the apo-structures, the structures of foot-and-mouth
disease virus (Ferrer-Orta et al., 2004), bacteriophage ¢6 (Butcher et al., 2001; Salgado et al.,
2004), hepatitis C virus (O'Farrell et al., 2003) and reovirus A3 (Tao et al., 2002) RdRP's have all
been solved in complex with RNA. However, none of these structures have demonstrated the
conformational changes required for NTP positioning or translocation as seen in the T7 RNAP
structures.

Investigation of the ribavirin-resistant mutant polymerase 3Dro! G64S from poliovirus lead to
the discovery of a patch of positive density surrounding residues 288-292 in the palm domain. This
density was suggestive of an alternate conformation for this five-amino acid loop and it caught our
attention because of possible implications on the translocation of the template/product strand,
giving the first hint of one of the conformational changes required for the catalytic cycle of the

enzyme.
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We report here the structural and biochemical analysis of 16 different mutants in this loop. Our
results indicate that Ser288 and the loop can exist in two stable conformations described by: 1) a
180° flip of Ser288 down towards the active site, and 2) accessibility of residue 290 to a
hydrophobic pocket directly behind the loop. We demonstrate that the ability of the loop to undergo
transitions between these separate conformations is modulated by the flexibility of a Gly at residue
289 and the nature of the side chain at residue 290. Our results indicate that the flexibility of this
loop is essential for the elongation activity of the polymerase, and if restricted will result in
translocation-deficient polymerases. From our results we hypothesize that for a complete catalytic
cycle Ser288 must first flip down to form a hydrogen bond with Asp238, setting the stage for the
conformational change required to correctly position the NTP over the active site. Following
phosphoryl transfer the loop adopts a second conformation, moving residue 290 out of a
hydrophobic pocket towards the active site, resulting in a steric clash with the template RNA that

leads to the translocation of the nucleic acid (Figure 3.1).

Results

Crystallization and Structure Determination
Crystals and x-ray structures were obtained as reported by Thompson and Peersen (2004)

with small modifications to cyro-protectant and soaking procedures as discussed in Chapter 2 and
Appendix 1. All structures have at least one PEG molecule bound at a crystal-packing interface,
and this appears to result in an increase in overall order of the crystal lattice and slightly higher
resolution. Structures were refined to resolutions ranging from 2.0 A to 2.8 A with R and Riee
values ranging from 20.7%-23.4% and 23.3%-25.6% respectively. The majority of structures were
refined to a typical resolution of 2.3-2.4 A and had R and Reee values separated by 2-3 percentage

points (Tables 3-10, Appendix 2). Initial electron density maps were calculated using a model
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missing residues 287-293, thus allowing for an unbiased calculation of the map surrounding this
region of the protein. 1000K composite simulated anneal omit maps were calculated for the final
structures to ensure the validity of each model (Appendix 3).

The overall structure of each mutant polymerase does not change significantly as compared to
the native structure. All major structural folds and domains are maintained throughout and
changes resulting from each mutation are isolated to movements within the 288-292 loop and
surrounding structural elements, as revealed by structural alignments calculated by Theseus
(Theobald and Wuttke, 2006). Changes in the 52-62 a-helix previously described for mutations
surrounding the N-terminus-binding pocket (Chapter 2) are not observed in any of these structures,
demonstrating that such movements can indeed be correlated with amino acid substitution and not

merely a result of crystal packing or alternate soaking procedures.

The Initial Motivation
Structural investigation of 3Drel G64S, a mutation resulting in ribavirin-resistant poliovirus, lead

to the discovery of a good deal of positive density surrounding residues 288-292 that was
suggestive of a well-defined alterate conformation. At the time we were unsure whether this
density had arisen as a result of either mutations at residue 64 and/or complications arising from a
dimethyl-arsenic adduct on residue 290. To control for this, crystals of native 3Dro! were grown and
harvested in the exact conditions as those seen for the Gly64 mutants. These structures do indeed
show hints of the alternate conformation, indicating that residues 288-292 are indeed flexible and
that this flexibility is not a result of mutations surrounding the N-terminus-binding pocket.
Interestingly, this density is not observed in the native 3Dpo structure solved by the Peersen lab in
2004 using crystals harvested in a 1.8M sodium acetate solution as opposed to the 250mM sodium

acetate solution used for the Gly64 mutants. To further investigate the significance of the positive
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density observed in the G64 mutant structures, 16 mutants of the 288-292 loop were generated,

purified and analyzed structurally and biochemically.

The 288-292 Loop Conformation
An overview of all the mutant structures demonstrates that the conformation of residues 288-

292 exists in two stable conformations (Figure 3.2). The first conformation is analogous to that
which was originally described by Thompson and Peersen (2004) wherein the side chain of residue
290 is tucked into a hydrophobic pocket comprised of Val154, Met187, Tyr267, Val268 and
Pro287. The second conformation is characterized by a ~5.0 A movement of residue 290 out of
the hydrophobic pocket and towards the active site (Figure 3.2 and Figure 3.3). The two
conformations are distinguished by their relationship to the active site and the hydrophobic pocket
and will therefore be referred to as the in conformation describing loops with the residue 290
tucked into the hydrophobic pocket and the out conformation describing loops with residue 290
proximal to the active site. The majority of mutant polymerase structures show predominant
density in either the in or out conformation (Appendix 3). However, in some instances the
conformation of the loop is complicated by a dimethyl-arsenic adduct at residue 290.  This
modification is often seen at cysteine residues in the original structure, including Cys290. The
modification at Cys290 is tucked nicely into the hydrophobic pocket directly behind the loop and
appears to not significantly alter the structure of the polymerase (Thompson and Peersen, 2004).
Indeed, replacement of Cys290 with a serine results in virtually superimposable structures with
only a small movement of Tyr267 to accommodate the lack of a dimethyl-arsenic adduct in the
hydrophobic pocket (Figure 3.4). Mutant polymerases that retain the dimethyl-arsenic adduct
display weaker overall density for residues 288-292 along with relatively high B-factors for the loop,

both indicative of molecular disorder.

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.2: Structural alignment of 13 out of 16 loop mutations demonstrates how the
288-292 loop can exist in two stable conformations. The loops colored cyan represent the
in conformation that was originally reported by Thompson and Peersen in 2004, whereas the
loops colored orange represent the out conformation. The loop colored black has a distorted
backbone geometry due to the complication of a dimethyl-arsenic adduct attached to residue
290 that is found on 4 out of 16 mutants. The active site is colored magenta and a stick model
of Asp238 is shown for each mutant. The incoming NTP has been modeled, and loop
structures represented here were solved in the absence of an NTP.
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Figure 3.3: The in and the out conformations are differentiated by whether residue 290 is
tucked into a hydrophobic pocket directly behind the loop. The in and out conformations
are shown as either a cyan or orange loop respectively. Residue 290 is represented by a single
ball and stick in the center of the loop and is tucked into a hydrophobic pocket comprised of
V154, M187, Y267, V268 and P287 (each colored tan) in the in conformation. The alpha-carbon
of residue 290 moves 5.0A towards the active site (magenta) when moving from the in to the
out conformation.
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Figure 3.4; Tyrosine 267 moves in response to the removal of the dimethyl-arsenic _
adduct at residue 290. Structural alignment of the original structure (cyan) (Thompson and
Peersen, 2004 (1RAB)) with the structure of C290S (tan) demonstrates how the removal of the
dimethyl-arsenic adduct allows Tyr267 to move into the hydrophobic pocket. It is expected that
the conformation of Tyr267 in C290S is its native conformation. The dimethyl-arsenic adduct is
found on four of the mutant structures and significantly alters the backbone of the loop in a
number of these cases.
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In addition to the burial or removal of residue 290 from the hydrophobic pocket, each loop
conformation can be characterized by several interactions with residues found at the base of the
NTP-binding ring finger. In the in conformation, Gly289 forms two backbone hydrogen bonds
linking its carbonyl oxygen and amide nitrogen with the amide nitrogen of residue 179 and the
carbonyl oxygen of residue 177 respectively. These two hydrogen bonds are lost in the out
conformation due to the ~5.0 A movement of the loop towards the active site. Ser288 participates
in two hydrogen bonds in both the in and out conformations. The first of these hydrogen bonds is
conserved in both conformations and is between the Ser288 amide nitrogen and the side chain of
Asp 177. The second hydrogen bond is conserved in that the transition from the in to the out
conformation leads to an atomic “switch” whereby the amide nitrogen of Asp 177 is hydrogen
bonded to either the Ser288 side chain (in) or the Ser288 carbonyl oxygen (ouf) (Figure 3.5). This
switch is accompanied by a large change in the backbone torsion angles of Gly289 allowing the
Ser288 carbonyl oxygen to fill the vacancy left by the Ser288 side chain during the in to out
transition.

A further distinction between the out and in conformations can be made by observing the
conformation of Ser288. When the loop is in the out conformation, this side chain points down
towards the active site and is within hydrogen-bonding distance to the side chain of Asp238, the
side chain that forms a key hydrogen bond to the 2'-OH of the incoming NTP. In the in
conformation however, Ser288 points up away from the active site and forms a hydrogen bond with
the backbone of residue 177 (Figure 3.5). The two conformations of Ser288 can be distinguished
by whether the side chain points up towards the ring finger or down towards the active site and will

be designated as up or down respectively.
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Figure 3.5: In and out conformations can be distinguished by hydrogen bonds to the base
of the ring finger and the conformation of Ser288. A) The loop (orange) in the in
conformation forms four hydrogen bonds with the ring finger (yellow) and the side chain of
Ser288 is pointing up away from the active site (magenta) . B) The 5.0 A move of residue 290
resulting in the out conformation breaks two hydrogen bonds with the ring finger and,
interestingly, the carbonyl of Ser288 takes the place of its side ¢chain, which is now pointing down
towards the active site, forming a hydrogen bond with Asp238.
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The above observations hold true for the majority of the structures solved, but notable
exceptions do exist, resulting in slightly altered in or out conformations as will be discussed in

sections below.

Loop Conformation does not Correlate with Activity
To analyze the biological significance of the loop, the enzymatic activity of each mutant

polymerase was tested using an oligo-dT/polyA extension assay and reported as a percentage of
the activity of the native polymerase. Activities measured ranged from ~0%-320%, clearly showing
the importance of this loop for the overall mechanism of the polymerase (Table 3.1). Coupled with
the structures, the activity results also demonstrate that there is not a strict correlation between the
loop conformation observed in the crystal structure and the polymerase’s ability to synthesize RNA
from a primed template.  For instance, mutants containing either a Phe or a Glu at residue 290
(C290F and C290E) both have loops described by the out conformation, yet display strikingly
different elongation activities (Figure 3.6). Substitution of residue 290 with a Phe leads to an
approximate 2.5-fold decrease in activity, whereas substitution with a Glu completely abolishes
activity (Table 3.1). A similar correlation can be made for the in conformation where substitution of
residue 290 with a Ser (C290S), a mutation that changes only a single atom, leads to a ~5-fold
reduction in activity and excellent density describing the canonical in conformation. On the other
hand, substitution of residue 290 with a Ser accompanied by a separate mutation changing Gly289
to an alanine (G289A/C290S) leads to a nearly identical loop conformation as C290S alone, yet

this double mutation completely abolishes activity (Figure 3.6) (Table 3.1).
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Table 3.1-Polymerase extension activities and RNA binding affinity for Loop mutants

Protein % Activity RNA binding Affinity (uM)
3DDD 100+3 1.71+£0.06
3DDD C290D 1.0+£0.9 42+06
3DDD C290E 09+07 8+1
3DDD C290F 39+4 1.42+0.09
3DDD C290I 170+ 30 1.8+0.10
300D C290M 215 1.61+0.03
3DDD C290S 20+4 1.21+£0.04
3DDD C290V 320 + 60 1.56 £0.05
3DDD G289A 05+2 28+0.10
3DDD G289A/C290F 04+0.1 3.25+0.08
3DDD G289A/C290! 0.12+ .05 24+0.10
3DDD G289A/C290M 45+0.3 1.73+£0.06
3DDD G289A/C290S 1.3£0.2 1.39+0.05
3DDD G289A/C290V 1807 3.15+0.08
3DDD S288A 13+5 40+03
3DDD S291P 2+1 2.39+0.05
3DDD G292A 2+1 71104
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Figure 3.6: Loop activity does not correlate with loop conformation. A) Structural
alignment of 3DP°' C290F (orange loop) with 3DP?'C290E (tan loop) demonstrates identical out
loop conformations and yet these two polymerases have strikingly different elongation activities.
B) In accord with the results seen in A) the structures of 3DP°! C290S (orange loop) and the
double mutant 3DP' G289A/C290S (tan loop) display identical in conformations but have quite
different elongation activity.
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Activity Affects are not a Result of RNA Binding Defects
To test whether the changes in activity could be attributed to a change in the polymerase’s

affinity for RNA, the Kq of each polymerase for a defined RNA template was measured using a
fluorescence polarization assay (Appendix 1). The results of these experiments indicate that all
mutants, with the exception of mutations changing either Cys290 to a glutamate (C290E) or Gly292
to alanine (G292A), bind RNA with similar affinities as native 3Dl (Table 3.1). In combination
with the activity data, these results imply that mutations in the loop have either disrupted or
enhanced the molecular dynamics necessary for catalysis and primer elongation.

To further investigate the activity of each mutant, | have developed a gel assay which allows
me to determine whether the enzyme has the ability to add 1, 2 or 3 nucleotides to a short self-
priming RNA hairpin template and also gives a qualitative estimation of the rate and fidelity with
which it does so (Appendix 1). Interestingly, a large number of mutants tested have the ability to
add only one nucleotide, suggesting that the catalytic site is intact and able to carry out phosphory!
transfer, but the enzyme is unable to translocate the producttemplate strand for the next round of
catalysis. In addition, some of the mutant polymerases with activities reported as 0%, as
measured by the oligo-dT/polyA extension assay, display the ability to add all three nucleotides but
at a much lower rate as compared to the native polymerase (Figure 3.7). These apparently
conflicting results are not surprising when considering that a signal in the oligo-dT/polyA extension
assay is dependent upon total NTP incorporation on an ill-defined template. Due to the nature of
the extension assay, polymerases possessing the ability to elongate long stretches of RNA in a
short amount of time will give a large signal whereas kinetically slower polymerases, while showing
incorporation of three nucleotides on a gel, simply do not incorporate enough radio-labeled NTP to

give a signal in the extension assay.
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B)

-3D Mutant 1 Mutant 2 Mutant 3
GTP + 4+ + + - + o+ o+ -+ o+ o+ -
UTP + - o+ + + -+ o+ o+ -+ o+ o+
CTP + - -+ o+ - -+ o+ - -+ o+

Figure 3.7: Gel electrophoresis translocation assay. A) The RNA template used in this
assay consists of 26 bases of which 20 form an RNA hairpin resulting in a six base overhang.
The first template base encodes a guanine followed by a uridine, cytosine and finally adenine.
B) 2.5 uM mutant polymerase is mixed with 500nM 5’-end labeled RNA template and 25uM of
each NTP. The reaction is incubated at room temperature for 45 minutes resulting in the
reaction shown in A). Two pl of the each sample is then run over a 20% polyacrylamide gel
containing 7M urea. As shown in this sample gel the addition of each nucleotide to the first two
mutant polymerases results in an RNA strand one, two and three nucleotides longer than the
initial template. If the initial guanine is left out of the sample, nucleotide addition does not occur.
The third mutant is an example of a translocation deficient polymerase in that even when mixed
with all three nucleotides the polymerase is still only capable of making a product one nucleotide
longer than the original template. ;
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GTP Binding Effects
In addition to apo-structures, the structure of each mutant polymerase was solved in complex

with GTP. GTP was bound in exactly the same conformation as previously described having
multiple interactions with basic residues in the ring finger (Thompson and Peersen, 2004). This
GTP is in a pre-catalytic conformation in which its base pairing face is hydrogen-bonded to the
back-bone of residue 175 and the phosphates are not positioned over the active site (Figure 3.8).
Overall, the binding of GTP to mutant polymerases does not cause any notable conformational
changes in the loop, with the majority of GTP-bound structures having exactly the same backbone
geometry as the apo-structure. A notable exception to this observation is a small shift in the out
conformation loops. In these cases the loop is offset slightly and moved away from the NTP. This
is likely due to an interaction between the 2'-OH, Asp238 and Ser288 that form a small hydrogen-
bonded network.

The density describing GTP binding in each mutant polymerase ranges from excellent to very
poor (Figure 3.8). This may be an indication of the polymerase's affinity for GTP, which may be
affected by the various mutations. It should be noted that the quality of the density for GTP does
not correlate with activity of the mutants. In many cases, GTP density will be excellent while the
mutant displays little or no activity, or GTP density is poor while the mutant displays relatively small
changes in activity. These results suggest that NTP-binding defects are not responsible for the
observed effects on activity, although it is impossible to rule out this possibility without determining

NTP-binding constants for each mutant.
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Figure 3.8: GTP 1000K composite simulated anneal omit map contoured at 1.6c. The
quality of the map for GTP in each mutant polymerase ranges from excellent (A) to poor (B) and
is found, in all cases, bound in a fashion identical to that reported for the original structure
(Thompson and Peersen, 2004 (1RA7)). Hydrogen bonds from the ring finger to the NTP are
shown in black and the NTP is in a pre-catalytic conformation.
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Small Hydrophobic Substitutions at Residue 290 Lead to a Distorted “in” Loop
Conformation
Substitution of residue 290 with either lie or Val (C290I and C290V) results in an in

conformation with abnormal 288-292 backbone geometry as compared to native 3Dpo! (Figure 3.9)
(Appendix 3 panels 3 and 6). The most significant change in these structures is.a 180° flip of
Ser288, breaking the hydrogen bond between its side chain and the amide nitrogen of residue 177
in favor of a hydrogen bond between the Ser288 side chain and Asp238. To accommodate this
flip, Gly289 undergoes a significant change in phi and psi, angles resulting in the loss of hydrogen
bonds between the loop and the ring finger. Interestingly, the hydrogen bond between the amide
nitrogen of Ser288 and the side chain of Asp177 has been broken in C2901 and C290V, allowing
Asp177 to move away from the loop, leading to the loss of a well-ordered salt-bridge with Lys61 in
the index finger (Figure 3.9).

In addition to having a significant impact on the backbone geometry of the in loop
conformation, the Val and lle mutations lead to drastic increases in the activity of the polymerase.
As would be expected, both mutants display the ability to add all three nucleotides to a defined

template (Figure 3.10).

Large Hydrophobic Substitution at Residue 290 Lead to Canonical “out” Loop Conformation

To further investigate the significance of a hydrophobic substitution at residue 290, Phe and
Met mutations were generated and crystallized (C290F and C290M). The structures of these
mutant polymerases reveal a canonical out loop conformation characterized by 180° flip of Ser288
(Figure 3.11). The density surrounding each loop, while being strong enough to build a model, is

weak compared to surrounding structural elements (Appendix 3 panels 2 and 4). This weak
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Figure 3.9: 3Dro!l C2901 and 3Dre! C290V are in an altered in conformation. A) Stick representation of
3Drol C290S, which adopts the canonical in conformation with four hydrogen bonds between the loop and
the ring finger and Ser288 pointing up. B) Stick representation of 3D C290V that has only one hydrogen
bond to the ring finger and Ser288 pointing down despite having Val290 buried in the hydrophobic pocket.
Asp177 has moved away from the loop and Lys61 resulting in the loss of a salt bridge between the ring and
index finger. C) Structural alignment of 3DP C290S and 3Drel C290V, all coloring schemes have remained
the same as those shown in A) and B). 3D C2901 and 3D C290V backbone geometry is essentially
identical and 3Drol C290I is not shown.
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A) B) C)

-3D Native 3D 3D C290I 3D C290V
GTP + + + + - + + + - + + o+ -
Utp + - + + + - + + + - + + +
CTPp + - - + + - - + + - - + +
3 & ;?:;‘_ ‘

-Illl oy

D) E)
3D C290F 3D C290M
GTP + + + - + + + -
Utp - + + + -+ o+ o+
CTP -~ - + + - -+ 4

Figure 3.10: Substitution of residue 290 with a hydrophobic side chain does not prevent
translocation. Gels A)-E) each demonstrates the ability of the mutant polymerase to add three
nucleotides to a defined template. 3DP°' C290! (B) and 3DP° C290V (C), like native 3D (A),
efficiently add all three nucleotides as demonstrated by the lack of template left behind following
a 45-minute incubation. On the other hand, 3DP°' C290F (D) and 3D C290M (E) leave small
amounts of template behind, indicating that these polymerase may be kinetically slower. Assays
were run as described in 3.7 and Appendix 1.
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Figure 3.11: 3Drol C290F and 3Dre! C290M are in the out conformation. A) Stick representation of 3Dro!
C290S, which adopts the canonical in conformation with four hydrogen bonds between the loop and the ring
finger and Ser288 pointing up. B) Stick representation of 3Dre! C290F that adopts the canonical out
conformation with Ser288 pointing down towards the active site. The loop maintains two hydrogen bonds to
the ring finger and the carbonyl of Ser288 takes the place of the serine side chain. C) Structural alignment
of 3Dpol C290S and 3Drel C290F, all coloring schemes have remained the same as those shown in A) and
B). 3Dro! C290F and 3D C290M backbone geometry is essentially identical and 3Dre! C290M is not
shown. The side chains of the loop, with the exception of Ser288, are not shown.
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density, in combination with slightly elevated B-factors, implies greater flexibility within these loops
and is suggestive of multiple conformations.

Interestingly, the Phe and Met side chains have strikingly different conformations. The Met
extends back toward the hydrophobic pocket, where a portion of its side chain is slightly buried.
The Phe, on the other hand points up and away from the hydrophobic pocket, interacting instead
with le176 leading to a conformational change in the ring finger as compared to native 3Dl
(Figure 3.12). This small conformational change in the ring finger is not observed in any of the
other loop mutants and is a direct result of the presence of a Phe at residue 290. Indeed, binding
of GTP to C290F shifts the loop and the Phe side chain away from the ring finger allowing it to
come back to its native conformation.

Unlike the hyperactive C290V and C290I polymerases, the substitution of residue 290 with
larger hydrophobic side chains leads to decreases in activity with C290F and C290M, exhibiting ~2
and ~4-fold reductions respectively. Each mutant retains the ability to incorporate all three

nucleotides but appears to do so at a slower rate as measured qualitatively (Figure 3.10).

Substitution of Residue 290 with Hydrophilic Side chains Leads to Drastic Reductions in
Activity
Mutation of Cys290 to Ser (C290S) removed the possibility of a dimethyl-arsenic adduct

formation, which requires the presence of a free sulfhydryl group, and the structural complications
that were observed in both the native 3Dro! and Gly64 mutants. It was not expected that the
replacement of a single atom within the loop would have drastic effects on the polymerase, and
indeed the structure of the C290S mutant is identical to native 3Dpe!, described by the canonical in
conformation (Appendix 3 panel 5). However, despite the essentially identical structure, this

mutation resulted in a 5-fold reduction in the activity of the polymerase, indicating the important
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Figure 3.12: 3D/ C290F alters the conformation of the ring finger. 3D C290F (orange)
and 3D C290M (cyan) have very similar backbone geometries. However, the conformation
of residue 290 is significantly different, with the methionine pointing back toward the
hydrophobic pocket. The phenylalanine side chain forms an interaction with lle 176 in the ring
finger, slightly disrupting its backbone. This interaction is a result of the limited number of
rotamers a phenylalanine can adopt and it is expected that the movement in the ring finger is a
direct result of the phenylalanine side chain.
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functional role of amino acid 290 (Table 3.1). Interestingly, replacing Cys290 with a glutamate
(C290E) completely abolishes activity, yielding excellent density for the canonical out conformation
(Appendix 3 panel 1) (Table 3.1). This mutant, and an aspartic acid substitution that did not

crystallize (C290D), have lost the ability to incorporate even a single nucleotide (Figure 3.13).

Gly289 Flexibility is Required for Activity
We hypothesize that the large changes observed in loop conformation for C290V, C290I,

C290F, C290M and C290E are dependent upon the flexibility of a Gly at residue 289, allowing for
the adoption of the unfavorable phi and psi angles seen in the various structures. To limit this
flexibility, Gly289 was converted to an alanine, a residue that limits backbone flexibility without
providing significant potential for side chain interactions. The G289A mutation was made in
combination with each of the above mutations at Cys290 (Appendix 3 panels 8-12). The
combination of the 289 alanine mutation and the various Cys290 mutations leads to the canonical
in conformations retaining all four hydrogen bonds between the loop and the ring finger. In the
case of the Val and lle 290 substitutions, the salt-bridge between Asp177 and Lys61 has been
reformed (Figure 3.14). Interestingly, in all cases the G289A mutation completely abolishes the
activity of the polymerase and, with the exception of G289A/C290M, prevents the addition +2 and
+3 nucleotides (Figure 3.15) (Table 3.1).

To determine if the observed effects of alanine substitution at residue 289 could be attributed
to this residue alone, the mutation was generated in the background of a native Cys290 (G289A).
G289A also limits activity to a single nucleotide incorporation event and prevents the addition of +2
and +3 nucleotides, demonstrating the dominant effects this mutation has on the activity of the
polymerase (Figure 3.15). The structure of G289A is complicated by the presence of a dimethyl-

arsenic adduct on Cys290 resulting in a backbone geometry that cannot be described by either the
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A) B)

-3D Native 3D 3D C290S
GTP + + + + - + + + -
UTP + - + + + - + + +
CTP + - - + + - - + +

C) D)
-3D 3D C290D 3D C290E
GTP + + + + - + + + -
UTP + - + + + -+ o+ o+
CTPp + - - + + - - + +

Figure 3.13: Substitution of residue 290 with a charged side chain completely abolishes
polymerase activity. Gels A)-D) demonstrate the effect of a polar side chain placed at residue
290. The substitution of Cys290 with a serine (B) does not appear to effect the catalytic ability
of the polymerase in any way, yet the elongation activity of the polymerase has decreased 5-
fold. Substitution of Cys290 with either aspartate (C) or glutamate (D) affects the elongation
activity of the polymerase by completely abolishing the ability of the polymerase to add a single
nucleotide. Assays were run as described in Figure 3.7 and Appendix 1.
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Figure 3.14: Substitution of Gly289 with an alanine results in the canonical in
conformation. Stick figure of four separate double mutants all containing an alanine at residue
289 and different side chains at residue 290 (represented as a sphere for simplicity). The
backbone geometry of each mutant is virtually identical to the others, Ser288 is up and residue
290 is tucked into the hydrophobic pocket. The salt bridge between Lys61 and Asp177 is
maintained in all structures. Interestingly, single mutations at residue 290 that result in the out
conformation, such as 3D C290F, adopt the in conformation when combined with an alanine
at residue 289.
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A) B) C)
3D G289A  G289A/C290F _G289A/C290M

GTP + + + - + + + - + + o+ -
UTP - + + + - + + + -+ o+ o+
CTP - - + + - - + + - -+ 0+

D) E) F)
GTP G289A/C2901 G289A/C290S G289A/C290V -3D
+ + + - + + + - + + + - 4+
Uure 4+ + + -+ + 4+ -+ o+ o+ o+
CTP . 4+ 4 - -+ 4+ - -+ o+ o+

Figure 3.15: Substitution of Gly289 with an alanine results in translocation defects. Gels
A)-F) demonstrate the inability of mutant polymerases with an alanine at 289 to translocate the
product/template strand, resetting the active site for the next round of catalysis. The
appearance of a template,,, band indicates that the active site is intact and the enzyme has the
ability to position the nucleotide over the active site, albeit at a slower rate. 3D G289A/C290M
(C) does show faint plus 2 and 3 bands indicating that this mutant has the ability to translocate

the nucleic acid following phosphory! transfer. Assays were run as described in Figure 3.7 and
Appendix 1.
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in or out confirmations (Figure 3.16). The density of the loop is fairly weak and is consequently
accompanied by relatively high B-factors as compared to the surrounding structural elements
(Appendix 3 panel 7). To confirm whether the loop had been built in the correct conformation, an
anomalous difference map was calculated, allowing us to specifically determine the position of the
arsenic atom. While this map does indeed confirm the position of the arsenic atom, the electron
density is quite weak, suggesting that this adduct adopts several conformations in the crystal lattice
(Figure 3.17). The structure of G289A in the presence of GTP leads to a conformational change of
the loop which is representative of the canonical in conformation and displays no anomalous
density surrounding residue 290. Residue 290 now sits nicely in the hydrophobic pocket directly
behind the loop and Tyr267 has not been moved to accommodate the large dimethyl-arsenic
adduct as in the native 3D, These results, in combination with fairly strong electron density,
suggest that the dimethyl-arsenic adduct was either never formed or has been removed due to the

soaking conditions needed for GTP binding (Figure 3.18).

Mutations Designed to Prevent Loop Flexibility Abolish Activity
To further investigate the importance of loop flexibility, both Ser291 and Gly292 at the C-

terminal end of the loop were mutated with proline (S291P) and alanine (G292A) respectively
(Appendix 3 panels 14-15). The S291P mutation was originally made by the Kirkegaard lab in an
effort to disrupt 2° structure and it turns out to be a dominant negative mutation in the context of
the whole virus (Crowder and Kirkegaard, 2005). Interestingly, both mutations completely
abolished activity in the oligo-dT/polyA extension assay, yet retained the ability to add 3
nucleotides to a defined template. The presence of a dark template band in each lane indicates
that the addition of each nucleotide is significantly less efficient than native 3D, accounting for the

drastic decrease in activity as measured by the extension assay (Figure 3.19 and Table 3.1).
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Dimethyl-arseni

Figure 3.16: The dimethyl-arsenic adduct at Cys290 disrupts the backbone geometry of
3Drol G289A. Structural alignment of the 3DP! G289A (wheat) with other 289 alanine mutants
(gray) demonstrates how the dimethyl-arsenic adduct at Cys290 disrupts the backbone
geometry of the mutant. This loop does not adopt the in or the out conformation, and it appears
that the adduct is preventing the adoption of the canonical in conformation, forcing residue 290-
292 out. It is expected that removal of the modification would result in a canonical in
conformation.
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A)

B)

Figure 3.17: Anomalous difference maps of 3DP°' G289A contoured at 3.0 . The
anomalous map describing the position of the arsenic atom at residue 290 (A) is significantly
weaker than its counterpart at residue 281 (B) in 3D G289A. It has been shown that the
dimethyl-arsenic modification at residue 281 is crucial for crystallization (Thompson, 2006) and
is therefore expected to have full occupancy. The lack of density for the arsenic atom at 290
indicates that this residue is likely adopting several conformations within the crystal lattice.
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A)

B)

Figure 3.18: GTP binding appears to remove the dimethyl-arsenic adduct in 3Dro! G289A. A) GTP-
bound 3D G289A (cyan loop) adopts the canonical in conformation and lacks anomalous difference
density for the arsenic atom on residue 290 found in apo 3D G289A (black loop). This crystal was
taken from the same tray as the apo 3D G289A and soaked in a solution containing GTP as described
in Appendix 1. B) Structural alignment of native GTP-bound 3Dre! (yellow loop) with the 289 mutant
shows how Tyr267(color matched with loop) has not moved in the GTP-bound 3Drol G289A structure,
indicating that the adduct is absent.
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A) B)

-3D Native 3D 3D G292A
GTP + + + + - + + o+ -
UTP + - + + + -+ o+ o+
CcCTP + - - + + - - + +

C)
3D S291P -3D
GTP + + + - +
UTP - + + + +
ctP - -+ + 0+

Figure 3.19: 3DP°! G292A and 3DP* $291P are kinetically slower than native 3DP%. Gels B)
and C) exhibit the ability of 3D G292A and 3D S291P to add all three nucleotides to a
defined template. The presence of leftover template strand in each lane indicates that these
enzymes are significantly slower than native 3DP®. Assays were run as described in Figure 3.7
and Appendix 1.
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Structures of these polymerases demonstrate that these mutants, in contrast to the G289A
mutants, have outf loop conformations with Ser288 hydrogen-bonded to Asp238. It must be noted
that the density describing each loop is quite weak, but improves slightly with the binding of GTP.
The weak density can once again be accounted for by complications arising from the dimethyl-
arsenic adduct at Cys290 that has a-carbon B-factors ranging from the low 50's to the upper 60's.
Anomalous maps were again calculated for each structure and like G289A were quite weak, but in
the G292A structures they demonstrated an alternative conformation for the dimethyl-arsenic upon
GTP binding which allows the adduct to point into the hydrophobic pocket directly behind the loop
(Figure 3.20). There are indications of this conformation in difference maps of the S291P
structures. However, anomalous maps do not strongly support them and these conformations

were not modeled.

Substitution of Ser288 with an Alanine

The conformation of Ser288 undergoes drastic changes in each of the various sets of loop
mutations, allowing its side chain to form hydrogen bonds with either the amide nitrogen of Asp177
or the side chain of Asp238. To determine if the hydrogen-bonding potential of the Ser288 side
chain plays an important role for catalysis, an alanine mutation of residue 288 was generated
(S288A). This polymerase demonstrated a 10-fold reduction in activity and is capable of
incorporating all three nucleotides, albeit at a slower rate (Figure 3.21). The electron density of the
loop in both GTP-bound and apo S288A is very weak, making it difficult to determine what
conformation the loop is adopting (Appendix 3 panel 13). Having said this, it appears that an out
loop conformation with the side chain of Ala288 pointing down towards Asp238 can be modeled for
the apo structure. GTP binding appears to lead to an in loop conformation with Ala288 pointing up

towards the amide nitrogen of Asp177. Anomalous maps calculated for both structures make it
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Figure 3.20: GTP binding to 3D?°' G292A results in a shift of the loop and the dimethyl-
arsenic adduct. The apo 3D G292A (cyan loop) adopts the canonical out conformation with
the adduct sticking straight up, exposed to the surrounding solution. Anomalous and 2Fo-Fc
difference maps suggest a slightly different conformation for the loop in the presence of GTP
(yellow loop). This loop cannot be described by either the in or out conformations and is
significantly affected by the presence of the adduct.
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GTP, UTP, CTP
A

a N
-3D Native 3D -3 3D S288A
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Figure 3.21: 3DP°! S288A is kinetically slow. 2.5 uM 3D or 3DP! S288A was mixed with
500nM 5’-end labeled RNA template and 25uM GTP, UTP and CTP. The reaction is quenched
at various time points up to 30 minutes, after which 2 ul of the each sample is run over a 20%
polyacrylamide gel containing 7M urea. A qualitative assessment of this gel indicates that
substitution of Ser288 with an alanine slows the catalytic cycle contributing to the observed
effect on elongation. Time points were collected at 2, 5, 10, 20 and 30 minutes foliowing
complete mixing of all reactants at room temperature.
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difficult to determine the position of the dimethyl-arsenic adduct, suggesting that it has either been
removed or is in multiple conformations. The B-factors of a-carbons within these loops range from
the lower 50's to the upper 60's, implying that these residues are quite flexible and exist in multiple

conformations within the crystal lattice.

Discussion
The 288-292 loop exists in two stable conformations.
We report here the structural and biochemical analysis of 16 different mutants of the 288-292

loop that together suggest there are two conformational switches in this region that are important
for 3Drol activity. First, Ser288 can undergo a 180° flip down towards the active site, forming a
hydrogen bond with the NTP-binding Asp238. This flip is accompanied by a large phi and psi
angle change in residue 289 and is dependent on the flexibility of this residue. Second, the entire
loop adopts two separate conformations described by the accessibility of Cys290 to a hydrophobic
pocket directly behind the loop. This conformational change results in a 5.0 A move of the a-
carbon of residue 290 away from the hydrophobic pocket and towards the active site, resulting in
the loss of several hydrogen bonds between the loop and the base of the ring finger. This
movement, like the Ser288 flip, is dependent upon the flexibility of a Gly at residue 289 and
mutations that restrict the mobility of this residue result in translocation defects. From our results
we can safely say that 3Dr catalysis is dependent on a Ser-Gly pair at residues 288 and 289 and

the nature of the residue at 290.

The Importance of the 288-292 Loop
Our result become quite compelling when considering the structural and sequence homology

that is observed for this loop in other RdRP’s. Structural comparison of loops of polymerases from
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Picoraviridae (Ferrer-Orta et al., 2004; Love et al., 2004), Caliciviridae (Ng et al., 2002; Ng et al.,
2004), Flavivirdae (Ago et al., 1999; Bressanelli et al., 1999; Choi et al., 2004; Lesburg et al., 1999;
O'Farrell et al., 2003) and two double-stranded RNA viruses (Butcher et al., 2001; Tao et al., 2002),
demonstrate that the 288-289 Ser-Gly pair found in 3Dre! is a common structural motif within
RdRP’s. Furthermore, sequence alignments performed by Ann Palmenberg on Picornaviridae
polymerases demonstrate that this Ser-Gly pair is found in 53 out of 54 of the sequences
investigated (Palmenberg, A. and Sgro, JV., 2002). These sequence alignments, in combination
with structural homology of RdRP’s, indicate that the Ser-Gly pair is a fundamental structural
element of RARP's specifically designed for the proper functioning of the enzyme.

Structural alignments with the other picornaviral RdRP’s, which lack the complication of a
dimethyl-arsenic adduct at the Cys290 analog, reveal that each polymerase has a loop described
by the in conformation with Ser288 analogs that can either point up and away from the active site
or down towards the Asp238 analog. If the serine is flipped down, then the adjacent Gly has
backbone geometry very similar to the distorted backbone seen in C2901 and C290V mutants.
This structural feature can be most notably seen when comparing the three structures of
polymerase from different strains of human rhinovirus displaying different Ser conformations
resulting in different Gly phi and psi angles (Figure 3.22). Interestingly, the binding of RNA to the
FMDV RdRP causes the Ser288 analog to flip down, suggesting that the conformation of this Ser
may be modulated by the presence or absence of RNA.

Because the RdRP’s from poliovirus and FMDV are homologous enzymes, the structure of the
FMDV polymerase in complex with an RNA molecule (Ferrer-Orta et al., 2004) can be used to
model, by homology, a template-primer RNA molecule onto the active site of 3Dre! (Figure 3.23).
This model, along with other structural and biochemical data, demonstrates the important location

of the 288-292 loop with respect to the RNA template and the active site. Indeed, the backbone of
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A) B)

Figure 3.22: Structures of rhinovirus RdRP from different serotypes display an up or down Ser288
conformation. A) The loop of the RdRP from serotype 14 of rhinovirus adopts a conformation very
similar to the in conformation with Ser288 pointing up. B) The loop of the RARP from serotype 1B of
rhinovirus adopts a loop conformation very similar to 3Drel C290V with Ser288 pointing down, despite the
burial of Cys290. C) Structural alignment of the two RARP’s from rhinovirus, all coloring schemes stayed
the same as seen in A) and B). Interestingly, much like 3Dre! C290V or |, the salt bridge between Lys61
and Asp177 is absent when Ser288 is down and Cys290 remains buried in the hydrophobic pocket (Love
et al., 2004 (1XR5 and 1XR6)).
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Figure 3.23: The 288-292 loop is in direct proximity to the template strand. Surface
representation of 3D with the active site colored in magenta and the 288-292 loop colored in
purple. The ring finger (yellow) forms the roof of the NTP entry tunnel and GTP is bound in a
pre-catalytic state (Thompson and Peersen, 2004). A duplex RNA molecule from FMDV has
been modeled into the active site of 3D with the template strand colored in green and the
product strand colored in orange (Ferrer-Orta, 2004 (1WNE)). The loop is in direct proximity to
the template strand where the templating base is colored to match the incoming NTP (tan).
Based on location, significant movements in the loop would be expected to affect nucleic acid
positioning. The index finger has been removed to reveal NTP positioning.
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FMDV Gly302 (which is analogous to Gly292 of PV 3Drel) forms a hydrogen bond with the template
strand at the 2'-OR of the fifth base. This is the first base to form a base pair with the product
strand. Thus, the 288-292 loop is in very close proximity to the templating base for the incoming

nucleotide.

A Model for Catalysis
As previously mentioned, kinetic studies of polymerases reveal that a single round of catalysis

consists of five separate steps (Figure 3.1). Within these steps, two conformational changes flank
phosphoryl transfer, the first of which positions the NTP over the active site and the second
translocates the nucleic acid. Both of these conformational changes have been observed
structurally in the RNA polymerase from bacteriophage T7 (Yin and Steitz, 2004). We feel that the
alternate conformations of the 288-292 loop presented here can be correlated with the larger
conformational changes needed for NTP positioning and translocation and as such we propose a
molecular model for a single round of catalysis that is supported by our data.

We propose that a round of catalysis begins with a flip of Ser288 down towards the active site
resulting in a distorted backbone for residues 288 and 289 and is dependent upon the flexibility of a
glycine at residue 289. The distortion of the loop backbone causes the salt bridge between
Asp177 and Lys61 to break, which we expect to be one in a series of events leading to a large
movement in the ring finger that pushes the NTP into the active site (Figure 3.24). The formation
of a hydrogen bond between Ser288 and Asp238, as a result of this flip, likely acts to stabilize both
the strained backbone geometry of Gly289 and the position of Asp238 during large conformational
changes occurring in the fingers domain.

Once phosphoryl transfer has occurred, the template/product strand must be translocated. At

this point the loop will undergo a second conformational change that, like the Ser288 flip, is
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Figure 3.24: Structural model of the proposed steps in 3DP°"s catalytic cycle. A)
The apo-structure of 3DP°! with a canonical in loop conformation and Ser288 facing up.
NTP binding is the first event measured kinetically and leads to the structure shown in
B). The active site and the loop conformation remain unperturbed. A conformational
change in the polymerase positioning the NTP over the active site is the second kinetic
event and has not been observed structurally as shown by the ?-mark at D). However,
we proposed that a portion of this conformational change will be the flip of Ser288 (C)
observed in 3D C290V, 3D C290!, and other RARP's of the Picornaviridae family,
breaking the salt bridge between Lys61 and Asp177 setting the stage for a large
movement in the index and ring fingers. It is important to note that the flip of Ser288 is
probably being measured as part of the first conformational change in kinetic studies.
The third step (see next page) is phosphoryl transfer (E) followed by translocation (F-G).
Neither of these steps have been observed structurally. However, we propose that the
loop moves from the in (F) to the out (G) conformation, leading to translocation. The
final step is PPi release, returning the enzyme to a state ready to bind the next NTP (H).
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Figure 3.24: Structural model of the proposed steps in 3DP°"s catalytic cycle See previous page for a full description of the kinetic
scheme. F) Surface representation of 3DP°! with an in loop (purple) conformation. RNA has been modeled from FMDV (Ferrer-Orta, 2004) and
the template strand is shown in green and the product in orange. The incoming NTP is colored to match the templating base in the template
strand (tan). The active site has been colored magenta. G) Coloring scheme is identical to F) except for the loop (wheat), which is now in the
out conformation and has sterically clashed with the RNA template.
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dependent upon the flexibility of residue 289. The second conformational change of the loop will
lead to the out conformation and translocation (Figure 3.24). Indeed, homology modeling of the
RNA from the FMDV structure onto loop mutant structures with the out conformation shows how
residue 291, when moving from the in to the out conformation, will run directly into the backbone of
the template strand (Figure 3.25).  Finally, the loop will move from the translocation-competent
out conformation back to the in conformation, resetting the active site. The rate at which this
happens depends on how readily the side chain of residue 290 can be tucked back into the
hydrophobic pocket. Small hydrophobics, like Val, lle, or Cys can readily be buried in a
hydrophobic pocket, making this transition rapid and resulting in normal or hyperactive
polymerases. A Ser will be less likely to be buried, slowing this transition and resulting in reduced

activity. An acidic side chain will not be buried, thus completely abolishing activity.

288-292 Loop Mobility is Severely Restricted by G289A Mutants
We feel that several lines of reasoning support this model, bringing coherence to a rather large

body of data. The model first predicts that mobility of the loop is essential for the translocation of
the template/product strand following phosphoryl transfer and that restriction of this mobility will
either completely abolish translocation or severely limit its rate. By placing an Ala at 289 we have
severely limited the phi and psi angles this residue can adopt, preventing the ~180° phi angle flip
needed for the conformational change of the loop. The effects of restricting the mobility of this
residue is strongly demonstrated by the results obtained from the G289A mutant alone and in
combination with C2901,V,F or M. In each case, the presence of an Ala289 results in the canonical
in conformation with Ser288 pointing up away from the active site (Figure 3.14). In all cases, with
the exception of G289A/C290M, the presence of an Ala at residue 289 completely abolishes

activity and prevents the addition of more than one nucleotide to a defined RNA template
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Figure 3.25: The 288-292 loop clashes with the RNA template when in the out
conformation. A) Surface representation of 3DP with the active site colored in magenta and
the 288-292 loop colored in purple in the in conformation. A duplex RNA molecule from FMDV
has been modeled into the active site of 3D with the template strand colored in green and the
product strand colored in orange (Ferrer-Orta, 2004 (1WNE)). Large portions of the fingers
domain have been removed to reveal the loop. B) Surface representation of the loop (wheat)
in the out conformation clashing with the RNA template strand.
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(Figure 3.15). These results directly demonstrate that the mobility of the loop is modulated by the

flexibility of Gly289 and that this flexibility is essential for the translocation of the template/product

strand.

Mutants Designed to Alter 288-292 Loop Mobility Affect Activity
Other mutations designed to restrict the mobility of the loop also demonstrate drastic effects on

the activity of the polymerase. The substitution of Cys290 with charged residues is expected to
prevent the in conformation due to the fact that the burial of a charged residue in a hydrophobic
pocket is unfavorable and unlikely to occur. The C290E mutant supports this hypothesis in that it
completely abolishes activity, prevents the addition of even a single nucleotide (Figure 3.13),
results in a decrease in affinity of the polymerase for RNA, and adopts the canonical out
conformation described by excellent density (Appendix 3 pane! 1). These results can be best
explained by a loop that never gains access to the in conformation, thereby disrupting RNA-binding
and the geometry of the active site, preventing even a single round of phosphoryl transfer.
Biochemical results from the G292A and S291P mutations can also be explained in light of
loop flexibility. The true conformations of these loops are not known due to the complication of the
dimethyl-arsenic adduct, but it is likely that both mutations would considerably strain the dynamics
of the loop, again leading to marked decreases in activity. The G292A mutant, like C290E,
displays a decrease in affinity for RNA, implying that this loop prefers the out conformation. Each
mutant does show the ability to add at least 3 nucleotides to a defined RNA template, but they do
so at a significantly slowed rate (Figure 3.19). The slower overall rate of these enzymes is
consistent with a decrease in the rate of translocation, which has become rate limiting due to the

inflexibility of the loop.
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Large Hydrophobics at Residue 290 Slow the Rate of Translocation
Activity effects for C290F and C290M are consistent with an overall decrease in the kinetics of

nucleotide addition. A large residue, like Phe, may have a difficult time gaining access fo the
hydrophobic pocket in which it must sit when adopting the in conformation due to a restricted
number of rotamers. The weakened density for these loops in the presence of GTP implies that
these mutants may be in transit from the out to the in conformation and upon RNA binding would
be found fully occupying the canonical in conformation. Once catalysis and translocation occurs,
the loop is in the out conformation and has to return back to the canonical in conformation. This
transition is expected to be rate-limiting, due to the size of the side chain, leading to the observed

decreases in activity.

A Cysteine at Residue 290 Anchors the Loop for the Ser 288 Flip
The two separate conformational changes of the loop predicted by our model also explain why

a conservative mutation at residue 290, such as Ser, will result in a fairly large change in activity.
The first conformational change requires residue 290 to be anchored in the hydrophobic pocket
while a significant change in the backbone geometry of Gly289 occurs. The slightly hydrophobic
nature of a Cys may be perfectly tuned for this interaction, allowing the conformational change to
occur without a major distortion of the loop. Indeed, the structures of other picornaviral RARP
suggest that this conformational change can occur without displacing the loop (Figure 3.23). From
this argument it would be expected that because of its polar nature a serine side chain would not
be able to hold the loop in place during the first conformational change, leading to a distortion of
the loop that has implications for the subsequent steps of catalysis. Conversely, the Val and lle
mutant structures demonstrate the ability of the loop to make this transition while maintaining burial

of residue 290 in the hydrophobic pocket.
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Craig Cameron'’s lab has demonstrated that the rate of each round of nucleotide incorporation
is dictated by both the first conformational change and phosphoryl transfer (Arnold and Cameron,
2004). The initial flip of Ser288 is expected to impact the rate of the first conformational change by
allowing the Asp177-Lys61 salt bridge to break. Itis our hypothesis that this salt bridge must break
for the first conformational change to occur, enabling a yet undefined movement of the ring finger
that results in the proper positioning of the NTP over the active site. If this process is slowed, then
the overall rate of the enzyme will decrease, consistent with the effects of a Ser substitution at
residue 290. Conversely, if this process happens efficiently, the overall rate of the enzyme could
increase, consistent with Val or lle substitution at residue 290.

Furthermore, these mutations, like the Phe and Met mutations, will affect the accessibility of
the loop to the hydrophobic pocket. Once translocation has occurred, the loop must return from
the out to the in conformation and a small hydrophobic side chain like Cys, Val or lle will favor a
rapid transition. Burial of a Ser in the hydrophobic pocket is disfavored, thus the out-to-in transition

and the overall rate of the enzyme will be slower as compared to the native enzyme (Figure 3.21).

The Ser288 Flip is important but not Essential for Proper Loop Function
Our model predicts that the 180° flip of Ser288 plays an important role in the catalytic cycle by

providing a means to break the Lys61-Asp177 salt bridge. The G289A mutant immobilizes Ser288,
preventing the 180° flip observed in C2901, C290V and other Picornaviridae polymerases. The
G289A mutants however, still display the ability to add one nucleotide, suggesting that the flip of
Ser288 is not required for catalysis as the model suggests. The addition of the single nucleotide in
the G289A mutants, however is very slow and in some cases almost non-existent (Figure 3.15).
The slow kinetics could be explained by a slow transition of Ser288 from the up conformation to the

down conformation, but this possibility is unlikely due to the torsional constraints of Ala289.
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Rather, the slow kinetics are likely due to a complete lack of the Ser288 flip, presenting an energy
barrier to the first conformational change because the Lys61-Asp177 salt bridge is unbroken. This
energy barrier must be overcome by the enzyme, leading to a slow conformational change prior to
phosphoryl transfer. Once the energy barrier has been overcome, phosphory! transfer would occur
as normal, but the G289A mutation completely prevents the second conformational change and

translocation can not occur.

3Drol G289A/C290M Translocation can be Described by a Distorted Loop Conformation
The double mutant G289A/C290M is ~4% active and displays the ability to incorporate all three

nucleotides, albeit very slowly, indicating that this loop can adopt a conformation competent for
translocation while being severely restricted. It is doubtful however, that this would be the
canonical out conformation, but rather one can envision the C-terminal end of the loop moving out
while residue 288 and 289 remain in. In support of this view residue, 288 can be modeled with a
fair amount of certainty and is best described by the canonical in conformation. The C-terminal
portion of the loop (290-292) however, exhibits very poor electron density with B-factors in the 60’s
and 70’s and an accurate model could not be generated (Appendix 3 panel 10). The lack of
density and high B-factors indicate that this loop likely adopts several conformations in crystal
|attice and it is possible that the Met side chain acts similarly to the dimethyl-arsenic adduct of

G289A, forcing residue 291 and 292 out (Figure 3.2 and 3.16) and resulting in translocation.

The Ser288 Flip is Stabilized by a Hydrogen Bond to Asp238
The altered backbone torsion angles resulting from a flipped Ser288 in combination with a

buried Cys290 are likely stabilized by the hydrogen bond that forms between Ser288 and Asp238.

This hydrogen bond will hold Ser288 in the down conformation, allowing the Lys61-Asp177 salt
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bridge to break. Without this stabilization, one can envision a slow up-to-down transition of residue
288, subsequently slowing the processes leading to the first conformational change and resulting in
marked decreases in measured activity. In support of this hypothesis, substituting Ser288 with an
Ala, which removes the hydrogen bonding potential of the 288 side chain, results in a 10-fold

decrease in the activity of the polymerase.

Conclusions
In conclusion, our results demonstrate the need for flexibility within the 288-292 loop for

completion of the entire catalytic cycle of the enzyme, in particular translocation. Small changes
within this region of the protein can have drastic affects on the activity of the polymerase, likely due
to the disruption of a delicate equilibrium between loop conformations that must exists for proper
functioning of the enzyme. These data have allowed us to propose a model of translocation
whereby the loop adopts three separate conformations, leading to the completion of the catalytic
cycle. The cycle begins with the loop in the canonical in conformation with Ser288 pointing up.
Following NTP binding Ser288 flips to the down position setting the stage for NTP positioning and
phosphoryl transfer. Following phosphoryl transfer the loop adopts the third conformation whereby
the loop switches to the canonical out conformation, leading to translocation (Figure 3.24). This
model is consistent with the data presented in this chapter. However, without further kinetic and

structural investigation the exact molecular details of such a mechanism will remain unknown.
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Chapter IV

Discussion and conclusions

Introduction

RNA-dependent RNA polymerases encompass a large class of enzymes responsible for the
complete genomic replication of RNA viruses. As such, this class of enzymes is a natural target for
antiviral therapies and has been the focus of intensive research for many years. Recently, Craig
Cameron'’s lab reported the full kinetic mechanism for the RARP from poliovirus demonstrating that
a single round of nucleotide addition involved 5 steps: 1) NTP binding 2) a conformational change
3) phosphodiester bond formation 4) a second conformational change and 5) pyrophosphate
release (Amold and Cameron, 2004). This kinetic analysis is consistent with those reported for
other classes of polymerases, including reverse-transcriptase from the human immunodeficiency
virus (Hsieh et al., 1993; Kati et al., 1992), the Klenow fragment from Escherichia coli (Dahlberg
and Benkovic, 1991; Kuchta et al., 1987), and the DNA polymerase from bacteriophage T7 (Patel
etal., 1991).

Kinetic mechanisms in combination with X-ray crystallography and biochemistry are leading to
a greater understanding of the structural-functional relationships of each class of polymerases and,
in the case of reverse-transcriptase, allowing for the development and discoveries of new antiviral
therapies for HIV. Perhaps the most influential work for the enzymology of RNA polymerases
(RNAP) has come from Tom Steitz and coworkers who have published a number of papers

describing the structure of the RNAP from bacteriophage T7 trapped in various stages of its
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catalytic cycle (Cheetham and Steitz, 1999; Yin and Steitz, 2002; Yin and Steitz, 2004). This work
has given a structural basis for the conformational changes described by the kinetic mechanisms
and has influenced the conclusions presented in this thesis. In this chapter | will discuss the Steitz
lab findings and how they have influenced my interpretation of the data presented in chapters 2

and 3.

Discussion

Overview of the T7 RNAP
The RNAP of bacteriophage T7 is a DNA-dependent RNA polymerase responsible for mRNA

production at all stages of the phage's life cycle. To carry out its function, the enzyme must
specifically recognize and bind a DNA promoter, forming a transcription “bubble” of approximately
11 nucleotides. Once the open promoter complex has been formed, the enzyme initiates RNA
synthesis de novo, making short 2-6 nucleotide RNA fragments before switching to the elongation
phase (Carpousis and Gralla, 1980; Martin et al., 1988). Once a 10-12 nucleotide RNA transcript
has been made, the polymerase undergoes a significant structural rearrangement that creates a
channel for the RNA transcript to exit the enzyme (Yin and Steitz, 2002). After this structural
rearrangement, the enzyme carries out successive rounds of catalysis until the polymerase
dissociates from the DNA upon termination. These functional aspects of the T7 RNAP differ from
those of RARP's in that the latter enzymes carry out the replication of viral genomes, do not
specifically recognize a promoter sequence, and in many cases are primed by either an
oligonucleotide or peptide. Having said this, the catalytic mechanism employed by the enzymes
are not expected to differ greatly in that they are both magnesium-dependent, synthesize ribo-
nucleic acids, and display structural homology and similar kinetic properties.

The structure of the T7 RNAP can be described by the right-hand analogy consisting of fingers,

palm and thumb domains. The core of the palm domain is comprised of several a-helices and
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B-sheets making up motifs A,B,C and D. These motifs are a defining structural characteristic of
RNA polymerases and exhibit sequence and structural homology to elements found in the palm of
RdRP's (Poch et al., 1989) (Figure 4.1). In addition to the palm, finger and thumb domains, the T7
RNAP also has a 324-amino acid N-terminal domain that interacts with 13-bases of the T7
promoter in a non-specific fashion. Specific binding of the T7 promoter is accomplished by an anti-
parallel 3-loop consisting of residues 739-770 in the fingers domain (Cheetham et al., 1999). The
additional N-terminal domain found in T7 RNAP has no structural analog in PV 3D and other
RdRP’s, consistent with the fact that these polymerases do not specifically recognize a promoter

sequence (van Dijk et al., 2004).

PV 3Drol/NTP Complex Demonstrates a “pre-insertion” Conformation
The active site of T7 RNAP consists of two highly homologous aspartate residues (D537 and

D812) that are responsible for the coordination of catalytic magnesium cations required for
phosphodiester bond formation (Sousa et al., 1993). The incoming NTP interacts with basic
residues found in a small o-helix adjacent to the active-site called the O-helix (Cheetham and
Steitz, 1999). In 1999 and 2002 the structures of initiation and elongation complexes of T7 RNAP
were solved. Both of these complexes exhibit an active site conformation consistent with a “post-
translocation” model in which the incoming NTP is expected to bind, setting the stage for the
subsequent round of catalysis (Cheetham and Steitz, 1999; Yin and Steitz, 2002). The Steitz lab
has demonstrated that a non-hydrolyzable ATP analog bound to either of these complexes will
display density for only the phosphate moiety and is said to be in the “pre-insertion” site (Figure
4.2d) (Cheetham and Steitz, 1999). The pre-insertion site is characterized by an NTP orientation

where the phosphate moiety is not positioned over the active site and base pairing between the
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Motif A
Molif B

Motif D
Motif E (3D)
B)

Figure 4.1: Structural homology between T7 RNA polymerase and Poliovirus RNA-
dependent RNA polymerase. A) Crystal structure of T7 RNA polymerase with common
structural motifs in the palm colored as shown in panel C) (Cheetham et al, 1999 (1QLN)). B)
Crystal structure of Poliovirus RARP with common structural motifs in the palm colored as
shown in panel C) (Thompson and Peersen, 2004 (1RAG)). The structure of each motif
displays a great deal of homology between each enzyme, specifically with respect to motif C
that contains aspartic acid residues that coordinate catalytic magnesium cations. RdRP's
contain an additional structural element, motif E, that is not found in T7 RNA polymerase.
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Figure 4.2: Structral basis for the catalytic cycle of T7 RNA polymerase. A) NTP (tan) bound in the
insertion site with it's phosphate moiety positioned over D812 and D537 that coordinate two Mg cations
(Yin and Steitz, 2004 (1S77)). The incoming NTP is base pairing with the correct base (tan) in the
template strand. B) Following phosphory! transfer pyrophosphate remains bound to the O-helix and the
product strand has grown by 1 nucleotide (Yin and Steitz, 2004 (1S77)). C) Upon PPi release the O-helix
makes a 22.5° degree rotation resulting in translocation of the nucleic acid. This event displaces the
newly incorporated NTP due to a steric clash with the nucleic acid and Tyr639 moving the entire nucleic
acid 3.4A. (Yin and Steitz, 2004 (1577)). The resulting structure is now ready to bind the next incoming
NTP (Cheetham and Steitz, 1999 (1QLN)). D) The NTP initially binds in the pre-insertion site with a
phosphate moiety not positioned over the active site and a base conformation unsuitable for base pairing
(Cheetham and Steitz, 1999). Upon binding the O-helix makes a second 22.5° rotation placing the NTP

into insertion site A).
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template and the incoming nucleotide is obstructed by Tyr639. The conformation of Tyr639 in
these complexes causes the templating base to flip out of the base-binding site and offers an
explanation for the lack of density for the ribose and base of the ATP analog (Figure 4.2d)
(Cheetham and Steitz, 1999).

By analogy to T7 RNAP, the conformation of the NTP bound to PV 3Drol described by
Thompson and Peersen in 2004 is in the pre-insertion site (Thompson and Peersen, 2004). The
phosphates of this NTP are bound by basic residues found in the ring finger and, like the pre-
insertion site of T7 RNAP, are not positioned over the active site. Unlike T7 RNAP, the base of the
NTP in 3Dro is well-ordered and a structural analog for Tyr639 does not exist. However, the base
does exist in a conformation unsuitable for base pairing because the base-pairing edge faces into

the protein forming a hydrogen bond with the backbone carbonyl of residue 175 (Figure 4.3).

The Ring Finger of 3Dr°! js Analogous to the O-helix of T7 RNAP
For phosphoryl transfer to occur in both T7 RNAP and PV 3Dre!, the NTP must be moved into

an orientation that places its phosphates directly over the aspartate side chains of the active site.
This movement corresponds to the first conformational change described by the respective kinetic
mechanisms, and in the case of 3Dl is partially rate-limiting (Arnold and Cameron, 2004; Amold et
al., 2005). In 2004 the Steitz lab published a paper describing the structural basis for this
movement (Yin and Steitz, 2004). In this paper, two structures are presented, revealing that prior
to translocation and pyrophosphate release the enzyme exists in a “pre-translocation”
conformation. This conformation is characterized by a 22.5° rotation of five a-helices in the fingers
domain, including the NTP binding O-helix, as compared to the post-translocation complex. This
rotation moves the phosphate moiety of the NTP over the active site and into an orientation

suitable for phosphory! transfer. In addition, Tyr639 moves out of the base-binding site, allowing
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Ring finger

Figure 4.3: The NTP bound to poliovirus 3D is in the pre-insertion site. A) Surface
representation of the active site (magenta) of 3D with GTP bound and a modeled duplex RNA
molecule from FMDV RdRP (Ferrer-Orta et al., 2004 (1WNE)). The template strand is colored
in green and the product strand is colored in orange. The NTP is bound by basic residues found
in the ring finger (yellow). B) Cartoon representation of the RARP with an identical view and
coloring scheme as seen in A). Both figures demonstrate how the NTP is bound in the pre-
insertion site where the phosphate moiety is not positioned over the catalytic aspartic acids and
the NTP is in a conformation unsuitable for base-pairing with the templating base (colored to
match the incoming NTP) of the template strand (Thompson and Peersen, 2004 (1RA7)).
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for a canonical Watson-Crick pair between the template and the incoming NTP (Figure 4.2 a and b)
(Yin and Steitz, 2004). Following this movement, phosphoryl transfer occurs and the enzyme
remains in the pre-translocation state until release of pyrophosphate (Figure 4.2 b and c).
Homology modeling of PV 3Dro! with the RNA complex of the RdRP from foot-and-mouth
disease virus (FMDV) (Ferrer-Orta et al., 2004) demonstrates how both the NTP and the
templating base will have to undergo a fairly significant conformational change for catalysis to
occur (Figure 4.3). By analogy to T7 RNAP, we expect that the ring finger of 3Drol, like the O-helix,

will push the NTP into the active site forming a catalytically competent conformation.

Molecular Events Leading to the 1st Conformational Change in 3Dpo!
Craig Cameron’s lab has demonstrated that the conformational change prior to phosphoryl

transfer is rate-limiting for the 3Dro! G64S mutant (Arnold et al., 2005). | reported in Chapter 2 the
structure of this mutant, along with a variety of other structures, all of which demonstrate
movements in a small o-helix comprised of amino acids 52-62. This movement is less
exaggerated in the presence of an NTP, indicating that structural elements in the fingers are
flexible and responsive to events taking place in the active site. This is likely due to a yet-to-be
understood relationship between the N-terminus, Asp238, and the ring and index fingers. It is also
important to note that the index finger appears to be a structural platform maintaining the integrity
of the fingers domain by an interaction with the top of the thumb (Figure 2.14). This suspicion has
been confirmed by Aaron Thompson in our lab who showed that mutations specifically designed to
disrupt the index/thumb interaction will destabilize the entire fingers domain (Thompson, 2006). |
propose that a large movement in the 52-62 a-helix, dependent on flexibility within the structural

elements surrounding the N-terminus-binding pocket, will result in a clockwise rotation of the small
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o-helix at the tip of the finger and result in the subsequent movement of the NTP into the active
site (Figure 2.14).

A second conformational change in a separate portion of the enzyme that could lead to a
movement in the ring finger, analogous to the O-helix, was discussed in chapter 3. A flip of Ser288
down towards Asp238, such as that seen for the hyperactive mutants C290V and C290I, allows the
salt-bridge between Asp177 and Lys61 to break. This salt-bridge anchors the ring finger to the
index finger and when broken would set the stage for a large movement of the 52-62 a-helix and

reorientation of the ring finger analogous to the O-helix.

Translocation of the Template/product Strand
Following phosphoryl transfer, kinetic schemes predict a second conformational change that

corresponds to the translocation of the product/template strand, resetting the active site for the next
round of catalysis. Again, the molecular details of this movement have been described by the
Steitz lab for the T7 RNAP. The conformational change that results in translocation of the T7
RNAP template/product strand is the same movement required to position the NTP over the active
site, albeit in the reverse direction. The five a-helices that moved forming the pre-translocation
conformation rotate 22.5° back to their original position described by the post-translocation
conformation. This movement brings Tyr639 back into the nucleotide base-binding site, pushing
the template/product strand 3.4 A (Figure 4.2 b and c). The polymerase now sits in the pre-
insertion state ready to bind the next NTP, and start the next round of catalysis.

As mentioned previously, PV 3D does not have a structural analog of Tyr639, indicating that
the molecular mechanism for translocation may be quite different from that seen for T7 RNAP. In
chapter 3 | describe two stable conformations of a loop containing residue 288-292 that, based on

homology modeling with FMDV RdRP, would be in direct contact with the template strand of a
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bound RNA molecule. Biochemical evidence demonstrates how inflexibility within this loop leads to
translocation defects, most notably seen with the 3Dro! G289A mutants. | have proposed a model
in which transition between the two conformations of this loop results in translocation (Figure 3.1
and 3.24). Prior to translocation the loop sits in the in conformation in which residue 290 resides in
a hydrophobic pocket directly behind the loop. Following phosphoryl transfer the loop undergoes a
drastic conformational change, moving residue 290 ~5.0 A towards the active site resulting in the
out conformation. We hypothesize that this conformational change may act alone or in concert
with other structural rearrangements to translocate the template product strand, resetting the active

site for the next round of catalysis.

Conclusion

My data demonstrates a number of small structural changes within the RdRP of poliovirus that
each result in rather large effects on the elongation activity of the enzyme. We hypothesize that
the changes observed offer a glimpse of larger structural rearrangements expected to occur for the
polymerase to carry out its catalytic cycle. Full support of this hypothesis awaits the publication of
RdRP elongation complex structures with NTP’s bound in both a pre and post-translocation

conformation.
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Chapter V

Oxytricha nova Telomere End Binding Protein

Purpose of this Chapter

My first two years in the Peersen lab were spent on an entirely separate project from that
which is entailed in Chapters 1-4 of this thesis. Upon entrance into the lab it was decided that the
focus of my research would be thermodynamic, kinetic and structural investigation of the Telomere
End Binding Protein from Oxytricha nova (OnTEBP). To accomplish this, | set out to develop
several biophysical techniques and in the process ran into what, at the time, we considered a
significant experimental difficulty that ultimately lead to the cessation of the project. The purpose of
this chapter is to describe these endeavors, detailing the difficulties encountered along the way and

interpreting them in light of recent findings in telomere biology.

Introduction

Telomeres are specialized nucleoprotein structures that protect the ends of eukaryotic
chromosomes, ensuring proper maintenance and chromosomal stability, by acting as a cap for the
end of the chromosome. This “cap” enables cells to differentiate between chromosomal ends and
an unnatural double-strand DNA break, thereby preventing improper invocation of the DNA
damage-repair system (Maser and DePinho, 2002). Activation of these mechanisms, at telomere
ends would result in either degradation or non-homologous end-joining, eventually leading to
apoptosis. Due to the inability of the replicative machinery to completely synthesize the entire

strand of DNA, telomeres get successively shorter. The shortening of telomeres within somatic
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cells places a limit (Hayflick limit) on the proliferative life of the cell. Once this limit has been
reached, p53 and retinoblastoma pathways induce cellular senescence (Wright and Shay, 1992).
The inactivation of these pathways will lead to cellular crisis and apoptosis, but this can be
overcome by abnormal activity and expression of telomerase, the enzyme responsible for
maintenance of telomere length (Counter et al., 1992). Aberrant telomerase expression is seen in
~95% of all known cancers and consequently it is thought that improper maintenance of these
protective ends plays a direct role in oncogenesis (Maser and DePinho, 2002).

Telomeres have a unique structure characterized by short repeating TG-rich sequences that
terminate in a 3'-ssDNA overhang. The telomere repeat sequence provides multiple binding sites
for a variety of proteins, and proteins that are specifically targeted to the 3'-ssDNA have been
identified in several organisms, including the telomere end-binding protein (TEBP) in Oxytricha
nova (0. nova) (Gottschling and Zakian, 1986; Price and Cech, 1987), Cdc 13 in Saccharomyces
cerevisiae (Lin and Zakian, 1996; Nugent et al., 1996) and Pot1 (a homologue of the OnTEBP o-
subunit) in a host of higher eukaryotes (Baumann and Cech, 2001). These ssDNA-binding
proteins are an essential component of the nucleoprotein complex found at the very ends of
telomeres that prevent the natural ends of the chromosome from being rapidly degraded or treated

as a double-stranded DNA break (Baumann and Cech, 2001).

Oxytricha nova Telomeres and Telomere End-Binding Protein
In 1980 Swanton ef al. were able to demonstrate that the entire genome of the macronuclear

ciliate, Oxytricha nova, is split into ~24 million small gene-sized fragments entirely contained within
the macronucleus (Swanton et al., 1980). Tom Cech, and others in the telomere field, immediately
recognized that the macronuclear ciliates represented enormous potential as model systems for

telomere biology due to the fact that they were predicted to have up to ~48 million chromosomal
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ends in a single cell. To this day the macronuclear ciliates continue to be used as a model system
for investigation of the chromosomal ends.

Oxytricha nova has a telomere consisting of the short repeat sequence, T4G4 (Klobutcher et
al., 1981). The final 16 bases (T4G4T4Ga) of the telomere are single-stranded and bound by a
DNA-dependent heterodimer consisting of two subunits, o and B (Fang and Cech, 1993;
Gottschling and Zakian, 1986; Price and Cech, 1989). The B-subunit is a 41-kD protein which
does not specifically interact with ssDNA and during purification it is readily proteolyzed, resulting
in a fully functional 28-kD core. The a-subunit is a 56-kD protein consisting of N- and C-terminal
domains, and unlike the B-subunit, is capable of specifically interacting with the telomeric sSSDNA
(Gray et al., 1991). When .,  and ssDNA are mixed, they form a very stable o.:3:5sDNA ternary
complex which has been shown to have an in vitro half-life exceeding 100 hours (Fang and Cech,
1993).

In 1998 the Schultz lab published the high-resolution structure of the o and B-subunits in
complex with a ssDNA 5'-G4T4G4-3' molecule (Figure 5.1)(Horvath et al., 1998). This structure
showed that the ssDNA molecule adopts a highly irregular conformation where each base is
partially or completely buried in a deep cleft between the two proteins. The last four bases of the
ssDNA form a loop and the very 3’-end of the ssDNA is buried up against the N-terminal domain of
the a-subunit, demonstrating the ability of this complex to act as a cap for the telomeric end of O.
nova (Horvath and Schultz, 2001; Horvath et al., 1998). The o and B-subunit consist of a total of
four-different OB-folds imparting, great sequence specificity to the OnTEBP whereby bases have
multiple interactions with the protein, often forming stacking interactions with aromatic residues
(Theobald and Schultz, 2003). This fold has been described for a variety of different proteins with

vast biological functions and has been specifically designed to participate in ligand recognition of

106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5.1: X-ray crystal structures of the OnTEBP. A) The crystal structure of the
a.:B:ssDNA ternary complex (Horvath et al., 1998 (10TC)). The N-terminal domain (green) of
the a-subunit binds specifically to the ssDNA that has it's very 3'-end buried against the o-
subunit. The B-subunit (blue) interacts with both the N-terminal and C-terminal (orange)
domains of o as well as the ssDNA molecule. B) The crystal structure of the a~-subunit in
complex with ssDNA (Peersen et al., 2002 (1KIX)). The structure demonstrates how a can
form a homodimer with one o-subunit colored as seen in A) and the other colored blue. The
dimer is stabilized by extensive contacts between the N- and C-terminal domains of the
separate o-subunits, including an extended p-sheet seen in the middle of the complex. Two
ssDNA molecule are found bound to the separate N-terminal domains of the two subunits
making an (o:ssDNA), complex.
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oligonucleotides, oligosaccharides and oligopeptides. Since publication of OnTEBP structure, the
structures of the ssDNA-binding proteins Cdc13 (Mitton-Fry et al., 2002) and Pot1 (Lei et al., 2003;
Lei et al., 2004) have been solved and, despite very weak sequence homology, each protein
contains at least one OB-fold.

In addition to the structure of the o.:3:5sDNA ternary complex, the Schultz lab has also
published the structure of the o-subunit in complex with a sSDNA 5'-T4Gs-3' molecule (Peersen et
al., 2002). This structure demonstrates that the a-subunit is capable of forming a homodimer
within the crystal lattice that buries a total of ~7000 A2 of solvent accessible surface area
(Peersen et al., 2002). The interaction between the two a-subunits is mediated by an extensive
interface, including a continuous six-stranded anti-parallel $-sheet between the two N-terminal
domains of the separate a-monomers. This interface overlaps with the ssDNA-binding pocket in
the a::ssDNA complex, resulting in a binding register shift of the sSDNA in the o.:T4G4 complex.
The elucidation of the a-homodimer structure and separate biochemical data lead to the proposal
that the a-subunit played a role in regulating the assembly and disassembly of higher-order
telomeric complex observed by electron microscopy (Murti and Prescott, 2002). Having said this,
the question still remains whether or not a is indeed capable of forming a dimer in solution and if
so what role does this dimer play in the biology involving the O. nova telomere ends? To answer
these questions | set out to obtain an in-solution measurement of the a-dimer using analytical
ultracentrifugation.

My results indicate that a does form a higher order complex, but this complex is likely
dependent on the formation of an alternate ssDNA structure, the G-quartet. G-rich single-stranded
DNA sequences are known to form several alternate conformations, all stabilized by hydrogen-

bonded G-quartets whereby four guanine bases participate in Hoogstein base-pairing stabilized by
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a central cation (Figure 5.2). These alternate ssDNA structures form readily in the presence of
sodium or potassium cations and it is unclear to us how they may be mediating the formation of a-

subunit higher order complexes and whether the a-subunit can catalyze their formation.

Results

Velocity sedimentation analysis is an assay performed by subjecting the protein in question to
a large centrifugal force while monitoring the rate (or velocity) at which the protein sediments. This
information is then transformed into a sedimentation coefficient, a value dependent on both the
size and shape of the molecule that can be used to determine if a single protein is capable of self-
association (van Holde and Weishcet, 1975). All sedimentation velocity data was collected at the
absorption maximum of oregon-green, a fluorescent tag used to selectively label either the DNA or
the protein. Although we did not use oregon green'’s fluorescence, its absorption at 490nm allowed
us to avoid complication arising due to the overlapping absorption spectrums of unlabeled DNA
and proteins.

Initial velocity sedimentation analysis of the a-subunit of OnTEBP indicated that o, in the
absence of ssDNA, has a sedimentation coefficient value of 3.5S. This value is consistent with a
monomeric form of o based on its molecular weight and the shape it adopts in the crystal lattice.
Upon the addition of a 5’-T4G4-3' ssSDNA molecule, o exhibits a range of sedimentation coefficients
(3.5-7.5S), suggesting that « is indeed capable of forming ssDNA-dependent higher order
complexes (Figure 5.3). In support of these results, sedimentation equilibrium data of a in the
presence of ssDNA fit to a single species with a molecular weight of 120kDa, the approximate

mass of an a-homodimer (Figure 5.4).
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Figure 5.2; Hoogstein base pairing of a G-quartet. The G-quartet is stabilized by Hoogstein
base pairing where four guanine bases form two hydrogen bonds between O6 and N7 of one
ring and N1 and the exocyclic amine, N2, of another ring. The structure is further stabilized by
a sodium or potassium cation that is situated in the middle of the four bases making favorable
electrostatic interactions with O6 of each base (Figure from Horvath and Schultz, 2001 (1JB7)).
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Figure 5.3: Sedimentation velocity of the a-subunit in sodium cation-contaminated
solutions. Sedimentation velocity experiments of samples containing 10puM T,G,, 10uM o
and a 1:1 mix of T,G, and a (both at 10uM) were run in a buffer containing 150mM LiCl and
25mM HEPES pH 7.5 (pH of HEPES was adjusted with NaOH). The sedimentation coefficient
of oregon-green labeled T,G, is ~1S, and that of the a-subunitis ~3-3.5S. When the labeled
ssDNA is mixed with o« a range of sedimentation coefficients from ~4-7.5S is obtained
indicating that the a-subunit, in the presence of ssSDNA is capable of forming higher-order
complexes. This result however, was difficult to reproduce, likely due to formation of G-quartets
stabilized by the sodium cations derived from NaOH.
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Figure 5.4. Sedimentation equilibrium analysis of the a-subunit in the presence of
ssDNA. A sedimentation equilibrium experiment was run on a sample consisting of 0.6uM o
and 0.5uM T,G, ssDNA in a buffer containing 150mM LiCl and 25mM HEPES pH7.5 (again the
HEPES pH was adjusted with NaOH). Data obtained for the a-subunit fits a single-species with
a molecular weight of 120kD, the mass of an a-dimer.
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These results were difficult to reproduce with any certainty, and the fact that the120kD species
observed in the sedimentation equilibrium experiment would not fit to curves representing a
monomer-dimer equilibrium suggested that o was forming a kinetically-trapped higher order
complex. G-quadruplexes are often thought of as a kinetic trap for ssDNA, making us wonder
whether these results were complicated by the presence of G-quartets. Circular dichroism has
proven to be a useful tool in the detection of G-quartets, which give a distinct large positive band at
260nm followed by a negative band at 240nm (Henderson et al., 1990). To detect whether G-
quartets were in our samples we ran them out on a gel-filtration column that separated the samples
into three separate peaks. Using the CD spectrophotometer we were able to determine that the
first peak was primarily protein, the second peak was G-quartet DNA and that the third peak was
ssDNA.

The presence of G-quartets in our samples was likely due to sodium or potassium cation
contamination and further measures were taken to prevent G-quartet formation, including the use
of LiOH to adjust the pH of our buffers. Gel-filtration runs of sSDNA equilibrated in these new
conditions demonstrated that even after 24 hours of incubation, an appreciable ambunt of G-
quartets would not form (Figure 5.5). Using these new conditions, the sedimentation velocity
experiments were repeated. Unfortunately, the data now demonstrated that the a-subunit adopted
a single sedimentation coefficient of 3.5S both in the presence and absence of ssDNA (Figure 5.6).

To confirm whether these results were due to the absence of sodium or potassium and likely
G-quartet formation, solutions containing either sodium chloride or potassium chloride were run
side-by-side with the sodium-deficient samples. Both the presence of sodium and potassium lead
to the originally observed increase in sedimentation coefficients, indicating that o is capable of

forming sodium/potassium-dependent higher order complexes (Figure 5.6).
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Figure 5.5: Adjusting the pH of buffers with LiOH instead of NaOH prevents G-quartet
formation. 60uM T,G, was equilibrated in buffer containing either 150 mM LiCl and 25mM
HEPES pH 7.5 or 100mM LiCl, 50mM KCI and 25mM HEPES pH 7.5 (pH of HEPES was
adjusted with LiOH in both samples). Samples were allowed to sit for 24 hours after which they
were run over a gel-filtration column (A). The sample containing LiCl only produced a single
peak consisting entirely of ssDNA as demonstrated by CD spectrophotometry (B). The sample
containing KCl split into two separate peaks, the first consisting of G-quartets (confirmed by CD
(B)) and the second, corresponding with the LiCl sample, consisting of ssDNA.
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Figure 5.6: The a-subunit forms potassium-dependent higher-order complexes.
Sedimentation velocity experiments were set up using buffers adjusted with LiOH. In the
absence of ssDNA the a-subunit, as previously shown, adopts a single sedimentation coefficient
of ~3.0S. A 1:2 mixture of the o-subunit with ssDNA in the absence of sodium or potassium,
adopts a single sedimentation coefficient of ~3.5S. Finally, the addition of KCI to the a.:ssDNA
mixture results in the previously seen range of sedimentation coefficients, from ~3.5S-8.0S. The

combination of these results demonstrates that higher-order complex formation of the a-subunit
is dependent on potassium or sodium.
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The above data strongly suggests that G-quartets are playing a role in the formation of o.:T4Gs
higher-order complexes and we set out to confirm the absence of this ssDNA species in samples
containing only lithium cations. Samples were prepared that contained either 150 mM LiCl or
100mM LiCl and 50mM KCl, the a-subunit and ssDNA. These samples were run on the gel
filtration column at different time points and to our surprise a significant amount of G-quartets was
found in both the LiCl and KCI samples. Furthermore, as time progressed the amount of G-quartet
DNA in the LiCl sample decreased, but remained constant in the KCI sample (Figure 5.7). These
results suggest that the o-subunit has the ability to catalyze rapid G-quartet formation, but that this

ssDNA conformation is unstable if a sodium or potassium cation is not present.

Discussion

Despite the abundant data supporting the fact that telomeric sequences will readily adopt G-
quartet conformations in vitro, there has been a significant debate regarding their biological
relevance. Until recently, the only direct evidence supporting a role for G-quartets in vivo is that an
antibody raised against G-quartets labels the macronuclei of macrociliates (Schaffitzel et al., 2001).
These results are complicated by the suspicion that the antibody actually induces G-quartet
formation. Recently Paeschke et al.. were able to demonstrate, using the same antibody, that the
RNAi knockdown of the o and B-subunit in O. nova lead to a decrease in epitope labeling of the
macronuclei, suggesting that these proteins play a role in maintenance of the G-quartets in vivo
and that in their absence the G-quartet is rapidly disassociated (Paeschke et al., 2005).
Furthermore, these results indicate that the antibody interaction with G-quartets is likely not due to
G-quartet induction by the antibody, but rather a valid labeling of pre-existing G-quartets,

demonstrating that these structures do indeed play a relevant biological role.
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Figure 5.7: G-quartets form in the presence of the a-subunit regardless of buffering
conditions. Samples containing 10uM o and 20 uM T,G, in the absence (A) or the presence
(B) of potassium were run over a gel-filtration column at various time-points. To our surprise a
significant G-quartet peak (the second peak) appeared in both buffering conditions. In the
absence of KCl this peak decreased significantly over a 24 hour time period, favoring the
formation of a ssDNA peak (34 peak). To confirm these results new samples were made and
G-quartet formation and dissociation was monitored using the CD spectrophotometry (C) and
(D). These results indicate that the o-subunit may lead to the formation G-quartets.
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In 1993 Fang and Cech published a paper in which they demonstrated that the C-terminal
portion of the B-subunit had the ability to mediate G-quartet formation, impelling the authors to
suggest a biological function for the G-quartet (Fang and Cech, 1993). Since the publication of this
paper the lack of direct evidence for the G-quartet have made those in the field of telomere biology
increasingly wary of their formation and the ability of the 3-subunit C-terminal domain to catalyze
them has largely been ignored. The result presented by Paeschke et al. have renewed interest in
this aspect of telomere biology, especially the role of the B-subunit’'s C-terminal domain.
Interestingly, the results presented here suggest that, like the B-subunit, « may also play a role in
mediating the formation of G-quartets. Indeed, this would be consistent with Paeschke et al.
results in which they showed that the knockdown of a alone lead to a decrease in G-quartet
epitope labeling in the macronucleus of O. nova (Paeschke et al., 2005).

Having said this, it is important to note that our results have proven to be difficult to reproduce
and have many unexplained parameters. For instance, G-quartets do indeed appear in LiCl buffer
only if the a-subunit is present, suggesting that a. is in some way catalyzing their formation.
However, the fact that these structures dissociate after ~24 hours of incubation with o suggest that
they are indeed unstable and that the a-subunit has lost its ability to catalyze their formation. The
question then becomes, why does the a-subunit lose this ability? The a-subunit has been shown
to adopt higher order structures that may be incapable of catalyzing G-quartet formation. However,
| demonstrated that these structures are completely absent in the LiCl samples. At this point | am
unsure of how to explain the rapid appearance of G-quartets in the presence of the a-subunit and
their subsequent disappearance and | feel that additional experimentation would have to be done

before any conclusive arguments could be made for a's role in G-quartet formation.
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Another unexplained parameter is the sodium/potassium dependence of higher order a-
subunit complex formation. We have shown, by CD and gel-filtration, that a significant amount of
G-quartets exists in a solution containing o regardless of buffering conditions. If then, G-quartets
are the explanation for the appearance of higher-order complexes, as measured by analytical
ultracentrifugation, one would expect to see them in all buffering conditions including those that
lack sodium or potassium. This however is not the case, and higher-order complexes formin a
potassium- or sodium-dependent manner. A possible explanation for this discrepancy may be
kinetic in that the amount of G-quartet in a Li*- only buffer decreases and is almost gone after 24
hours. However, this possibility is unlikely due to the fact that analytical ultracentrifugation data is
collected over a 4-5 hour window and, based on our CD and gelfiltration data, a significant amount
of G-guartet should still be present within this time span. Again, | have no plausible explanation for
these discrepancies and | feel that additional experimentation would have to be done before any
conclusive arguments could be made.

At the time these results were obtained, G-quartets were thought by the majority of the
telomere field to be strictly an experimental complication that was to be avoided. | clearly
demonstrated a great deal of difficulty in avoiding this complication, placing doubt on our ability to
publish my results in any scientific journal. While we did consider the possible implications of a
mediated G-quartet formation, we felt that, despite our every effort to eliminate experimental
variables a great deal of our data could not be accounted for. These discrepancies, in combination
with the lack of evidence for a biological role of G-quartets, lead to the cessation of the project.

However, in light of the Paeschke et al. paper a revaluation of the role o. may play in mediating G-

quartets may indeed be a valuable endeavor.
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Poliovirus RNA-dependent RNA polymerase project

3Dro!l Mutagenesis and Purification
Clones of the Mahoney type 1 strain of poliovirus polymerase were obtained from the

Schultz Lab at C.U. Boulder. Mutations were introduced into the 3Dro! sequence by site-directed
PCR mutagenesis and verified by DNA sequencing. All polymerases were expressed in 2xYT

media with E. coli BL-21 (DE3) pLysS cells using inducible T7-based expression plasmids. Cells
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were grown at 37°C to an O.D.gg0 of ~0.4, cooled to room temperature to an O.D.s00 of ~0.6, and
then induced by addition of IPTG to 0.5 mM. Growth was allowed to continue between 5 - 18
hours at room temperature before the cells were centrifuged into a pellet and frozen at -20°C.
These cells were resuspended in 100 mM KPO4 (pH 7.5), 0.5 mM EDTA, 0.02% NaNs, 1:1000 p-
mercaptoethanol and lysed by sonication. The cell debris was removed by centrifugation and the
polymerase was precipitated with ammonium sulfate at 40% of saturation. The protein was
resuspended in ~20 mL of 10 mM HEPES (pH 7.5), 0.01% NaNs, 50 mM NaCl, 0.1 mM EDTA and
1:1000 B-mercaptoethanol, and dialyzed against two liters of the same solution overnight at 4°C.
The protein was centrifuged, filtered through a 0.22 uM pore size membrane, loaded onto a S-
sepharose column, and eluted with a linear gradient from 50 mM to 1 M NaCl in 256 mM HEPES
(pH 8.5), 15 % glycerol, 0.1 mM EDTA, 0.02 % NaN3, 1:1000 B-mercaptoethanol. Fractions
containing the polymerase were pooled and diluted to reduce the NaCl concentration to ~0.15 M.
This was then loaded onto a Q-sepharose column and eluted with a linear gradient to 1 M NaCl
with 25 mM Tris (pH 8.5), 15 % glycerol, 0.1 mM EDTA, 0.02 % (w/v) NaN3, and 1:1000 p-
mercaptoethanol. The polymerase was concentrated in Centricon YM-30s (Millipore) and run over
a Superdex 200 column equilibrated in 200 mM NaCl, 5 mM Tris (pH 7.5), 0.02% (w/v) sodium
azide, and 2 mM DTT. Upon elution from this column, the proteins were >99 % pure as estimated
from SDS-PAGE.

The protein pooled from the GF column was typically concentrated to approximately
10 mg/ml using Centricon YM-30s (Millipore). Concentrations were determined by the absorbance
at 280 nm using extinction coefficients obtained from the Expasy web site

(http://www.expasy.org/tools/protparam.html).
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3Dpol Cystallization
Crystals were grown by hanging drop vapor diffusion at 16 °C using 8-16 mg/ml protein. Each

mutant polymerase contained two separate mutations, L446D-R455D, that disrupts a persistent
crystal lattice observed in the original structure that has since been shown to lead to disruption of
the fingers domain(Hansen et al., 1997; Thompson and Peersen, 2004). Mutant polymerase
crystals grew in four days with a precipitant/well solution containing 2 M sodium acetate, 0.1 M
cacodylic acid (pH 6.9-7.1), 2mM DTT and 0.02 % (w/v) sodium azide. All crystals were grown
by mixing 2 uL of protein with 2 pL of precipitant/well solution on a siliconized cover slip and then
placed over 1 mL of mother liquor in a 24-well tissue culture plate and sealed with Vaseline.

All crystals were harvested by first transferring them into micro-bridges (Hampton Research)
containing 20 pL of precipitant/well solution and then transported into the 4°C cold room. Each
crystal was then slowly equilibrated (25-30 minutes) in a final solution containing 260mM sodium
acetate, 0.1 M cacodylic acid (pH 7.0), 2 mM DTT, 0.02 % (w/v) sodium azide and 30% (w/v) PEG-
400. Ribonucleotide-divalent metal ion crystal “soaks” were accomplished by transfer of the
crystals into a solution containing 250mM sodium acetate, 0.1 M cacodylic acid (pH 7.0), 2 mM
DTT, 0.02 % (w/v) sodium azide, 30% (w/v) PEG-400, 10 mM NTP and 10mM Mg?* for ~1 hour.

All crystals were then flash frozen with liquid nitrogen.

3Dpol Activity Assay
Twenty L Poly(A)/oligo(dT) polymerase extension reaction mixtures containing 0.01 pug/pL

poly(A) template (average length 300 nt), 0.005 pg/uL oligo(dT+s), 50 mM HEPES pH 7.5, 25 uM
UTP, 0.5 mM each GTP, CTP, ATP, 4 mM DTT, 1.5 mM MgAc,, 60 uM ZnCl,, 0.1 % NP40, 0.01

Ci/uL [a-32P)UTP, and 300 nM 3Dre were assembled on ice in a 96-well microtiter plate. Each

protein sample occupies an entire column (8-wells) or half-row (6-wells) so that time points
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(between 10 - 30 minutes) can be quenched by addition of 30 pL of 0.5 mM EDTA to each well.
Incorporation of radiolabel was evaluated by filtering ~35 pL of this reaction through Hybond N(+)
nylon membrane supported on Whatman paper in a Schleicher & Schuell 96-well dotblot filter
apparatus. The membrane is washed both before and after addition of the reaction mixtures with
25 mM MES (pH 6.5), 2.5 mM Mg (OAC)2, 40 uM ZnClz, 10% glycerol (v/v), 2mM DTT. Soaking
the nylon membrane twice for 15 minutes in the above wash buffer further enhances the
signal/inoise. The amount of radio-labeled RNA bound to the membrane was quantitated using a
phosphoimager. The relative activities were determined by graphing the amount of bound radio-
labeled oligonucleotide retained by the Hybond N+ membrane vs. the various time points.

Comparison of these slopes yielded the relative activities (Figure A1.1).

Fluorescence polarization assay
Measurements for fluorescence polarization were conducted in 384-well, black, flat-bottom,

polystyrene plates (Coming). The 50 pL reaction mixtures contained 50 mM HEPES (pH 7.0), 4
mM DTT, 1.5 mM MgAc,, 60 uM ZnCl, 0.1 % NP40, 30 mM NaCl (50 mM final in reaction
including protein), 10 mM fluorescein-labeled RNA construct (Figure A1.2), and polymerase at
various concentrations from 20 uM to 1 nM. 3Dro! was typically 1.2 - 1.5 fold serially diluted with
200 mM NaCl gel-filtration buffer. To ensure adequate mixing, small volumes of the protein
dilutions (5 uL) were first transferred to the microtiter plate followed by larger volumes (45 L) of a
mixture containing the remaining components. Reaction mixtures were set up at 4°C and allowed
to equilibrate for 30 minutes. The measurements were made in a Perkin Elmer/Wallac mode! 1420
Multilabel Counter using excitation and emission wavelengths of 480 and 535 nm (10 nm

bandpass), respectively. Polarization was calculated as mP = (I - 1) / (Iy + 1) X 1000, where |
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Figure A1.1: Activity assay. (A) Example of a Hybond N(+) filter bound with labeled
nucleic acid after polymerase extension reaction mixtures are “pulled" through a 96-well
dotblot apparatus. (B) Sample plot of integrated intensity from panel (A) versus time.
The slopes relative to 3D represent relative polymerase activity.
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Figure A1.2: RNA-Binding Assay (A) RNA-binding affinities were determined using a
fluorescence polarization assay employing a 5’-fluorescently labeled 26-base RNA hairpin
that has been specifically designed to create a stable self-priming RNA template called
Polymerase Elongation Template Element or PETE. The sequence of PETE leads to the
formation of an 8-bp duplex region mediated by a 4-base GNRA tetra-loop, leaving a 6-base
overhang acting as the template strand (B) Plot of milli-polarization versus log of protein
concentration for determination of RNA binding constants to 3Dpol. Points were fit to the
equation on page 127.
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and |, are the fluorescence intensities polarized parallel and perpendicular, respectively, with
reference to the plane-polarized excitation light. Equilibrium binding constants (Kss) were
determined by graphing the polarization values vs. the log of the protein concentration (Figure
A1.2). Data were fit to a Hill coefficient model with baseline offset and scaling factor adjustments

as follows:

H
rotein
mP =S ( [p ]tc:lal . ) " B
[prOtein]total + I<d

where mP is the milli-polarization which represents fractional binding, S is the scaling factor, B is

the baseline correction, [proteinjtal is the total protein concentration, and H is the Hill coefficient .

Translocation Assay
Translocation assays were performed using a 5’-P%2 end-labeled PETE RNA identical to that

used in the RNA binding assay minus the fluorescent label (Figure A1.2). Reaction samples
contained 50mM HEPES pH 7.5, 4.0mM DTT, 1.5mM MgCl, 60uM ZnCl2. 0.10% NP40, 5.5mM
NaCl (transferred with protein), 147.5nM 5'-32P end-labeled PETE and 2.5uM 3Drel. The correct
NTP(s) were added up to a concentration of 25uM and samples were incubated for 30 minutes on
ice. Each sample was than transferred to a room temperature water bath and quenched with
EDTA at 5 minute intervals for up to 45minutes. 2 pl of each sample was then run on a denaturing
20% polyacrylamide gel containing 7M urea and 1XTBE. Bands were visualized using the

phosphoimager.
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Oxtricha nova Telomere end-binding protein project methods
Reagent Preparation

a and P were expressed in E. coli strain BL-21 pLysS using a T7-based expression plasmid.
750-mi cell cultures were grown at 37" C to an ODgoo of ~0.4-0.6. Cells were then cooled to room
temperature and expression was induced with the addition of IPTG to a final concentration of
0.4mM. Cells were allowed to express protein for ~15-16 hours, at which point they were collected
in a centrifuge and frozen as pellets at -20° C. The pellets were then resuspended and lysed by
sonication in a solution containing 50mM sodium phosphate (pH 8.0), 300mM NaCl, 10mM
Imidazole, 1mM B-mercaptoethanol and 0.02% sodium azide. Each protein solution was then
purified using a Ni-affinity column followed by S-Sepharose column and finally by a Superdex-200
gel filtration column (all columns were purchased from Pharmacia).

The single-strand DNA molecules were purchased from IDT ® and purified by HPLC using a
Vydac reverse-phase C4 column. Each sample was then subjected to three rounds of

lyophilization and resuspension in water to generate a highly soluble material.

Labeling reactions
Proteins were equilibrated in a solution containing 50mM LiCl, 25mM HEPES (pH 7.5), 0.1mM

EDTA and 1mM TCEP. Labels were purchased from Molecular Probes® and brought up in 100%
DMF. Labeling reactions were done at 50uuM protein with a 2.5-3.5 fold excess of label for 4 hours.
Each reaction was quenched with B-mercaptoethanol at a final concentration of ~ImM. The
labeled protein was then purified away from excess unreacted label by ion exchange

chromatography on an S-Sepharose column.
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Circular Dichroism measurements
All CD spectra were collected on a Jasco J-720 CD spectrophotometer. The CD cell had a

pathlength of 0.1 cm and the temperature was kept at 25° C by circulating water. T4G4 was
equilibrated in various buffers with a final concentration of 60pM and o had a final concentration of
30uM. Spectra were collected with a scan rate of 100nm/min, 1-nm bandwidth, and a 4-sec

response time.

Analytical Ultracentrifuge measurements
Analytical ultracentrifuge experiments were done with a Beckman XL-I. Sedimentation velocity

experiments were run at a speed of 45000 rpm, a wavelength of 494nm and a temperature of

o

20C.
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Appendix Il

Data Collection and Refinement Statistics

Content

Mutant Polymerase Table Page #
3Drol G64S A2.1 131
3Drol RTP A2.1 131
3Drol G64A A2.1 131
3Drol GB4D A22 132
3Dpol GB4AN A22 132
3Drel C290E A2.3 133
3Drol C290F A2.3 133
3Drot C2901 A2.4 134
3Drol C290M A24 134
3Drel C290S A2.5 135
3Drol C290V A25 135
3Drol G289A A26 136
3Drol G289A/C290F A2.6 136
3Drol G289A/C290 A2.7 137
3Drol G289A/C290M A2.7 137
3Drol G289A/C290S A28 138
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3Drol G289A/C290V A28 138

3Dpol S288A A29 139

3Drol §291P A29 139

3Drol G292A A2.10 140
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Table A2.1-Data collection and refinement statistics

30re G645

3Drd RTP bound

| |
Mutant 3Drol GB4S RTP bound 3Drel GB4A
Space group P6(5) P6(5) P6(5) P6(5)

. a=b=128.2 a=b=128.3 a=b=128.7 a=b=128.1
Unit cell c=112.0 c=1119 c=111.8 c=1119
X-ray source ALS4.2.2-1.0 A Cu-Kau Cu-Ka ALS422-1.0A

o 30.0-2.20 30.0-2.30 30.0-2.25 30.0-2.10
Resolution limits (2.27-2.20) (2.38-2.30) (2.32-2.25) (2.18-2.10)
Reflections

Total collected 202677 266511 282531 229907

Unique 52204 46380 49268 60323

Redundancy* 3.88 (3.55) 5.75 (5.29) 5.79(5.19) 3.81(3.76)
l/o* 122(3.8) 5.6(2.3) 8.6(2.9) 10.7 (2.6)
Completeness (%)* 98.3(97.4) 99.8 (99.4) 98.8 (97.8) 99.3 (99.9)
Rmerge (%) 6.3(26.1) 12.5(25.7) 9.9(29.9) 6.5 (42.9)
Refinement
Resolution range 30.0-2.20 30.0-2.30 30.0-2.25 30.0-2.10
R 22.8 241 211 240
Reee 24.8 267 233 258
Average B-factor 39.1 343 31.9 39.3

*Data in parentheses are for the highest resolution shell
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Table A2.2-Data collection and refinement statistics

Mutant 3Drol G64D 3Drel GBAN
Space group P6(5) P6(5)

. a=b=128.7 a=bh=128.7
nit cell 61122 c=1119
X-ray source Cu-Ka Cu-Ka

o 30.0-2.30 30.0-2.60
Resolution limits (2.38-2.30) (2.68-2.60)
Reflections

Total collected 344968 241521

Unique 46029 32332

Redundancy* 749 (7.23) 7.47 (7.37)
lis* 17.9(54) 13.9(5.0)
Completeness (%)* 98.4 (97.9) 99.8 (100.0)
Rmerge (%)* 6.2 (35.6) 9.4 (38.8)
Refinement
Resolution range 30.0-2.30 30.0-2.60
R 23.0 219
Riee 25.9 242
Average B-factor 40.9 371

*Data in parentheses are for the highest resolution shell
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Table A2.3-Data collection and refinement statistics

3099 C290E 307 C290F
Mutant 3Dpo C290E P b 3DP C290F P s
Space group P6(5) P6(5) P6(5) P6(5)

. a=b=128.8 a=b=129.0 a=b=128.7 a=b=128.7
Unit cell =117 c=111.5 ¢=111.9 c=111.4
X-ray source Cu-Ka Cu-Ko, CuKa CuKa

N 30.0-2.30 30.0-2.20 30.0-2.30 30.0-2.20
Resolution fimits (2.38-2.30) (2.28-2.20) (2.38-2.30) (2.28-2.20)
Reflections

Total collected 328004 372502 345165 360790

Unique 46381 52853 46552 52654

Redundancy* 7.07 (6.90) 7.05 (6.82) 741(7.13) 6.85 (6.66)
o* 146 (5.0) 11.6 (4.6) 12.8 (4.3) 135 (4.4)
Completeness (%)* 994 (100.0) 99.0 (97.9) 99.6 (100.0) 99.0 (100.0)
Rmerge (%)* 7.4(37.0) 86(37.4) 7.0(34.8) 7.5 (42.1)
Refinement
Resolution range 30.0-2.30 30.0-2.20 30.0-2.30 30.0-2.20
R 215 220 222 228
Riee 239 243 245 253
Average B-Factor

Residues 283-287 276 239 29.2 28.0
Residues 288-292 43.2 312 427 492
Residues 293-297 29.1 253 28.3 28.3

*Data in parentheses are for the highest resolution shell
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Table A2.4-Data collection and refinement statistics

3Drel G290 300 C290M
pol
Mutant 3Dre! £2901 TP bound 3Dpol C290M GTP bound
Space group P6(5) P6(5) P6(5) P6(5)
Unit cell a=b=129.0 a=b=128.9 a=b=128.3 a=b=129.1
c=11.9 c=111.8 c=111.6 c=111.6
X-ray source Cu-Ka Cu-Kat Cu-Ka Cu-Ka
e, 30.0-2.20 30.0-2.40 30.0-2.35 30.0-2.30
Resolution imits (2.28-2.20) (2.48-2.40) (2.43-2.35) (2.38-230)
Reflections
Total collected 388942 303346 317205 333798
Unique 52853 41229 43350 46300
Redundancy* 7.36 (6.93) 7.36 (7.10) 7.32(7.01) 7.20 (6.71)
Ii* 13.2(4.4) 8.5(3.1) 7.90(3.2) 11.2(4.4)
Completeness (%)* 98.6 (97.2) 99.9 (100.0) 99.8 (99.4) 98.7 (98.1)
Rmerge (%)* 9.4 (44.3) 15.4 (36.7) 15.2 (39.4) 9.1(37.8)
Refinement
Resolution range 30.0-2.20 30.0-2.40 30.0-2.35 30.0-2.30
R 22.6 220 222 219
Riree 251 25.0 249 246
Average B-Factor
Residues 283-287 25.3 30.1 31.2 30.1
Residues 288-292 423 51.2 522 51.2
Residues 293-297 25.2 28.8 27.2 28.8

*Data in parentheses are for the highest resolution shell
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Table A2.5-Data collection and refinement statistics

3Drel C2908 3Dl G200V
|
Mutant 3Drol C290S GTP bound 3Drol C290V GTP bound
Space group P6(5) P6(5) P6(5) P6(5)

. a=b=129.5 a=b=129.3 a=b=128.7 a=b=128.8
Unit cell c=112.4 c=111.8 c=111.8 c=1115
X-ray source ALS 4.2.2-1.0 A Cu-Kat Cu-Kat Cu-Kat

L 45.0-1.85 30.0-2.30 30.0-2.20 30.0-2.40
Resolution imits (1.92-1.85) (2.38-2.30) (2.28-2.20) (2.48-240)
Reflections

Total collected 615519 345609 360872 307527

Unique 91000 47090 53309 40894

Redundancy* 6.76 (6.62) 7.34 (7.06) 6.77 (6.55) 752(7.42)
Vo* 9.8 (2.3) 82(4.2) 15.3 (4.5) 14.6 (5.1)
Completeness (%)*  100.0 (100.0) 99.8 (100.0) 100.0 (100.0) 99.6 (100.0)
Rinerge (%)* 7.4 (48.2) 14.6 (41.7) 72(39.2) 8.5 (38.4)
Refinement
Resolution range 30.0-2.00 30.0-2.30 30.0-2.20 30.0-2.40
R 227 21.9 22.2 21.3
Riree 24.0 24.2 248 233
Average B-Factor

Residues 283-287 240 282 235 2.3
Residues 288-292 311 37.6 325 33.6
Residues 293-297 22.2 258 217 253

*Data in parentheses are for the highest resolution shell
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Table A2.6-Data collection and refinement statistics

3Dwol
3Drol G289A 3Dvol
Mutant 3Dro! G289A G289A/C290F
GTP bound (G289A/C290F GTP bound
Space group P6(5) P6(5) P6(5) P6(5)

. a=b=1291 a=b=128.7 a=b=128.5 a=b=128.8
Unit cell c=1125 c=111.3 c=1116 =118
X-ray source ALS 4.2.2-1.0A CuKa Cu-Ka Cu-Ka.

N 30.0-1.95 30.0-2.30 30.0-2.30 30.0-2.30
Resolution limits (2.02-1.95) (2.38-2.30) (2.38-2.30) (2.38-2.30)
Reflections

Total collected 526621 641561 304190 347934

Unique 77401 46335 46277 46492

Redundancy* 6.80 (6.68) 7.37(7.13) 6.57 (6.44) 7.48 (7.33)
Wo* 11.0 (2.0) 14.4 (4.3) 11.9(3.7) 14.8 (5.6)
Completeness (%)* 100.0 (100.0) 99.7 (100.0) 99.6 (100.0) 99.5 (99.5)
Rnerge (%)* 6.1 (49.7) 7.0(38.5) 7.5(35.8) 8.0 (36.0)
Refinement
Resolution range 30.0- 21 30.0-2.3 30.0-2.3 30.0-2.3
R 225 217 217 214
Riee 24.6 244 24.0 238
Average B-Factor

Residues 283-287 27.2 29.6 26.7 241
Residues 288-292 428 38.2 35.6 329
Residues 293-297 26.6 27.7 25.3 231

*Data in parentheses are for the highest resolution shell
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Table A2.7-Data collection and refinement statistics

3Dl
3Dret G289A/C2901 3Dl
Mutant 3Drol G289A/C290I (G289A/C290M
GTP bound G289A/C290M GTP bound
Space group P8(5) P6(5) P8(5) P6(5)
Unit cell a=b=128.8 a=b=129.0 a=b=1128.8 a=b=128.8
c=111.7 c=111.8 c=111.7 c=111.5
X-ray source Cu-Ka Cu-Ka Cu-Ka Cu-Ka
Resolution limits* 30.0-2.10 30.0-2.20 30.0-2.20 30.0-2.30
(2.18-2.10) (2.28-2.20) (2.28-2.20) (2.38-2.30)
Reflections
Total collected 455274 391453 397793 336399
Unique 61261 53436 53150 46044
Redundancy* 7.43(7.23) 7.33(7.00) 7.48(7.33) 7.31(6.89)
fs* 13.9(4.9) 13.7(5.1) 14.1 (4.0) 173 (5.1)
Completeness (%)* 99.8 (100) 99.7 (99.8) 99.7 (100.0) 98.8 (98.7)
Rmerge (%)* 7.1(36.1) 7.3(33.8) 6.4 (38.3) 6.5 (36.9)
Refinement
Resolution range 30.0-2.10 30.0-2.20 30.0-2.20 30.0-2.30
R 222 218 221 215
Riree 24.2 239 237 239
Average B-Factor
Residues 283-287 24.0 247 31.6 31.8
Residues 288-292 29.3 205 62.1 57.2
Residues 293-297 23.0 231 28.9 30.4

*Data in parentheses are for the highest resolution shell
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Table A2.8-Data collection and refinement statistics

3Dl 3Dpol 3pp0l 3Dl
Mutant (G289A/C290S G289A/C290V
G289A/C290S TP bound G289AIC290V TP bound
Space group P6(5) P6(5) P6(5) P6(5)

. a=h=129.4 a=b=128.8 a=b=129.2 a=b=128.6
Unit cel c= 1114 c=1113 c=1116 c=1115
X-ray source Cu-Ka Cu-Kau Cu-Ka Cu-Ka

e 30.0-2.40 30.0-2.80 30.0-2.60 30.0-2.50
Resolution fimits (248-240) (288-280) (268-2.60) (2:58-250)
Reflections

Total collected 306907 191395 243888 271053

Unique 40979 25489 32293 35805

Redundancy* 7.49 (7.29) 7.51(7.48) 7.55 (7.45) 7.57 (7.49)
Io* 11.4 (4.5) 10.3 (4.3) 14.0 (5.5) 12.4 (5.3)
Completeness (%)* 99.0 (98.5) 98.6 (98.0) 99.2 (99.8) 98.7 (98.9)
Rmerge (%)* 11.4 (42.0) 16.8 (44.4) 9.3(31.1) 9.2 (32.7)
Refinement
Resolution range 30.0-2.40 30.0-2.80 30.0-2.60 30.0-2.50
R 21.3 20.7 20.8 212
Riree 242 245 236 240
Average B-Factor

Residues 283-287 23.0 16.4 218 239
Residues 288-292 229 15.8 26.6 251
Residues 293-297 20.3 12.3 20.0 21.1

*Data in parentheses are for the highest resolution shell
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Table A2.9-Data collection and refinement statistics

3Dl Ser288 3Drol S291P
Mutant 3Drol S288A TP 3Deol S291P TP bound
Space group P6(5) P6(5) P6(5) P6(5)

. a=b=129.3 a=b=129.0 a=b=129.4 a=bh=128.9
Unit cell c=1125 =114 =119 c=111.3
X-ray source ALS4.2.2-1.0A Cu-Ka Cu-Ka Cu-Ka

o 40.0-2.0 30.0-2.20 30.0-2.50 30.0-2.20
Resolution fimits (2.07-2.00) (2.28-2.20) (2.58-2.50) (2.28-2.20)
Reflections

Total collected 488012 393731 264980 394628

Unique 71990 52036 36788 52927

Redundancy* 6.8(6.7) 7.57 (7.37) 7.20 (6.76) 7.46(7.22)
Ifo* 10.7 (2.4) 20.3 (5.5) 7.3(2.7) 14.7 (4.8)
Completeness (%)* 100 (99.9) 97.4 (95.7) 99.0 (100.0) 99.5 (100.0)
Reerge (%)* 6.3 (43.1) 6.1 (35.4) 18.0 (35.8) 6.5 (33.5)
Refinement
Resolution range 30.0- 2.00 30.0-2.20 30.0-2.50 30.0-2.20
R 234 220 222 225
Riree 256 246 255 255
Average B-Factor

Residues 283-287 303 28.6 2738 27.0
Residues 288-292 55.8 53.7 50.3 420
Residues 293-297 28.2 26.3 28.0 27.2

*Data in parentheses are for the highest resolution shell
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Table A2.10-Data collection and refinement statistics

3Dral G292A
|
Mutant 3Dr G292A GTP bound
Space group P6(5) P6(5)

. a=b=129.0 a=b=129.2
Unit cell c=1123 c= 1116
X-ray source ALS4.22-1.0A Cu-Ka

o 30.0-1.95 30.0-24
Resolution limits (2.02-1.95) (2.49-2.40)
Reflections

Total collected 519719 304662

Unique 76329 40956

Redundancy* 6.8 (6.7) 74(7.2)
Vo* 9132 12.3(3.8)
Completeness (%)* 99.0(98.0) 99.0 (98.3)
Rumerge (%)* 8.8 (40.6) 8.5(37.2)
Refinement
Resolution range 30.0-2.10 30.0-2.40
R 229 21.6
Riree 25.3 24.9
Average B-Factor

Residues 283-287 26.7 217
Residues 288-292 46.2 54.7
Residues 293-297 26.0 30.0

*Data in parentheses are for the highest resolution shell
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Appendix Ill
Electron Density for the 288-292 Loop
Purpose of this Appendix

This appendix contains 15 panels each consisting of 6 individual representations of the
electron density surrounding a single mutation in the 288-292 loop. The top three figures represent
the electron density surrounding the 288-292 loop mutant in its apo form. The bottom three figures
represent the electron density surrounding the 288-292 loop mutant in its GTP bound form. The
three representations of electron density for either the apo or GTP bound form differ in how each
map was calculated. The first representation is the initial 2FoFc difference map that was
calculated using models that had residues 287-293 missing so as to avoid model bias. As such
this figure is missing a model for the loop. The second representation is the final 2FoFc difference
map that was calculated using the model from the last round of refinement. The third
representation is a 1000K composite simulated anneal omit map. All three maps have been
contoured at 1.6 o.

The loop in all representation is orange, surrounded by a blue map and starts at the right of the
figure with Ser288. Directly above and behind the loop is the ring finger (yellow) that is surrounded
by a yellow map and shows a stick representation of each residue including Asp177 that forms a
salt bridge with Lys61 (green, surrounded by a yellow map) in the majority of the structures solved.

Finally, Asp238 (gray) is directly below the loop surrounded by a red map.
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