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Aspects of Poliovirus Replication: Characterization of the Structural and

Functional Interaction Between the Poly(rC) Binding Protein and the Viral RNA,

and Effects of Genomic Insertions on the Assembly Pathway

Deborah Silvera

ABSTRACT

In this thesis we present data that examines two aspects of poliovirus replication. The

first two chapters deal with the functional and structural interaction between the

poliovirus RNA and a cellular factor required for both viral translation and RNA

replication, the poly(rC) binding protein (PCBP), which interacts with two RNA

structures within the poliovirus 5’ UTR (the cloverleaf and stem-loop IV RNAs). PCBP

contains three Khomology (KH) RNA recognition motifs. We have found that the first

KH domain of PCBP (KH1) specifically interacts with the viral RNAs and participates in

a high affinity interaction with the cloverleaf RNA together with viral protein 3CD. KH1

acts as a dominant negative mutant to inhibit translation from a poliovirus reporter RNA

in both Xenopus laevis oocytes and HeLa cell in vitro translation extracts. Additionally,
º

we present evidence for a role for PCBP in translation from other viral IRESes.

Our laboratory has constructed several poliovirus vectors by introducing an in frame

multiple cloning site (MCS) flanked by viral protease cleavage sites into the coding

region of the genomic RNA. These vectors can carry and express proteins derived from
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other pathogens. The site within the polyprotein into which the exogenous coding region

is inserted varies. First generation vectors contained an insertion at the N-terminus of the

polyprotein. Inoculation of susceptible animals with these viruses led to an immune

response against the foreign insert. However, the resulting viruses were temperature

sensitive and had a high rate of revertion. In chapter 4 we present data showing that the

vector itself (containing an insert of only ~90 nucleotides) is temperature sensitive. We

present results showing that the phenotype results from inefficient cleavage of the peptide

encoded by the MCS. The defect in processing leads to defects in assembly of viral

particles in general, with an accumulation of the unprocessed peptide in a specific subset

º__ 0^)

of the assembly intermediate particles.
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CHAPTER 1

Introduction



Poliovirus, the causative agent for paralytic poliomyelitis, is the prototype member of the

enterovirus genus of the picornavirus family. These viruses are non-enveloped and

contain a short RNA genome (7200-8500nt) of positive polarity. The picornaviruses are a

large family of animal and human pathogens (see (31). The rhinovirus genus, of which

approximately 105 serotypes have been described, are the most important etiological

agents of the common cold. The cardioviruses include two serotypes. The

encephalomyocarditis (EMC) viruses are generally regarded as murine pathogens

although they infect a wide range of animal hosts. The second serotype consists of the

Theiler's murine encephalomyelitis viruses (TEMV) and can produce either a polio-like

illness or a demyeliting disease that resembles multiple sclerosis, providing an important

model for studies of pathogenesis of this disease. The aphtoviruses, or foot-and-mouth

disease viruses (FMDV), infect cloven-footed animals and are important agricultural

pathogens. The hepatoviruses are comprised by a single serotype, hepatitis A virus

(HAV), which is the cause of most of the infectious jaundice cases in the world (20). The

enterovirus genus of which poliovirus is a member includes such infectious agents as the

coxsackie A and B viruses and the entero- and echoviruses. These agents have been

associated with a variety of clinical manifestations, from febrile illnesses, to myocarditis

and meningitis to name a few (31).



Poliovirus vacci

The prevalence of poliomyelitis has dramatically decreased since the introduction of both

the inactivated (IPV) and attenuated live (OPV) poliovirus vaccines (31). There are only

three antigenicaly distinct serotypes of poliovirus (types 1, 2, and 3) defined by the ability

of specific antibodies raised in animals not previously exposed to other strains to

neutralize infection (49). Immunity to infection is type-specific, and little or none cross

protection is between strains is thought to occur. Protection is mediated by a strong

serotype specific humoral neutralizing antibody response. Both the IPV and OPV

vaccines induce this response and immunity is thought to persist for life. Several studies

suggest that protection is against disease and not against reinfection (33). In addition to

the humoral response the OPV induces a local mucosal secretory immune response which

persists for at least 5-6 years after vaccination (33). OPV efficacy is estimated to be up to

98% after three doses have been administered, and this vaccine has the advantage of

providing herd immunity: shedding of virus by vaccinees leading to the immunization of

household contacts, providing a method of vaccination to areas where vaccine acceptance

is low. However, this “back door” immunization has its disadvantages since many of the

viruses shed by vaccinees have acquired mutations that lead to neurovirulent phenotype.

The calculated risk for contracting paralytic poliomyelitis from an OPV infection is 1 in

2.5 million individuals, with the risk increasing in immunocompromised subjects (33).

The IPV is prepared by inactivation of wild type strains of the virus by formalin



treatment. This vaccine provides the advantage of being non-replicative and thus unable

to infect and revert to a neurovirulent phenotype. The efficacy rate is similar to that of the

OPV. In contrast to the live vaccine the inactivated virus is unable to provide a mucosal

antibody response, and no virus is shed by the vaccinees thus providing no herd

immunity.

liovi In OIII]

The genomic organization of poliovirus is shown in Figure 1. The genomic RNA is not

capped, but it is coupled to Vpg (a short virally encoded polypeptide) via a

phosphodiester link. The 5’ untranslated region (5’ UTR) is 743 nt long and contains a

high degree of secondary structure as predicted both by computer modeling and

biochemical analyses. The 5’ UTR is followed by a single open reading frame (ORF)

encoding a polyprotein that is proteolyticaly processed by the virally encoded proteases

2A and 3C (or its precursor 3CD). The N-terminal portion of the polyprotein encodes the

structural proteins, which are dispensable for viral replication. The remaining regions (P2

and P3) encode for the non-structural proteins, all of which are required for growth. The

major cleavage event mediated by 2A occurs co-translationally and leads to the release of

the P1 region from the rest or the polyprotein. The remaining cleavage events are

mediated by 3C-containing polypeptides. An interesting feature of picornaviruses is that

both fully processed as well as precursor proteins have distinct functions in replication,

thus maintaining the small genome size without compromising fitness. A highly



conserved 3’ UTR region and a genetically encoded poly(A)tail follow the coding

sequence of the polyprotein.

inf

Several radical changes in both morphology and metabolism of the host-cell occur during

poliovirus infection eventually leading to cell death by lysis (reviewed in (50). Dramatic

changes in the cell morphology includes a vesiculation of cellular membranous structures

to form the centers for viral replication (replication complexes). Other morphological

changes are the change of the nucleus into a crescent shape, rearrangement of the

cytoskeleton, and rounding up and detachment of infected cells. Furthermore, the protein

secretory apparatus is inhibited and the plasma membrane is permeabilized. Metabolic

changes include the inhibition of host protein and RNA synthesis. The block in

transcription affects all host RNA polymerases (I II and II), and it is thought to be

mediated by cleavage of host factors by the 3C protease. Protein synthesis shutoff is

mediated by the viral protein 2A, which cleaves eIF4G, a component of the eIF4F cap

binding complex that serves as a bridge between the 5’ cap (by interaction with the cap

binding protein eIF4B), eIF3 (which brings the 40S ribosome subunit to the RNA), and

the eIF4A helicase. This cleavage separates the eIF4E-binding domain at the amino

terminus one third of eIF4G from the eIF3 and eLF4A binding carboxy terminal fragment

(21). Since protein synthesis from the poliovirus IRES is cap-independent, cleavage of



eIF4G specifically inhibits host-cell translation while freeing up the ribosomes for

production of viral polypeptides.

iovirus replicati

The discovery that poliovirus can be easily propagated in cell culture as well as the

development of the plaque assay laid the groundwork for the molecular and biochemical

study of poliovirus(49). Molecular clones of poliovirus as well as extensive sequence

data are available. Both the cDNA (44) as well as in vitro synthesized RNA (52) are

infectious when introduced into cells, providing a powerful tool for the genetic

manipulation and analysis of the viral replication cycle.

The development of a HeLa cell free in vitro replication assay for poliovirus (34) offered

the possibility of biochemical dissection of the viral life cycle. In this case all of the

components required for viral growth are present. In order to utilize this system for the

identification of host factors that are involved in viral replication extracts can be

fractionated and then reconstituted to demonstrate their functional relevance (6).

An alternative and complementary system using Xenopus Laevis oocytes has been

developed in our laboratory for the study of viral replication. Microinjection of poliovirus

RNA into Xenopus oocytes leads to the production of viral particles, provided that a

HeLa cell extract is coinjected (14). The factor(S) missing from the oocyte act at two

steps in the replication cycle: translation and viral RNA synthesis (14). The fact that the



oocyte is an intact cell is advantageous since it more faithfully recreates the environment

that the virus encounters in an infected cell.

Poliovirus exhibits a narrow host range, and the only experimental animal models for the

study of immunology and pathogenesis available until recently were monkeys and

chimpanzees (31,45). The identification of the receptor for poliovirus (PVR) allowed for

the generation of transgenic mouse lines susceptible for poliovirus infection (24, 47).

Mice infected with poliovirus develop a polio-like paralytic disease, opening up the

possibility to study the mechanism of pathogenesis of poliovirus in a reproducible

manner. In addition, these mice have proved useful in the study of the immune responses

generated by poliovirus recombinant vectors (2,28, 35).

VIRAL LIFE CYCLE

Entry and uncoating

The first step for infection by a virus is the interaction of the viral particle with its

cognate receptor on the cell surface (see Figure 2). A major determinant for the host

range of poliovirus and other enteroviruses is at the level of entry, specifically the

interaction of the virus with its receptor. The presence of the receptor is enough to confer

susceptibility to infection to mice, effectively changing the host range for poliovirus.

However, studies of the expression of PVR both by western and northern blotting show

that tissue tropism does not necessarily correlate with receptor expression (32, 46). The

mechanism via which the viral RNA is delivered into the infected cell is poorly





understood (45). Upon interaction of the virus with its receptor a series of conformational

changes occur, leading to the formation of the 135S A particles. Vp4 is lost from the

virion, and the N-terminus of Vp1 is externalized to the surface of the virus. The change

in Vp 1 leads to an increase in its hydrophobicity, and results in the ability of the A

particles to bind to liposomes (13). It has been proposed that Vp1 is involved in the

formation of a pore in the membrane through which the viral RNA could be delivered

into the cell. A role for the N-terminus of Vp1 in uncoating is supported by the isolation

of temperature sensitive mutants defective in this process which have been mapped to

this area (Reviewed in 3). Another structural protein which has been implicated in

uncoating and delivery of the viral RNA is Vp4 (36), an interesting result since the A

particles are infectious even though Vp4 is no longer associated with the virion (12).

Translation

The 5’ UTR of poliovirus is uncapped and about 750 nucleotides in length. Computer

modeling and biochemical analysis, have yielded a predicted secondary structure which

can be divided into six distinct domains, stem-loops I-VI. The length as well as the

extensive secondary structure of the 5’ UTR (Figure 3), coupled with the presence of

several AUG codons upstream of the true initiator AUG, suggested that traditional cap

mediated binding and subsequent scanning of the ribosome is an unlikely mechanism for

the initiation of viral translation. Instead, the 5’ UTRs of picornaviruses mediate the

internal landing of the ribosomes for the initiation of translation (23, 41, 42). The first



stem-loop structure of the poliovirus 5’ UTR (the cloverleaf) has been shown to be

involved in both negative and positive RNA synthesis, as well as stimulating viral

translation (15, 51). However, the minimal segment of the RNA required to direct protein

synthesis (as determined by the use of synthetic bicistronic RNAs) is composed only of

stem-loops II-VI. This region is termed the internal ribosomal entry site (IRES). Within

the picornavirus family, two major classes of IRES elements have been described that

differ not only in their sequence and secondary structure, but also in their biological

properties (18). The type 2 IRESes (cardiovirus/FMDV) efficiently direct translation in

rabbit reticulocyte lysates, while type 1 IRESes (rhinovirus, poliovirus and other

enteroviruses) have to be supplemented with HeLa cell extract, indicating a requirement

for additional host cell factors. The same observation extends to the Xenopus oocyte

system (Nina Böddeker personal communication).

Host cell factors implicated in viral translation

In addition to the canonical translation factors, a number of cellular proteins have been

recently shown to participate in picornavirus translation. Some of these proteins bind to

the highly conserved non-coding RNA structures within the virus genome. The majority

of the factors that bind to the RNA structures involved in cap-independent translation

have been identified through the use of biochemical approaches such as UV cross-linking

and mobility shift assays to identify proteins, while utilizing functional assays to follow

their activity. For example, the poly(rC) binding proteins (PCBP1 and 2, also known as



hnRNP E1 and 2 or OCP.1 and 2) were purified as a p38 activity that bound the stem loop

IV of the poliovirus IRES (8). Subsequently it was shown that PCBP also interacts with

the cloverleaf structure at the 5'end of the poliovirus 5’ UTR (16,40). This element was

originally described to be involved in RNA synthesis, but more recent evidence indicates

that binding of PCBP to the cloverleaf RNA is also required for efficient poliovirus

translation (15, 51). Depletion of PCBP from in vitro HeLa translation extracts, as well as

injection of antibodies against PCBP into Xenopus oocytes leads to an inhibition of

translation (9, 16), providing further evidence for a functional role for this protein in

poliovirus protein synthesis. The mechanism of action of the PCBPs in viral translation is

not understood, but it is noteworthy that these proteins are also involved in the translation

control of other viral and cellular mRNAs (reviewed in (39).

Other proteins identified to participate in viral translation initiation include the

pyrimidine tract binding protein (PTB, a nuclear protein presumably involved in RNA

splicing), the La autoantigen; and the product of the gene upstream of n-ras (UNR). All

these factors were purified as activities that stimulate viral protein synthesis in rabbit

reticulocyte lysates (reviewed in (1). The poliovirus translation factor (PTF) has been

described as an activity required for the efficient translation of poliovirus (14) and not for

cap-dependent or type 2 IRES translation in the Xenopus oocyte system (10). Numerous

other proteins have been shown to specifically bind regions of polio and other

10



picornavirus IRESes (reviewed (7) but little is known about their potential role in internal

initiation of translation.

RNA replication

Replication of the viral RNA occurs after translation of the viral genome. The site of

RNA synthesis is on membranous structures that are generated after a virus induced

rearrangement of subcellular structures (Reviewed in (50). The genomic RNA serves as a

template for the synthesis of negative polarity antigenomic RNA which is then used to

generate additional copies of the positive strands. These can then be either packaged into

newly formed infectious particles, or utilized as messenger RNAs for the production of

additional viral polypeptides. The 3D polymerase is responsible for the elongation of the

RNA. The P1 region of the polyprotein is dispensable for viral RNA replication, while

most of P2 (2A excluded) and all of P3 are required (50). In addition to the viral proteins

there are also cis elements in the viral RNA which are involved in RNA synthesis, both in

the 5’ and 3’ UTRs (For reviews see (49, 54).

Assembly and encapsidation

Structural characteristics of the poliovirus virion

The poliovirus virion consists of 60 copies each of the structural proteins Vp1, Vp2, Vp3,

and Vp4, forming an icosahedral shell around a single copy of the Vpg linked genomic

RNA. The particles are approximately 30 nm in diameter, and have a sedimentation

coefficient of 155S. The x-ray crystal structures of several strains of poliovirus, starting

11



with that of poliovirus type 1 to a resolution of 2.9A (19) have been solved. The particles

exhibit a pseudo T=3 (or P=3) symmetry. Despite differences in primary sequence, the

major capsid proteins Vp1, Vp2 and Vp3 share a high degree of structural similarity,

forming a core 3-barrel structural domain found in a variety of icosahedral viruses. The

structural differences among these proteins stem from the loops that connect the elements

that form the 3-barrel core. At the five-fold axes of symmetry cluster five copies of Vp1,

while Vp2 and Vp3 are found alternating around the 20 three-fold axes of symmetry. Vp4

appears as an N-terminal extension of Vp2(3).

Virion morphogenesis

After translation and release from the rest of the polyprotein, 3C cleaves P1 to yield Vp(),

Vp1, and Vp3. These structural proteins remain associated and go on to form the

assembly intermediates, which can be separated according to their sedimentation

coefficients in sucrose gradients (see Figure 2). The 5S protomer fraction is the smallest

of 60 identical subunits that form the virion. Five copies of these protomers assemble into

14S pentamers. 75S empty capsids, consisting of sixty copies of each of the structural

proteins Vp0, Vp3, and Vp1, but containing no viral RNA are also readily detected.

Mature virions sediment at 155S and the encapsidation of the RNA is signaled by the

appearance of Vp2, the product of the maturation cleavage of Vp0 into Vp4 and Vp2. A

more elusive 150S provirion, which contains 60 copies of each Vp0, Vp3, and Vpl as

12





well as the viral RNA has been isolated (11). The direct precursor of the RNA containing

particles is a subject of some controversy. It has been proposed that either the pentamers

form an empty capsid intermediate into which the genomic RNA is then threaded, or that,

alternatively, they directly wrap around the viral RNA. The presence of empty capsids

during infection suggests that these structures play a role in assembly. However, there are

several lines of evidence suggesting that the pentamers are the true precursors of the

virion. Inhibition of viral RNA replication by the addition of guanidinium hydrochloride

also leads to a stop in virion production. In the presence of [*S] the metabolic label

accumulates in 14S particles. Upon release from inhibition the label is quickly chased

into the virion fraction, without detectable amounts of empty capsid formation (17).

Similar results were obtained for experiments in which infections were carried out at low

temperatures to prevent virion formation. Upon shift to the permissive temperature

radiolabel in the 14S fraction was again incorporated into virions with little accumulation

of 75S particles (48). Both of these results seem to suggest that that the pentamers are the

immediate precursor for encapsidation, however the possibility that the empty capsids are

being converted into virions so rapidly as to evade detection still remains. Other

observations that implicate the 14S particles directly come from immunocytochemical

electron microscopy of isolated replication complexes using monoclonal antibodies that

recognize subsets of assembly intermediates (43). Empty capsids were not detected to be

associated with the replication complexes, while 14S particles were, consistent with the

13





theory that the pentamers associate directly with nascent RNA to form infectious

particles. In the same report the authors observed that dissociation of the replication

complexes by detergent treatment led to the conversion of pentamers to 75S particles,

suggesting that the latter might be an artifact of the isolation method used to extract

proteins from the cell. Finally, in experiments where cells were infected with a

recombinant vaccinia virus carrying the P1 region, and then coinfected a poliovirus

replicon that lacked the coding sequence for the structural proteins, mutants in

myristylation assembled into empty capsids but produced no infectious virions. This

result suggests that the 75S particles along with a replicating genome are not sufficient to

form infectious virions (4).

Myristylation

The poliovirus polyprotein is N-myristylated at its amino terminus. This modification is

thought to occur co-translationally after the removal of the initiator methionine to yield

an exposed glycine. Thus P1 and its proteolytic cleavage products Vp0 and Vp4 also

contain this modification. Mutant viruses defective in myristylation are not viable in cell

culture. No role of this fatty acid modification in targeting of the structural proteins or the

assembly intermediates to the membranous replication complexes has been shown (26). It

has been proposed that myristylation of P1 is required for proteolytic cleavage by 3C (25,

29), but a conflicting report seems to disprove this hypothesis (5). Several studies have

shown that the modification is required for the proper assembly of viral particles. In

14



particular the myristate moiety makes several contacts with several amino acids from

Vp3 and Vp4 located at the five-fold axis of symmetry in the fl-tube, thought to be

important for the nucleation of pentamer assembly intermediates. In fact, it has been

shown that viruses mutant in myristylation have defects in accumulation of assembly

intermediates and mature viral particles (For review see (3). It has also been proposed

that the fatty acid molecule plays a role in entry supported by the observation that

mutants defective in myristylation also show a decrease in infectivity as measured by the

particle to pfu ratio (30,37).

RNA encapsidation

One of the least understood processes in the infectious cycle of polio and other

picornaviruses is the mechanism of RNA encapsidation. As mentioned above, it has

proven difficult to identify the assembly intermediate that is the direct precursor of

encapsidation. In addition, there is little information on putative protein or RNA signals

that confer specificity to the process. The existence of defective interfering particles (DI)

containing large deletions in the P1 region of the genome, and which are efficiently

incorporated into viral particles suggests that most of this region does not contain any

such signals (reviewed by (3). In addition, viruses in which either the 5’ or 3'

untranslated regions those of other picornaviruses are efficiently encapsidated as well.

Thus, if any RNA signals do exist, they are likely to be located in the coding regions for

the non-structural proteins. The analysis is complicated by the observation that only
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actively replicating RNA molecules are incorporated into mature particles (22). Therefore

extensive mutagenesis of the coding sequences for P2 and P3 would likely interfere with

replication and possibly obscure any such putative signals. The existence of these signals

might not be necessary. Rather, the specificity might be conferred by the localization of

the replicating RNA in the membranous structures that serve as the viral replication

centers. Studies on the localization of viral assembly intermediates have shown that they

are localized to these complexes (43). Also the fact that viral replication and

encapsidation are coupled (22,38) could be interpreted to mean that the association of the

newly synthesized RNA with the proteins involved in RNA replication provides a bridge

between the structural proteins and the genome to be encapsidated. A likely candidate to

provide this function is the non-structural protein 2G. A role for 2C in the assembly of

viral particles has been proposed based on two observations. First, mutations that lead to

a defect in entry have been mapped to 2C (27). Since 2C has not been detected in the

virion, it the problem is likely to be in the assembly or encapsidation steps. Second,

resistance to the drug hydantoin, which inhibits viral replication and acts at a post-RNA

replication level, has been mapped to 2C (53). A role for other non-structural proteins in

encapsidation has not been proposed.
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THESIS INVESTIGATION

The work described in the following chapters focuses on two separate areas of the

poliovirus life cycle. In chapters 2 and 3 we present experiments designed to further

dissect the interaction of PCBP with its cognate RNA structures within the poliovirus

5’ UTR. Chapter 4 describes the characterization of a poliovirus vaccine vector that

exhibits replication defects by carefully examining each of the steps of the viral life

cycle.

Interaction of PCBP with the poliovirus IRES

The host factor PCBP plays a unique role in the viral life cycle. It acts in translation and

both positive and negative RNA strand synthesis. Given that all of these processes are

tightly coupled, PCBP can potentially be an important player in regulating them. In fact,

studies done in our laboratory have shown that the interaction of PCBP, 3CD and the

cloverleaf RNA are important to regulate whether a genomic sense RNA is used as a

template for translation or for negative strand RNA synthesis (15). The function of PCBP

in these processes could merely be a structural one: perhaps the binding to the viral RNA

structures is necessary only to effect conformational changes that are required for the

correct recognition of the IRES by the translational machinery. However, PCBP might be

playing a more active role than that of an RNA chaperone. To differentiate between a

merely structural and a functional role of PCBP during poliovirus replication, we

investigated the interaction of this protein with the viral RNA. In addition, we studied the
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functional role of the RNP complexes formed on translation of poliovirus. In chapter 2

we present experiments in which we have expressed individual domains of PCBP in

order to map the determinants for RNA recognition and binding. In addition, we show

that the domain of PCBP responsible for the interaction with the viral RNA structures

acts as dominant-negative mutant to inhibit viral translation. In chapter 3 we address

some of the questions concerning the functional and structural interaction of PCBP and

the viral RNA, and present preliminary data suggesting that this host cell protein plays a

role in translation from other viral IRESes in addition to that of poliovirus.

Lessons learned from modifying poliovirus for delivery of foreign antigens

The creation of safe and stable vaccines for several pathogens is hindered by their

biological properties. One of the reasons that the attenuated vaccines for poliovirus and

yellow fever exhibit such degree of safety is the fact that they produce only transient

infections with complete clearance by the infected organism. For retroviruses, where the

viral RNA is reverse transcribed to yield DNA that is then integrated into the host

genome, the possibility of using such attenuated vaccines leaves open the possibility of

the reversion in the host to virulent phenotypes. This is one of the driving forces for the

attempt to find safer delivery systems for immunogens from pathogens such as HIV. Our

laboratory developed one such method taking advantage of the genetic properties and the

ease of manipulation of poliovirus, as well as the proven record of safety and efficacy of

the OPV. Briefly, a short multiple cloning site (MCS) flanked by poliovirus protease
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cleavage sites is inserted (in frame) into the coding sequence of the polyprotein. This

allows for the easy insertion of candidate genes into the viral genome. The resulting

recombinant molecule is transcribed in vitro and the RNA is transfected into cells.

Translation gives rise to an extended polyprotein that is proteolyticaly processed to yield

all of the viral proteins as well as the foreign antigen. The extended RNA can then be

amplified and packaged into virions, yielding a high titer stock of recombinant

polioviruses (2). We found that the site of insertion of the MCS had an effect on the

viability of the resulting vector viruses. For instance, placing an insert in the area between

the coding sequences for 3B and 3C was lethal, adding force to the idea that the whole P3

precursor has a function in viral replication. Insertions at other sites of the genome gave

rise to infectious RNAS. However, recombinant viruses with insertions at either the 5’

(MoV-14) or 3’ (MoV-2.1) borders of the P1 coding sequences were recovered, but their

growth characteristics differed. Whereas MoV-2.1 grew with characteristics close to

those for the parental wild type virus, MoV-1.4 had a temperature sensitive growth

defect. Chapter 4 focuses in the detailed study of this virus to pinpoint at which step in

the viral life cycle this defect acts. The results we obtained point to a defect in processing

of the foreign peptide leading to a block in assembly of viral particles. We discuss the

implications on the proposed pathways for viral assembly.
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FIGURE LEGENDS

Figure I- Schematic representation of the poliovirus genome. Shown is the covalently

linked Vpg peptide as well as the predicted secondary structure of the 5’ UTR. The single

ORF as well as the gene products are represented by open boxes. The final proteins that

result after proteolytic cleavage by viral proteases are indicated.

Figure 2- Poliovirus life cycle. Shown are the steps leading to infection and replication of

poliovirus. The viral RNA is deliver into the host cell after interaction with the cognate

receptor. The genomic RNA is then translated to yield the structural proteins (that go on

to participate in assembly of new virions) and the non-structural proteins (which

participate in the synthesis of negative and positive polarity RNA). Newly synthesized

Vpg linked genomic sense RNA is either recycled and used for the translation of more

viral polypeptides, or packaged into new infectious particles. Virus particles are released

upon lysis of the infected cell.

Figure 3- Schematic representation of the predicted secondary structure of the poliovirus

5’ UTR. The IRES portion of the RNA (stem-loops II to VI) and the cloverleaf structure

(stem-loop I) are indicated.

27



Figure
I

º

structuralnon-structural -- F

—º-

_ -

º
º

Vp0Vp3|Vp1|2A,2B
|
20|3AB3C3DAAA

Translation

- P1P3

P2

V -V

-
I
-

Vp32A
==3CD

2BC
[

_

Vp43C

2B3Am

Vp2
|



Figure 2

(#) Attachment

/
e-Tº-Tº (+)

Translation Dº DS 5s

-
Assembly

(-) RNA synthesis and

encapsidation

*—res (+)
5° (-)

(+) RNA synthesis

virions

29



Figure 3

Cloverleaf <!-- IRES —-

3()



HAPTER 2

The N-terminal KH domain of the Poly(rC) Binding Protein is a major

determinant for binding to the poliovirus 5’ UTR and acts as an

inhibitor of viral translation
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SUMMARY

The poly(rC) binding proteins, PCBP1 and PCBP2, are RNA binding proteins whose

RNA recognition motifs are comprised of three K homology (KH) domains. These

proteins are involved in both the stabilization and translational regulation of several

cellular and viral RNAs. PCBP1 and PCBP2 specifically interact with both the 5’ element

known as the cloverleaf structure and the large stem-loop IV RNA of the poliovirus 5’

untranslated region (5’ UTR). We have found that the first KH domain of PCBP2 (KH1)

specifically interacts with the viral RNAs and, together with viral protein 3CD, KH1

forms a high affinity ternary ribonucleoprotein complex with the cloverleaf RNA,

resembling the full-length PCBP protein. Furthermore, KH1 acts as a dominant negative

mutant to inhibit translation from a poliovirus reporter gene in both Xenopus laevis

oocytes and HeLa cell in vitro translation extracts.
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INTRODUCTION

Translation in eukaryotic cells is a highly regulated process involving a complex protein

machinery. There is increasing evidence that translation of several mRNAs is determined

by the specific and regulated interaction of certain proteins with RNA elements in the 3’

and 5’ untranslated regions (UTR) (for reviews see Refs. 1 and 2). Although many of

these cis-acting RNA elements have been defined, only a few trans-acting regulatory

proteins are known, and the mechanisms by which they regulate translation are poorly

understood.

As with cellular messages, translation of viral RNA is also subjected to complex

regulation. For example, for positive stranded RNA viruses the genomic RNA is utilized

as a template for translation, RNA replication, and formation of new virions, hence the

usage of the RNA must be regulated. For poliovirus this regulation seems to be

dependent on signals within the 5’ UTR. While the majority of cellular mRNAs depend

on the 5' cap structure in order to initiate translation, poliovirus initiates translation

internally via a cap-independent mechanism from an RNA element termed the IRES

(internal ribosomal entry site) located within the 5’ UTR. Computer modeling and

biochemical analysis suggest that the secondary structure of the poliovirus 5’ UTR is

composed of six distinct domains, stem-loops I-VI (see Fig. 1A). In addition to the

canonical initiation factors, poliovirus translation initiation requires additional host cell

factors, some of which appear to interact directly with the viral RNA (reviewed in Refs. 3
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and 4). Among these essential factors are PCBP1 and PCBP2, two closely related

poly(rC) binding proteins, (also referred to as hnRNP E1 and 2, or OCP.1 and 2). These

proteins facilitate viral translation through the interaction with both the first stem-loop

domain (which folds into a cloverleaf-like structure) and stem-loop IV of the poliovirus

5’ UTR (5-8). Both PCBP1 and PCBP2 form a low affinity complex with the cloverleaf

RNA, but together with viral protein 3CD (the precursor of the viral polymerase 3D and

the viral protease 3C), they are incorporated into a high affinity ternary ribonucleoprotein

complex (9, 10). Ternary complex formation is required for positive strand RNA

synthesis (9). Moreover, the interactions of the PCBP proteins and 3CD with the

cloverleaf RNA seem to determine whether the genomic RNA is used as a template for

protein synthesis or RNA replication. Binding of PCBPs to the cloverleaf stimulates viral

translation, while binding of 3CD downregulates translation (11).

Recent evidence indicates that association of PCBPs with a number of cellular mRNAs is

important for their post-transcriptional regulation, either by stabilizing or by directly

influencing the translational state of the mRNA (reviewed in Ref. 12). For instance,

PCBPs interact with the highly stable 15-lipoxygenase mRNA (13) inducing translational

silencing, presumably by inhibition of 80S ribosome assembly (14). In addition to their

role in poliovirus translation, PCBPs have been implicated in the regulation of translation

of other viral RNAs; depletion of PCBPs from in vitro translation extracts leads to a

reduction of protein synthesis from Hepatitis A Virus (15) and addition of PCBP1,
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PCBP2, and hmRNP K to in vitro translation reactions induces translational silencing of

the Human Papilloma Virus Type 16 L2 mRNA (16).

PCBP1 and PCBP2 contain three copies of the RNA-binding KH motif (Khomologous),

first described for the heterogeneous nuclear ribonucleoprotein K (hnRNP K; Ref. 17).

The arrangement of these three motifs within hinRNP K, PCBP1, and PCBP2 is similar:

two consecutive KH domains at the amino terminus, followed by a region of variable

sequence and length preceding a third KH motif. The degree of homology within the

corresponding domain in all of these proteins is higher than that shared by KH motifs

within the same polypeptide (18). No other known RNA binding motif is found within

the PCBPs, and the KH domains are able to function as discreet and independent nucleic

acid binding units: expression of each of the three domains individually demonstrated

that the KH1 and KH3 domains of PCBP1 and PCBP2 specifically bind to poly(rC)

homopolymers (19). However, the basis for the association of these KH containing

proteins with their specific RNA targets, such as the cloverleaf and stem-loop IV of the

poliovirus 5’ UTR, remains to be established.

We have examined the determinants for poliovirus RNA recognition in PCBP. By

expression of individual KH domains, we have found that KH1, the first KH motif of

PCBP, is able to specifically recognize both the cloverleaf and stem-loop IV structures of

the poliovirus 5’ UTR. In addition, the KH1 domain retains the ability to form a high

affinity ternary complex with the cloverleaf and viral protein 3CD. Finally, we show that
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the KH1 protein specifically inhibits translation from a poliovirus IRES and not from a

capped mRNA, and that this effect appears to be mediated by a direct competition of

KH1 with endogenous PCBPs for the binding sites within the poliovirus 5’ UTR.
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EXPERIMENTAL PROCEDURES

Expression of recombinant proteins- KH domain sequences were amplified from a

plasmid containing PCBP sequences, pl/AL-PCBP (6). Primers contained restriction

digest sites to facilitate their insertion into the pl/AL-c2 vector (New England Biolabs).

KH1 was amplified using primers 1 and 2

1, GCTAGCGAATTCGACACCGGTGTGATTGAA

2, TAGCAGGGATCCCTACCTCAGGGTGACCGG

KH2 was amplified using primers 3 and 4

3, GCTAGCGAATTCCCGGTCACCCTGAGG

4, TAGCAGGGATCCCTAGGACTGGGAGAGAGT

For amplification of the KH3 domain oligos 5 and 6 were used

5, GCTAGCGAATTCGGTTTGGATGCATCT

6 TAGCAGGGATCCCTAGCTGCTCCCCATGCC

All resulting PCR fragments were digested with BamhI and EcoRI and ligated into the

pMAL vector digested with the same enzymes. Recombinant MBP fusion proteins were

produced and purified by affinity chromatography using an amylose resin as

recommended by the manufacturer (New England Biolabs). Resulting protein

preparations were 85-95% pure, and protein concentrations were determined by

coomassie blue staining of SDS polyacrylamide gels.
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Mutagenesis of recombinant proteins- Single-stranded uracil-containing pmAL-PCBP

DNA was generated by standard methods (20). This DNA was then used as a template to

generate site directed mutants in each of the KH domains of the protein.

Oligonucleotides 7, 8 and 9 were used to generate mutations in the KH1, KH2 and KH3

domains respectively

7,CAAGTTGGCAGTATCGCCGCAAAGAAAGCAGAATCAGTTAAGAAGATG

8,CAGTGTGGCTCTCTCGCTGCAAAAGGTGCATGCAAGATCAAGGAAATA

9,TTGATTGGCTGCATAGCCGCGCGTCAAGCCGCCAAAATCAATGAGATC

Mutant KH1 fragment was generated by amplification from the mutant in the complete

PCBP protein using oligonucleotides 1 and 2, digestion with BamhI and EcoRI, and

ligation into pMAL vector digested with the same enzymes. Presence of the mutations

was confirmed by restriction digest analysis followed by DNA sequencing. Resulting

proteins were expressed and purified as described above.

RNA binding assays- RNA binding reactions and electrophoretic mobility shift assays

were performed as described (6). Briefly, probes were uniformly labeled by incorporation

of [o-"P] UTP during in vitro T7 polymerase transcription. Cloverleaf and loop IV

probes consisted of nucleotides 1-108 and 234-459 of the poliovirus genome,

respectively. The binding reactions contained 5 mM Hepes, pH 7.9, 40 mM KCl, 2 mM

MgCl2, 4% glycerol, 2 mM DTT, uniformly labeled [*P] RNA (3 ng, 35,000 cpm), 5

mg/ml brewers yeast tRNA (cloverleaf reactions), or 1 mg/ml brewers yeast tRNA, and
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0.25 mg/ml heparin (stem-loop IV reactions), and HeLa cell extract or recombinant

proteins in a final volume of 20 pil. Reactions were incubated for 10 minutes and loaded

onto non-denaturing polyacrylamide gels (5% for cloverleaf and 4% for loop IV)

containing 5% glycerol. Unlabeled competitor RNAs and antibodies were added as

described for each experiment. Binding constants were calculated after quantification of

resulting complexes in a phosphorimager (Molecular Dynamics) using a least-squares fit

analysis. For recombinant proteins that were unable to reach at least 50% shift of RNA

probe into a complex, the binding affinity was estimated visually by extrapolation of the

resulting curve.

Microinjections into Xenopus oocytes- Oocytes were surgically isolated (21) and

enzymatically defolliculated by treatment with 2 mg/ml collagenase (Worthington) for

3hr at room temperature with gentle shaking. Defolliculated oocytes were washed with

modified Barths solution (7.5 mM Tris, pH 7.6, 88 mM NaCl, 1 mM KCl, 2.4 mM

NaHCO3, 8.2 mM MgSO4, 100 units/ml penicillin, 100 mg/ml streptomycin, and 2%

ficoll-400). Stage VI oocytes were manually sorted and injected with 20 nl in vitro

transcribed Polio-Luc RNA (1 pp/pul), 20 nl of depleted or mock treated HeLa S10

extract, and 20 nl of recombinant KH1 protein (2.5 pig■ ul). Twenty oocytes were lysed in

200 pi of lysis buffer (Promega) at the indicated times and spun for 5 minutes at

10,000g. Ten microliters of supernatant were assayed for luciferase activity using an
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Optocomp I luminometer and the Promega luciferase assay reagent. To compare between

experiments using either depleted or mock-depleted HeLa cell extracts, injected and

control (no RNA injected) oocytes were incubated in the presence of 400 puCi/ml of [*S]

labeled Methionine. At the indicated time points, 10 pil of extract were subjected to TCA

precipitation (20) in order to calculate total incorporation of label. The incorporation into

control oocytes was set at an arbitrary value of one and used to normalize the values of

incorporation into viral RNA-injected oocytes. The relative light units of each individual

injection as measured in the luminometer were divided by the values obtained by

normalization of label incorporation. . The variation in the amount of label incorporation

was not significant.

HeLa cell extract preparation- HeLa S3 cells were grown in suspension in Joklik MEM

media supplemented with 10% newborn calf serum. Cytoplasmic extract, S10, was

prepared from 2 L of HeLa cells. Cells were harvested by centrifugation, washed three

times with cold phosphate buffered saline (PBS) and resuspended in 1.5 volumes of

hypotonic buffer (20 mM HEPES, pH 7.4, 10 mM KCl, 1.5 mM MgAc2, 2 mM DTT),

incubated on ice for 20 minutes, and broken by dounce homogenization. A post-nuclei

supernatant was obtained by centrifugation at 5,000 g for 10 min at 4°C, and S10

cytoplasmic extract was obtained by further centrifugation of the supernatant at 10,000 g

for 15 min. Resulting extract was supplemented with 5% glycerol and stored at —80°C.

HeLa in vitro translation extracts were prepared in the same manner except that, after the
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15,000 g centrifugation step, the extract was adjusted to 1 mM CaCl2 and treated with

75U/ml Staphylococcus aureus nuclease for 15 minutes at room temperature. The

nuclease was inactivated by the addition of 2 mM EGTA. Extract was supplemented with

10% glycerol before storage at —80°C. In order to deplete PCBP proteins from HeLa S10,

extract was incubated with biotinylated stem-loop IV RNA immobilized with streptavidin

beads as described (6). Briefly, 50 pig of biotinylated loop IV RNA was incubated with

25 pul streptavidin beads (Pierce) on ice for 30 minutes and washed five times with

hypotonic buffer. RNA-bead complex was then incubated with 100 pil of HeLa S10

extract for one hour on ice, spun at 15,000 g for 5 minutes and used for microinjection.

For mock depleted extracts, the HeLa S10 was incubated with streptavidin beads alone.

Efficiency of depletion was measured by western blot analysis with antibodies that

specifically recognize either PCBP1 or PCBP2.

In Vitro translation reactions- Translation reactions were carried out as described (22).

Briefly, 20–30 pil reactions consisted of 50% HeLa translation extracts, 1 mM ATP, 0.2

mM GTP, 120 mM KAcO, 2.75 mM MgAcO, 3 mM DTT, 35 mM HEPES, pH 7.4, 25

mM creatin phosphate, 400 pig■ ml creatin phosphate kinase, 0.2 mM spermidine, 20 puM

amino acids, 400U/ml RNase inhibitor, 0.5-1 pig■ pul RNA (Polio-Luc or Cap-Luc) and the

indicated amounts of recombinant KH proteins. Translation reactions were incubated at
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32°C for the indicated times and assayed directly for luciferase activity using an

Optocomp I luminometer and the Promega luciferase assay substrate.
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RESULTS

The KH1 domain of PCBP binds to both the cloverleaf structure and to stem-loop IV of

the poliovirus 5’UTR

To determine whether subdomains of PCBPs are able to specifically interact with target

RNAs within the poliovirus 5’ UTR (Fig. 1A), we expressed in E. coli each of the

individual KH domains as fusions to the maltose binding protein (MBP). The boundaries

for each KH domain (Fig. 1B) were identical to those previously described (19). Purified

recombinant proteins (KH1, KH2, and KH3) were used for binding reactions with

radiolabeled RNA probes. Initial results indicated that the corresponding domains from

PCBP1 and PCBP2 interact with the RNA probes in a similar fashion, therefore

subsequent experiments were performed using the PCBP2 derived fragments. The three

recombinant proteins behaved as previously described (19): in filter binding assays both

KH1 and KH3 bound to radiolabeled poly(rC), but not to poly(rA) RNA, while the KH2

domain did not interact with either RNA (data not shown).

We then determined the ability of each KH domain to interact with the specific RNA

targets of PCBPs within the poliovirus 5’ UTR. Electrophoretic mobility shift assays

revealed that the KH1 domain interacted with both stem-loop IV and the cloverleaf

RNAs (Fig. 1C, lanes 1-3 for stem-loop IV, and Fig. 1D, lanes 2-5 for the cloverleaf). In

contrast, the KH2 and KH3 domains did not form complexes with either of the probes
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(Figs. 1C lanes 4-9 for stem-loop IV, and Fig. 1D lanes 6-13 for the cloverleaf).

Importantly, both the KH1-MBP fusion protein and the isolated KH1 domain bound to

stem-loop IV and the cloverleaf RNAs with similar affinities (Fig. 1C, lanes 11 and 12,

and Fig. 1D lanes 14 and 15), and behaved similarly in functional experiments (data not

shown). However, because the solubility and stability of the fusion proteins was higher

than for the isolated KH domains, we employed the fusion proteins throughout the rest of

this study.

In order to determine whether the interaction of KH1 with the cloverleaf RNA was

sequence-specific, we performed competition experiments using unlabeled RNA. The

complex formed by the KH1 protein and the cloverleaf RNA was competed by unlabeled

cloverleaf RNA in a dose-dependent manner, but was not affected by a non-specific RNA

competitor (Fig. 1E, compare lanes 2-4 with lanes 5-7). Similar results were obtained in

competition experiments with a stem-loop IV RNA probe (data not shown).

Taken together, these results suggest that the KH1 domain is the major determinant for

recognition of the specific RNA targets of PCBP within the poliovirus 5’ UTR. In

contrast, the other two domains, KH2 and KH3, are not able to form stable

ribonucleoprotein complexes under any of the conditions tested.
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The KH1 domain of PCPB forms a high affinity complex with the cloverleaf RNA and

viral protein 3CD

Interactions between the cloverleaf, PCBPs, and 3CD are involved in the regulation of

both viral translation and RNA synthesis. Experiments have demonstrated that the PCBP

proteins specifically interact with stem-loop B of the poliovirus cloverleaf structure,

while viral protein 3CD contacts the RNA near unpaired nucleotides at the top of stem

loop D (Fig. 2A). The cloverleaf RNA forms a low affinity complex with PCBP (Fig. 2B,

RNP-A), or with 3CD (RNP-b, Fig.2B, lane 3). However, PCBP and 3CD together form

a very stable ternary ribonucleoprotein complex with the cloverleaf RNA (RNP-B, Fig

2B lane 4, Refs. 9 and 10).

Because the KH1 protein binds to the cloverleaf RNA by itself, we determined whether

this single domain is able to participate in the formation of the ternary complex. In the

absence of 3CD the KH1 domain fused to MBP formed a complex with slower mobility

than that formed by PCBPs obtained from HeLa cells (RNP-A’, Fig. 2C lane 1). Upon

addition of 3CD, the RNP-A’ complex was further retarded to form RNP-B” (Fig. 2C,

lane 5). Addition of antibodies directed against PCBP2 or 3D resulted in a supershift of

the RNP-B' complex, confirming that this complex includes both 3CD and the KH1

protein (Fig 2C, lanes 6 and 7). The antibodies directed against 3D reacted only with the

complexes formed by 3CD, and not those formed by the KH1 protein (Fig. 2C, compare

lanes 2, 6 and 10). Similarly, antibodies directed against PCBP2 slowed the migration of
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both the ternary complex and of RNP-A’, formed by the KH1 protein, but not of RNP-b,

formed by 3CD alone (Fig. 2C, compare lanes 3, 7 and 11).

The formation of the ternary complex composed of 3CD, PCBP and the cloverleaf RNA

is cooperative (10). To investigate whether the interaction of KH1 with the ternary

complex is cooperative as well, we performed binding experiments adding increasing

amounts of KH1 protein to cloverleaf RNA in the presence or absence of a constant

concentration of 3CD. Both the complex formed by the RNA and KH1 (RNP-A’) and

that consisting of 3CD and the cloverleaf (RNP-b) were efficiently converted into the

ternary complex RNP-B”, and the amount of free probe was greatly reduced in the

reactions were all three components were present (Fig. 2D), suggesting that the isolated

KH1 domain interacts with 3CD and the cloverleaf in a cooperative manner. In order to

confirm this observation, we determined the binding affinities of the KH1 domain for the

cloverleaf in the presence or absence of a constant amount of recombinant 3CD. In the

case of the complex formed by recombinant KH1 and the cloverleaf, the apparent Kd was

calculated to be more than 100 puM. In contrast, in the presence of 3CD, KH1 binds with

high affinity to the cloverleaf RNA, resulting in a dissociation constant of 1.3 puM (Fig.

3A). Thus, the affinity of the KH1 domain for the cloverleaf RNA was approximately 90

fold higher in the presence of 3CD. For the full-length recombinant PCBP2 the apparent

Kd to the cloverleaf RNA structure was more than 20 puM in the absence, and 0.10 puM in
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the presence of 3CD (Fig. 3B), resulting in more than 200-fold decrease in the

dissociation constant for this protein. The affinity of viral protein 3CD for the cloverleaf

RNA increased when the KH1 domain was added to the reaction, from an apparent Kd of

550 nM in the absence to 28 nM in the presence of KH1. Therefore 3CD and the KH1

domain bind to the cloverleaf RNA cooperatively to form the ternary ribonucleoprotein

complex.

Effect of mutation of a highly conserved amino acid sequence within the KH domains

of PCBP in poliovirus RNA binding

The KH motif, found in a variety of RNA binding proteins, is comprised of

approximately 70 amino acids (23). The NMR structures of the sixth KH domain of

vigillin (23) and that of the first KH motif from FMR-1 (24), as well as the crystal

structure of the third KH domains of the proteins Nova-1 and Nova-2 have been obtained

(25). These structural data, coupled with mutational analysis, suggest that a highly

conserved tetrapeptide motif, Gly-X-X-Gly, directly contacts the RNA target (24). This

tetrapeptide forms part of a flexible loop in the structure, and often contains positively

charged amino acids at the X positions. Replacement of the first Gly of this motif in the

KH domain of the GLD-1 protein from C. elegans abolishes binding to its cognate RNA

(26) and leads to a loss of function phenotype (27). Moreover, site-directed mutagenesis

of this motif, (substitution of Ile-Gly-X-X-Gly for Ala-Ala-X-X-Ala), in the KH domains

of hnRNP K abolished its ability to bind poly(rC) (28). Based on these observations we

47



substituted three conserved residues by alanines in the KH1 recombinant protein

(I29GKKG for A39AKKA, mutant KH129). Mobility shift analysis revealed that these

mutations completely abolished the ability of the protein to bind to either the cloverleaf

(Fig. 4A), or to stem-loop IV RNA structures (data not shown).

To test the effect of these mutations in the context of full-length PCBP2, we introduced

similar mutations into each KH domain of full-length PCBP2 by site-directed

mutagenesis (I.20CKKG for A29AKKA in KH1, mutant PCBP29; III:GKGG to AusAKGA

in KH2, mutant PCBPlls; Iso,GRQG to Agos ARQA in KH3, mutant PCBPsos). Mutation of

any of the three KH domains in the full-length protein altered the binding of PCBP2 to

the cloverleaf RNA, both in the presence (Fig. 4B, compare lane 2 with lanes 5, 8, and

11), and absence of 3CD (Fig. 4B, compare lane 15 with lanes 18, 21 and 24). Similar

results were obtained in binding experiments with the stem-loop IV RNA (data not

shown). The effects observed were both qualitative and quantitative: first, mutation of the

KH2 or KH3 domains within the full-length protein led to the formation of complexes

exhibiting aberrant migration patterns when compared to the complexes formed by the

wild type recombinant protein (Fig 4B, compare lanes 2-4 with lanes 8-13, and lanes 15

17 with lanes 21-26). Second, quantification of the ratio of RNA bound versus the total

radioactivity revealed that the binding affinities of the mutated proteins for the viral

RNAs are significantly lower than those of wild type PCBP2 (Fig. 5). The most profound

effects on binding were observed for the mutant in the KH1 domain, PCBP,9, which only
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formed detectable complexes with the poliovirus RNAs at the highest concentrations of

protein tested (Fig. 4B, lanes 5 and 18). Interestingly, PCBP29 binding to the cloverleaf

RNA was facilitated by the presence of 3CD, but only to a limited extent. While the

affinity of wild type PCBP2 increased by more than 200-fold in the presence of 3CD (see

Fig 3A), the binding of PCBP, was only five times higher when the viral protein was

included in the reaction. PCBP2 mutated in the KH3 domain, PCBP,0s, bound with

slightly better affinities than PCBP, to both the cloverleaf (Fig 5A) and stem-loop IV

RNAs (Fig. 5C). However, it formed weak complexes with considerably low affinities

when compared with wild type PCBP2. In the presence of 3CD the affinity of PCBP,0s

for the cloverleaf RNA dramatically increased, by more than 100-fold. Finally, the

protein containing a mutation in the second KH domain (PCBP13) bound to the

poliovirus RNA structures more efficiently than any of the other mutant proteins. While

PCBPlls interacted with lower affinities that the wild type protein to both stem-loop IV

and the ternary complex, it bound to the cloverleaf RNA with kinetics similar to wild

type PCBP2 (Fig. 5A, compare black circles with open squares).

Thus, while amino acid alterations within the KH1 domain of PCBP2 exhibited the most

profound reduction of RNA binding activity (Fig. 4 and Fig. 5), mutation of the other two

KH domains in full-length PCBP2 also affect complex formation. These results suggest

that even though the KH1 domain is the major determinant for poliovirus RNA binding
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by PCBP2, the other two domains play an important role in stabilizing the interactions

with these RNAS.

The KHI domain inhibits translation from a poliovirus IRES

PCBPs are essential factors for poliovirus IRES mediated translation (6-8). We reasoned

that since the KH1 domain can interact with the viral RNA, it might be able to compete

for binding to the poliovirus RNA with the endogenous PCBPs, and act as a dominant

negative mutant to interfere with viral translation. To examine this possibility, we

microinjected recombinant KH proteins into Xenopus oocytes together with a poliovirus

replicon, in which the structural genes were replaced by the luciferase gene (Fig. 6A,

Polio-Luc; Ref. 10). Since translation from a poliovirus IRES in oocytes requires

additional HeLa cell factors (29) injections included a HeLa cell cytoplasmic fraction.

Translation was measured directly as a function of luciferase activity (10). Co-injection

of KH1 and the Polio-Luc RNA led to a 5 to 30-fold inhibition of translation (Fig. 6B).

Furthermore, KH1 inhibited poliovirus translation by 50 to 125-fold when a PCBP

depleted HeLa cell extract was co-injected instead of the complete HeLa S10 extract (Fig.

6C). This result suggests that the inhibitory effect of KH1 is reduced by the presence of

endogenous PCBPs, and that the KH1 domain competes with these proteins for the RNA

target within the poliovirus 5’ UTR. Consistent with this conclusion, two KH domains

(KH3 and KH129) that do not interact in vitro with either the cloverleaf or stem-loop IV

RNAs, did not inhibit translation (Fig. 6D).
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We also tested the inhibitory activity of the KH1 protein in a HeLa cell-free translation

system. As in the oocytes, poliovirus IRES directed protein synthesis was reduced upon

addition of recombinant KH1 (Fig. 7A) and the degree of inhibition depended on the

amount of recombinant KH1 added to the reaction. In contrast, addition of a control

KH 129 mutant (which does not bind the RNA, Fig. 4A) did not significantly affect

translation of Polio-Luc (Figs. 7A and 7B). Furthermore, the inhibition by KH1 was

specific for IRES-dependent protein synthesis, because translation of a capped luciferase

mRNA (Cap-Luc) was not significantly affected by the presence of KH1 during the

reaction (Fig. 7B). Taken together, these results indicate that the KH1 fragment acts as a

dominant negative mutant, specifically inhibiting poliovirus translation through an

interaction with the viral RNA
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DISCUSSION

Role of KH domains in PCBP binding to the poliovirus 5’UTR

We have mapped the determinants for PCBP2 binding to two RNA structures of the

poliovirus 5’ UTR, the cloverleaf and stem-loop IV. Although both the KH1 and KH3

domains bind to poly(rC) homopolymers (Ref. 19 and data not shown), only KH1 was

capable of specifically interacting with the poliovirus RNA structures. In addition,

mutation of KH1 within PCBP2 leads to the most dramatic defects on RNA binding.

These results suggest that the KH1 domain is the major RNA binding determinant for the

recognition of the poliovirus-specific RNA targets by PCBPs. However, the KH2 and

KH3 domains must play an important role in these interactions because mutations in

these domains have a detrimental effect on the binding by the full-length protein as well

as altering complex migration (see Fig. 4B and Fig. 5). It is possible that mutations in the

KH2 and KH3 domains of full-length PCBP alter the entire structure or induce

misfolding of the protein in E. coli. However, this possibility seems unlikely because

expression levels of the mutant proteins, as well as their stability and solubility are

comparable to those of wild type PCBP2 (data not shown). Furthermore, we introduced

these mutations into a flexible loop of the KH domain structure (23, 24), and sequence

changes in this site are not expected to have a major effect on the overall structure of the

protein. Similar results were previously obtained for the binding of hnRNP K to poly(rC)

RNA. Mutation of any of the three KH domains of this protein abolishes RNA binding
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(28), but only the KH3 fragment interacts with poly(rC) RNA (19). We do not know how

the KH2 and KH3 stabilize the interaction of PCBP2 with the viral RNA, but because

individual domains do not enhance the RNA binding ability of each other when

combined in mobility shift experiments (data not shown), it appears that all three motifs

must be tethered within a single polypeptide to have optimal affinity for the RNA.

How does KHI facilitate high affinity ternary complex formation

The isolated KH1 domain stimulates the formation of the high affinity ternary complex,

RNP-B', which includes the cloverleaf RNA and 3CD (Fig. 3). There are at least two

possible mechanisms by which KH1 can facilitate the formation of this complex: First,

binding of KH1 may trigger a conformational change in the cloverleaf RNA to render a

target structure that interacts better with 3CD. Alternatively, protein-protein interactions

between KH1 and 3CD could stabilize the complex. Since the small KH1 domain can

promote ternary complex formation by itself, it is likely that the binding of KH1 to stem

loop B of the cloverleaf RNA (see Fig. 2A) alters the structure of this RNA to favor 3CD

binding. It is also possible that the KH1 portion of PCBP2 could contain both an RNA

binding domain and a 3CD-recognition surface. However, we have not been able to

observe a direct protein-protein interaction between PCBP2 or KH1 and 3CD (data not

shown). However, a protein-protein interaction of KH1 with 3CD might only occur

through a conformational change of the KH1 fragment upon binding to the RNA. This

would be consistent with the observation that the mutant KH1 does not affect the
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interaction of 3CD with the cloverleaf RNA (see Fig. 4A, lanes 5-6). At this point, we

cannot definitively exclude any of these possible mechanisms, and further work will be

necessary in order to establish how the PCBPs and KH1 enhance RNP-B complex

formation.

The KHI domain is a competitive inhibitor of PCBP function in viral translation

The isolated KH1 domain is able to inhibit translation from a poliovirus IRES. This result

adds to the growing body of evidence that supports the notion that PCBPs are an essential

component of the poliovirus translation process. Mutations that abolish PCBP binding in

either the cloverleaf (7, 11) or in the stem-loop IV (5) RNA structures impair viral

translation. Moreover, depletion of PCBPs from either HeLa cell translation extracts (by

RNA affinity methods) or from oocytes (by coinjection of antibodies or decoy RNAs)

leads to a decrease in translation (6, 8, 11).

The molecular details of the activation of viral translation by the PCBP proteins are not

yet understood. PCBPs could be acting as a molecular bridge interacting with both

canonical and non-canonical factors implicated in IRES mediated initiation of translation

or, alternatively, PCBPs could be inducing a conformational change in the poliovirus

IRES necessary for the recognition of the RNA by these factors. In the absence of more

precise information about the mechanism of activation by PCBP, it is difficult to

understand how the KH1 fragment inhibits translation. Our data indicates that the

inhibitor must be acting by directly competing with endogenous PCBP proteins for the
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RNA target because i) the amount of PCBP proteins present during the translation

reaction inversely correlates with the extent of inhibition and, ii) a KH1 mutant that does

not interact with the RNA did not have an effect on poliovirus translation (see Fig. 7).

The KH1 protein appears to lack important determinants for either protein-protein

interactions with the translational machinery, or additional RNA-binding sites required to

exert a conformational change in the IRES. Mutant PCBP proteins which do not bind to

the RNA might be also able to interfere with poliovirus translation. Characterization of

such mutants, as well as examination of the effect of KH1 in the assembly of functional

translation initiation are important and will be the focus of future investigation.

Since the KH1 fragment is able to inhibit translation in a HeLa cell extract, which

contains a high amount of endogenous PCBP proteins, this dominant negative protein is a

valuable tool which can be utilized to dissect the role of PCBP1 and PCBP2 in viral

translation and replication, both in vitro and in intact cells.
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FIGURE LEGENDS

Figure 1.- The KH1 domain of PCBP2 binds to both stem-loop IV and cloverleaf RNAs of

the poliovirus 5’ UTR, A, Schematic representation of the secondary structure of the

poliovirus 5’ UTR. Sites where PCBP binds are indicated. B, PCBP2 amino acid

sequence. Boxed areas contain the amino acid sequence representing each of the KH

domains (KH1, KH2, and KH3). C, Mobility shift assay of recombinant KH domains

with stem-loop IV RNA. Uniformly labeled stem-loop IV RNA (3 ng, 35,000 cpm) was

incubated with 2 pig (lanes 1, 4, 7), 5 pig (lanes 2, 5, 8), 10 pig (lanes 3, 6, 9, 12) of KH

recombinant fusion proteins, or 10 pig of factor Xa cleaved KH1 protein (lane 7).

Migration of free probe (IV) is indicated. D, Binding assays of cloverleaf RNA with

recombinant KH proteins. Assays were performed as described in (C), using a uniformly

labeled cloverleaf RNA probe. Recombinant KH protein added was 2 pig (lanes 2, 6, 10),

4 pug (lanes 3, 7, 11, 15), 10 pig (lanes 4, 8, 12) and 20 pig (lanes 5, 9, 13). Lane 14

included 4 pig factor Xa cleaved recombinant KH1 protein. Free cloverleaf probe

mobility (CL) is indicated. E, Competition experiment indicating that the complex

formed by the KH1 protein and the cloverleaf RNA is specific. 200 ng of recombinant

KH1 protein was incubated with 3 ng of uniformly labeled cloverleaf RNA in the

presence of increasing amounts (30-3000 ng) of unlabeled cloverleaf (CL, lanes 2-4) or

stem-loops II-III (II-III, lanes 5-7) RNA.
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Figure 2- The KH1 domain of PCBP2 forms a ternary ribonucleoprotein complex with

viral protein 3CD and the poliovirus cloverleaf RNA. A., Schematic representation of the

ribonucleoprotein complex formed by the poliovirus cloverleaf and the proteins PCBP

and 3CD. B., Mobility shift of HeLa PCBP with cloverleaf RNA. Binding reactions were

carried out in the absence (lanes 1 and 2), or presence (lanes 3 and 4) of recombinant

viral protein 3CD. Resulting complexes, (RNP-A: PCBP+ cloverleaf; RNP-B: PCBP+

cloverleaf + 3CD; RNP-b: 3CD + cloverleaf), as well as free probe are indicated. C, The

KH1 domain of PCBP participates in ternary complex formation. Uniformly labeled

cloverleaf RNA was incubated with the indicated proteins (KH1 and/or 3CD) and buffer

(lanes 1, 5, 9), O-PCBP2 (lanes 3, 7, 11), O-3D (lanes 2, 6, 10), or pre-immune sera (lanes

4, 8, 12). Samples were then subjected to electrophoretic mobility shift analysis. D, KH1

and 3CD are efficiently incorporated into RNP-B'. Binding reactions containing

decreasing concentrations of KH1 recombinant protein (ranging from 0.1 puM to 90 puM)

were carried out in the absence (upper panel) or presence (lower panel) of 3CD. Lane 13

contains no KH1 protein. Resulting complexes, (RNP-A’: KH1 + cloverleaf; RNP-B':

KH1 + cloverleaf + 3CD; RNP-b: 3CD + cloverleaf), are indicated.

Figure 3- The KH1 domain of PCBP2 forms a cooperative complex with the cloverleaf

RNA in the presence of viral protein 3CD. Complexes formed by recombinant KH1 (A)

or PCBP2 (B) MBP fusion proteins and the cloverleaf probe in the presence (closed

diamonds), or absence (open diamonds) of a constant amount of recombinant 3CD
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protein were quantified by phosphorimager analysis (Molecular Dynamics). C,

Quantification of complexes formed by the cloverleaf RNA and viral protein 3CD in the

presence (closed diamonds), or absence (open squares) of a constant amount of KH1

protein. Results are expressed as the fraction of the total radioactivity incorporated into

the corresponding complexes.

Figure 4- Mutations in the KH domains of PCBP affect binding to poliovirus RNA. A.,

Mobility shift of wild type and mutant (KH129, I2,GKKG to A29AKKA) recombinant KH1

proteins. Reactions were carried out in the absence (lanes 1-3), or presence (lanes 4-6) of

viral protein 3CD. Complexes formed by the wild type KH1 and 3CD proteins (RNP-A’,

RNP-B”, RNP-b), as well as the free probe (CL) are indicated. B, Mobility assays of

recombinant wild type and mutated full-length PCBP2 fusion proteins. Mutations,

indicated in the schematic diagram, are as follows: I.20GKKG to A29AKKA for PCBP29,

In,GKGG to AusAKGA for PCBPus, and Iso,GRQG to Agos/ARQA for PCBP,0s.

Recombinant protein used for each series ranged from 1 to 10 pg. Complexes formed by

wild type PCBP are indicated by an arrowhead (RNP-A on left panel and RNP-B on right

panel). Asterisks mark the complexes formed by the mutant proteins.

Figure 5- Mutation of the KH domains of PCBP leads to a decrease of binding to

poliovirus RNA structures. Quantification of binding by PCBP wild type and mutant

proteins to the cloverleaf RNA in the absence (A) or presence (B) of 3CD, C, Binding of

62





PCBP wild type and mutant proteins to stem-loop IV RNA. Wild type PCBP, open

squares; PCBP29, closed diamonds; PCBPus, closed circles; PCBP,0s open triangles.

Figure 6- The KH1 protein inhibits translation of poliovirus RNA in Xenopus oocytes. A,

Schematic representation of Polio-Luc replicon RNA in which the portion encoding for

the viral structural proteins has been replaced by a luciferase gene. B and C, Translation

of Polio-Luc in Xenopus oocytes in the presence of KH1 (closed diamonds) or MBP

(open diamonds) recombinant proteins. HeLa S10 extract injected was either mock

depleted (B) or depleted (C) of PCBP proteins. Translation activity is given as relative

units, using the incorporation of “S Methionine into TCA precipitable counts as an

internal control and normalized as a fraction of the highest point for each individual

injection (RU, see experimental procedures). D, Translation of Polio-Luc in the presence

of KH1 (closed diamonds), KH3 (open squares), or KH129 (open circles) proteins. HeLa

extract coinjected was depleted of PCBP proteins. Translation activity is given as relative

units (RU), normalized as a fraction of the highest point for each individual injection.

Figure 7- The KH1 domain of PCBP inhibits translation in a HeLa cell-free translation

extract. A, Dose response curve of inhibition by KH1 fragment. HeLa in vitro translation

reactions were carried out in the presence of the indicated amounts of recombinant wild

type (closed diamonds) or mutant (open circles) KH1 proteins. Luciferase activity is

given as relative units (RU) normalized as a fraction of the translation activity in the

absence of recombinant KH proteins (representing 1 RU) B, HeLa in vitro translation
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extracts were programmed with 1 pug of Polio-Luc (right), or Cap-Luc (left) RNAs.

Translation reactions were carried out in the presence of 5 puM wild type (white boxes) or

mutant (black boxes) KH1 recombinant proteins. Luciferase activity was measured after

1hr incubation at 32°C. Results are expressed as the percent activity of a buffer control

(which represents 100%), and are the average of three independent experiments.
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Figure 6
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HAPTER

Additional Characterization of the Functional and Structural

Interaction Between the Poly(rC) Binding Protein and Viral Internal

Ribosomal Entry Sites
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INTRODUCTION

Several questions regarding the interaction of PCBP with the poliovirus RNA, both at the

structural and functional levels, arise from the results presented in the previous chapter.

For instance, we have presented evidence suggesting that the KH1 domain of PCBP is

responsible for the specific recognition of both the stem-loop IV and cloverleaf RNAs of

the poliovirus 5’ UTR. However, experiments in which KH2 or KH3 were mutated within

full-length PCBP suggest that these domains play a role in the binding and stabilization

of PCBP to the viral RNA. Another intriguing result is the resemblance of the interaction

of KH1 and the cloverleaf RNA to the binding of PCBP to this RNA. The affinities of

both proteins to this structure, as well as the degree of cooperativity exhibited by the

isolated domain and the full-length protein are similar. In addition, the nature of the

various complexes formed by PCBP with both the cloverleaf and stem-loop IV RNAs is

unclear. For instance, our laboratory previously reported evidence suggesting that PCBP

might dimerize in solution (7) raising the possibility that a dimer of the protein could

bind to two RNA molecules or that the protein-protein interactions might play a part in

bringing together different RNA domains.

The functional significance of PCBP in the initiation of translation from a poliovirus

IRES is supported by several studies (4, 7, 15). However, it is not known whether this

protein plays a role in the translation from other viral IRESes, or perhaps even from

cellular IRESes. A recent report (8) implicates PCBP in the translation of hepatitis A
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virus (HAV). In addition PCBP appears to interact with the hepatitis C virus (HCV) IRES

(16). However, there is no information about the role of PCBP in translation from other

viral IRESes, or about the functional significance of the interaction with the HCV RNA.

We have shown that KH1 can act as a dominant negative inhibitor of poliovirus

translation both in vitro and in oocytes. However, we do not know if this effect will carry

over to intact mammalian cells. To test this possibility, cells that express this protein

should be established.

In this chapter we further investigate the role of the KH2 and KH3 domains in the

interaction of PCBP with the viral RNA structures, and present experiments designed to

explore the composition and conformation of the complexes formed by PCBP with these

RNAs. In addition, we have expressed the KH1 in intact mammalian cells and we show

preliminary evidence that PCBP plays a role in translation from other picornaviral

IRESeS.
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AND METHOD

Dot filter-binding assays- RNA homopolymers (Pharmacia) were end labeled by

incubation with T4 phosphonucleotide kinase (Gibco-BRL). Indicated amounts of

purified recombinant proteins (5pig) were incubated ten minutes at room temperature with

10 cpm of end-labeled poly(rC) or poly(rA) ribohomoplymers (Pharmacia), in binding

buffer (15) containing 1 mg/ml brewers yeast trNA, and 0.25 mg/ml heparin, for a total

reaction volume of 20 pil. Samples were filtered through a nitrocellulose membrane using

a Bio-Dot apparatus (Bio-Rad) and washed four times with 200 pil of binding buffer (see

bellow). Membranes were allowed to air dry before exposing to film.

Electrophoretic Mobility Shift Analysis- EMSA was performed as described (15).

Briefly, probes were uniformly labeled by incorporation of [o-*P] UTP during in vitro

T7 polymerase transcription. Cloverleaf and loop IV probes consisted of nucleotides 1

108 and 234-459 of the poliovirus genome, respectively. The binding reactions (in a final

volume of 20 pul) contained binding buffer: 5 mM HEPES, pH 7.9, 40 mM KCl, 2 mM

MgCl2, 4% glycerol, 2 mM DTT, uniformly labeled [*P] RNA (3 ng, 35,000 cpm).

Cloverleaf reactions included 5 mg/ml brewers yeast tRNA, and stem-loop IV reactions

included 1 mg/ml brewers yeast trNA, and 0.25 mg/ml heparin. HeLa cell extract or

recombinant proteins were included as described in the text. Reactions were incubated for

10 minutes and loaded onto non-denaturing polyacrylamide gels (5% for cloverleaf and
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4% for loop IV) containing 5% glycerol. Mutant cloverleaf EMSA was performed using

the same conditions described for wild type cloverleaf RNA.

HeLa cell extract preparation- HeLa S3 cells were grown in suspension in Joklik MEM

media supplemented with 10% newborn calf serum. Cytoplasmic extract, S10, was

prepared from 2 L of HeLa cells. Cells were harvested by centrifugation, washed three

times with cold phosphate buffered saline (PBS) and resuspended in 1.5 volumes of

hypotonic buffer (20 mM HEPES, pH 7.4, 10 mM KCl, 1.5 mM MgAc2, 2 mM DTT),

incubated on ice for 20 minutes, and broken by dounce homogenization. A post-nuclei

supernatant was obtained by centrifugation at 5,000 g for 10 min at 4°C, and S10

cytoplasmic extract was obtained by further centrifugation of the supernatant at 10,000 g

for 15 min. Resulting extract was supplemented with 5% glycerol and stored at —80°C.

HeLa in vitro translation extracts were prepared in the same manner except that, after the

15,000 g centrifugation step, the extract was adjusted to 1 mM CaCl2 and treated with

75U/ml Staphylococcus aureus nuclease for 15 minutes at room temperature. The

nuclease was inactivated by the addition of 2 mM EGTA. Extract was supplemented with

10% glycerol before storage at —80°C.

In Vitro translation reactions- Translation reactions were carried out as described (3).

Briefly, 20-30 pul reactions consisted of 50% HeLa translation extracts, 1 mM ATP, 0.2

mM GTP, 120 mM KAcO, 2.75 mM MgAcO, 3 mM DTT, 35 mM HEPES, pH 7.4, 25

mM creatin phosphate, 400 pig■ ml creatin phosphate kinase, 0.2 mM spermidine, 20 puM

76



amino acids, 400U/ml RNase inhibitor, 0.5-1 pig■ ul RNA (Polio-Luc or Cap-Luc) and the

indicated amounts of recombinant KH proteins. Translation reactions were incubated at

32°C for the indicated times and assayed directly for luciferase activity using an

Optocomp I luminometer and the Promega luciferase assay substrate. In order to deplete

PCBP proteins, HeLa translation extract was incubated with poly(rC) agarose beads

(Sigma) that had been reconstituted in hypotonic buffer. Extracts were incubated on ice

with sporadic agitation. After one hour of incubation the slurry was centrifugated and the

supernatant transferred to a new tube containing fresh beads, for a second round of

depletion. The extent of depletion was measured both by western blot analysis using

antibodies directed against PCBP1 or 2, and by EMSA analysis using cloverleaf and

stem-loop IV probes, before use in functional assays.
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RESULTS

Poly(rC) binding by recombinant PCBP-derived proteins

In the previous chapter (15) we presented data indicating that only the N-terminal KH

domain of PCBP (KH1) specifically interacts with both the stem-loop IV and cloverleaf

RNA structures of the poliovirus 5’ UTR. An interaction by each of the other two

domains (KH2 and KH3 expressed individually) was not detected under the experimental

conditions. Nevertheless, in the context of the full-length protein, the other two domains

clearly play a role in the interaction. We concluded that KH1 contains the determinants

for specific recognition, while the other two KH domains help in stabilizing the

ribonucleoprotein complexes formed by PCBP and the viral RNA. However, the formal

possibility remains that the other two domains do not form complexes with the viral

RNAs due to problems with the expression system utilized. Furthermore, it is possible

that KH2 and KH3 only interact with the RNA after KH1 has bound, or that the two

domains increase the affinity of KH1 to the RNA. Individual KH domains from PCBP

have been shown to be discrete RNA-binding units in assays testing for the interaction

with ribohomopolymers (5). To formally rule out the lack of binding of KH2 and KH3 to

the viral RNAs was due to a problem with the expression or purification protocol we

utilized, we tested the ability of our recombinant proteins to bind poly(rC) homopolymers

by a modified filter-binding assay using a Bio-dot apparatus (see materials and methods).

Purified recombinant proteins (MBP, full-length PCBP, KH1, KH2, and KH3, both as
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MBP fusion proteins or cleaved with factor Xa protease) were used for mobility shift

assays with end labeled poly(rC) or poly(rA) RNA probes (Figure 1A). As a positive

control for the binding reaction, HeLa cell S10 was included since it should contain both

poly(rA) and poly(rC) binding activities. MBP (both as a precursor or treated with factor

Xa) did not retain any of the probes. In contrast, all of MBP-PCBP derived polypeptides

interacted with poly(rC) but not with poly(rA). The fusion proteins bound more poly(rC)

than the factor Xa-cleaved proteins. This result is consistent with the reduced amount of

recombinant protein observed on Coomassie stained gels after factor Xa cleavage (data

not shown).

To determine whether binding of KH1 allowed for the interaction of KH2 and KH3 with

the viral RNAs, or whether these domains could facilitate the binding of KH1 to these

structures, we performed binding reactions combining individual KH proteins. Mixing of

KH1 with either KH2 or KH3 did not have an effect on the amount of probe shifted into

the complexes for either the cloverleaf or stem-loop IV RNAs (Figure 1B). In addition,

mixing of KH2 and KH3 did not lead to complex formation (not shown). Taken together,

these results indicate that the KH2 and KH3 domains are able to bind RNA

homopolymers but do not interact with the poliovirus RNA, while the KH1 domain is

sufficient to specifically recognize the natural RNA targets for PCBP within the

poliovirus 5’ UTR.
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Binding of PCBP mutants to stem-loop IV of the IRES

PCBP forms two complexes with the stem-loop IV RNA. However, it is not clear what

the composition of these complexes is. By using MBP-PCBP1 and a cleaved PCBP2,

Gamarnik and Andino (1997) showed that both PCBP2 and PCBP1 appear to coexist in

the complex of intermediate mobility with stem-loop IV. This complex could be

attributed to a dimer of PCBP binding to the RNA, or to two molecules of PCBP binding

to two independent sites within the RNA.

To more closely examine the interaction of PCBP with stem-loop IV we utilized the

mutants in the KH domains within the full-length protein. All of the mutants bound to the

RNA probes with differing affinities (15). However, the complexes formed differed

according to the mutated KH domain. PCBP29 (mutated in the KH1 domain within full

length PCBP) bound to stem-loop IV in a complex that comigrates with complex I

formed by the wild type PCBP (Figure 2), while PCBPsos (mutated in KH3) formed a

complex resembling the slower migrating one in the wild type reaction. The mutation in

KH2 (PCBP13) caused much slower migration than that observed for the wild type

(Figure 2). The behavior of these mutants in binding to the RNA, such as the co

migration of the KH1 and KH3 mutants with the two wild type complexes, could be

attributed to several reasons. Perhaps the co-migration is coincidental. Alternatively, the

migration of the complexes formed by the mutated proteins reflects the properties of the

binding of the wild type PCBP to the RNA. These results could be explained if two
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copies of PCPB bind to two sites within stem-loop IV, with either KH1 or KH3

interacting preferentially with each corresponding site, and KH2 providing secondary

stabilizing interactions. Alternatively, one copy of PCBP could bind in two different

conformations with either the KH1 or KH3 preferentially interacting with the RNA in

each of the conformations. The results for the KH2 domain would fit with either of these

possibilities if the central domain played a role in stabilizing the interaction of either the

KH1 or KH3 with the RNA.

Binding of PCBP and KHI to Mutant CL RNAs

The interaction of the KH1 domain with the poliovirus RNA structures is similar to that

of the full-length protein in a number of different ways. The recombinant domain binds to

the stem-loop IV RNA to form two distinct complexes just as PCBP does (15). For the

cloverleaf structure, the interactions with the host cell factor are better characterized. Our

laboratory has determined the approximate binding affinities for both the recombinant

protein (15) and the cellular protein (6). Interestingly, the apparent dissociation constant

for the isolated KH1 is very close to that of the recombinant PCBP. In addition, KH1

binds to the cloverleaf RNA in a cooperative manner in the presence of 3CD, just like

PCBP does, and the extent by which the apparent affinity to the RNA increases is similar

for both the domain, and the cellular and recombinant full-length proteins (6, 15).

Since the KH1 domain appears to lack the required determinants for PCBP function in

poliovirus translation, we were interested in investigating in more detail the binding of
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the domain to the poliovirus RNAs. Several mutants in the cloverleaf have been

described whose introduction into the genome lead to a variety of phenotypes, reflected

in the abilities of these mutants to grow in tissue culture and to produce plaques (1).

Cloverleaf probes corresponding to a previously described cloverleaf mutant (giving rise

to a small plaque phenotype) as well as two novel mutants (see Figure 3A) were

synthesized and utilized in binding assays with KH1 and HeLa-derived PCPB. The

cloverleaf mutants contained changes in loop B, the proposed binding site of PCBP (1).

The loop mutations did not affect the predicted structure of the cloverleaf. Mutant LB

CAC has been shown to affect both the binding of PCBP as well as giving rise to a small

plaque phenotype (1). In addition, we mutated stem B such that the predicted structure

was not disturbed (StB-ACUC, where CCCC has been changed to ACUC and the

complimentary GGGG sequence was changed to GAGU), while at the same time

disrupting the stretch of citidines which resemble part of the reported consensus sequence

for PCBP recognition (9).

Binding of PCBP to the mutated cloverleaf RNAs was reduced relative to binding to wild

type cloverleaf (Figure 3B). The effect was more marked for all of the mutants when

3CD was not present (Figure 3C, left panel). KH1 also showed weaker binding to the

mutant RNAs. However, in contrast to the full-length protein, the presence of 3CD did

not improve the binding to the mutant RNAs (Figure 3C, right panel). Interestingly, the

mutations in stem B, led to defects in binding of PCBP to the cloverleaf. The structure
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(rather than the sequence) of this RNA stem was proposed to be important for the

function of the cloverleaf, based on the observation that changing the sequence at the

base of the stem (from CUCU to GAGA) while preserving its structure had no effect in

viral growth (2). In the case of the StB-ACUC mutant only the sequence is changed to

disrupt the putative PCBP-recognition sequence while the predicted structure remains

identical to that of the wild type RNA.

Do PCBPs dimerize in solution?

It has been suggested that the PCBPs form homo- or heterodimers based on results from

gel filtration experiments in which the HeLa cell binding activity to the poliovirus RNAs

eluted at fractions corresponding to a molecular weight of 70-75 kDa (7). To further

explore this possibility we performed a series of pull-down experiments. In vitro

transcribed RNAs corresponding to both PCBPs were translated in rabbit retyculocite

lysates (RRL). Both of these proteins were efficiently produced in the RRL (data not

shown). After translation, extracts were incubated with MBP-PCBP that had been

prebound to amylose resin. The beads were washed, resuspended in SDS-loading buffer,

and separated by SDS-PAGE. We were unable to observe a direct interaction between

PCBP2 and PCBP1 (or PCBP2 with itself) under a variety of experimental conditions

including experiments in which stem-loop IV RNA was present during the binding

reaction (not shown). Since RRL contains a PCBP like activity (as seen by western blot

and EMSA analysis), the negative results could be attributed to a high background of
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unlabeled endogenous PCBP saturating the recombinant protein binding sites. In order to

rule out this possibility we took advantage of the availability of antibodies that

specifically recognize one of the PCBPs and not the other, and of the size difference

between the MBP-PCBP and the cellular protein. Pulldown experiments were repeated

using HeLa cell S10 extract to bind to MBP-PCBP2 prebound to amylose resin. Western

blot analysis of the reactions again revealed no specific interaction between either PCBP2

with itself or between the two PCBPs (Figure 4B). This was true under a number of

experimental conditions, both in the presence and absence of viral RNA (not shown).

These results suggest that the gel filtration experiment described above (7) might not

reflect specific dimerization of PCBP. In addition, since the extract used for the gel

filtration experiments was only a partially purified HeLa ribosomal salt wash, the elution

of PCBP at a 70-75 kDa size could be attributed to interactions with other cellular

factor(s). There is also the possibility that the bacterial MBP-PCBP used as the bait in the

pull-down experiments lacks modifications, such as phosphorylation (12), required for

the interaction or that the experimental conditions, such as the presence of cellular factors

that assist in binding, were not present under the conditions tested.

Binding competitions between endogenous PCBP and KHI

As shown in the previous chapter, the KH1 domain of PCBP acts as a dominant negative

mutant to inhibit poliovirus translation both in Xenopus oocytes and in HeLa translation

extracts. In contrast, KH fragments that do not bind to the poliovirus RNAs (KH129 and
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KH3) had no effect on viral translation. In addition the amount of PCBP present in the

translation reaction correlated with the amount of inhibition by KH1. These results

suggest that KH1 inhibits viral protein synthesis by a direct competition for binding to the

polio RNA. To determine whether the domain was indeed able to bind to the RNA

structures when endogenous amounts of PCBP were present, we performed gel shift

analysis of reactions mimicking the conditions for in vitro translation. As seen in Figure

5A, KH1 bound to both the stem-loop IV and cloverleaf probes when cell-derived PCBP

was present. In addition, the amount of probe bound to KH1 at a given protein

concentration did not significantly decrease when the HeLa translation extract was

present (compare fraction of probe bound in the presence and absence of KH1, Figures

5A and B). Interestingly, regardless of the presence of HeLa extract, KH1 bound to the

cloverleaf RNA more efficiently than to stem-loop IV (at the concentrations required for

inhibition). Although little information can be gathered from these results about the

mechanistic details of the inhibition of protein synthesis by KH1, they nevertheless show

that KH1 is able to bind to the viral RNAs in the presence of HeLa derived PCBP in the

concentrations required for in vitro translation.

Generation of cell lines expressing KHI proteins

We have shown that the interaction of the KH1 domain with the poliovirus IRES leads to

an inhibition of viral translation, both in a Xenopus Laevis oocyte system, as well as in

HeLa cell-free translation extracts (15). In the HeLa cell-free system, the KH1 domain
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must compete with a high amount of endogenous full-length protein for binding to the

RNA since depletion of PCBP from these extracts leads to an inhibition of translation (7).

This result suggests that KH1, if overexpressed, could be used in vivo to interfere with

viral replication as well.

To test this possibility we decided to express the dominant negative mutant domain in

tissue culture cells using a bicistronic retroviral vector, pHMN IRES/EGFP (14). We

introduced the coding sequences for either KH1 or KH129, as fusions to MBP at the N

terminus of the protein, into the vector generating the corresponding constructs. In order

to confirm that the correct proteins were being expressed plasmid DNA for each of these

constructs, as well as the parental vector were transfected into 293 cells and checked for

both EGFP and KH1 expression 48 hours after transfection. All of the constructs

exhibited efficiencies of transfection of 60-70% (not shown) and gave rise to an EGFP

signal similar to the vector alone (Figure 6A). No signal was detected in mock

transfected cells. Expression of the inserted sequence was checked by western blot

analysis. The MBP-KH1 and MBP-KH129 proteins were readily detected in transfected

cells with antibodies directed against either MBP or MBP-PCBP (Figure 6B). Cells

expressing EGFP did not appear to have any qualitative differences from either non

transfected cells, or from cells transfected with the vector alone, suggesting that

expression of KH1 was not toxic.
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Retroviruses were generated by transfection of MBP-KH1 constructs into Phoenix A

packaging cell lines. HeLa cells were infected with either KH1 or KH129 viruses,

infections were allowed to proceed for 7 days, and EGFP-expressing cells were isolated

by cell sorting. Only a small proportion of the infected cells expressed EGFP, due to the

low efficiency of infection for HeLa cells (Figure 7A), thus only approximately 10°

positive cells were isolated for each infection. Sorted cells were allowed to propagate,

and then used for poliovirus plaque assays. Surprisingly, there was no effect on the

growth of poliovirus when cells expressing KH1 were infected (Figure 7B). This result

could mean that the KH1 domain cannot inhibit poliovirus translation in vivo.

Alternatively, the low levels of exogenous protein expressed in these cells might not be

high enough to affect viral growth (Figure 7C). The lower MBP-KH1 signals were not a

result of the propagated cells losing the insert, since all of the cells retained an EGFP

signal when examined under the microscope (not shown). It will be interesting to test

whether KH1 can inhibit viral replication in intact cells by utilizing a more robust stable

over-expression system, or a transient system in which a large number of positively

transfected cells can be selected at a time when expression of the introduced protein is

maximal.

Role of PCBP in translation from various viral IRESes

The studies described so far address the role of PCBP in translation from a poliovirus

IRES. However, the role of this host factor in the translation from other viral IRESes is
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not clear. Graff and colleagues (1998) reported that PCBP is required for translation from

the HAV IRES. In addition, it was recently proposed that PCBP interacts with the 5’ UTR

of HCV, although the functional significance of this interaction was not addressed (16).

In addition, alignment of the sequences of entero and rhinoviruses (containing type 1

IRESes) with that of poliovirus shows that the known and proposed binding sites for

PCBP in the cloverleaf and stem-loop IV are conserved (10). In the case of cardioviruses

(with type 2 IRESes) there is little conservation at the sequence level with type 1 IRES

elements, except in the pyrimidine-rich tract. However, structural similarities occur

between all picornavirus IRESes, including the presence of a large stem-loop structure

encompassing 210-250 nt that corresponds to stem-loops IV and I in the type 1 and type 2

IRESes respectively.

We were interested in exploring a possible role for PCBP in translation from other viral

IRESes. To address this question we utilized luciferase reporter constructs derived from

the Polio-Luc replicon (15), in which the 5’ UTR of poliovirus was replaced by the

IRESes from the corresponding viruses (Figure 8). HeLa cell-free translation extracts that

had been depleted or mock-depleted of PCBP (see materials and methods) were

programmed with RNAs derived from these constructs, and translation was measured as

a function of the luciferase activity. The results are summarized in Figure 9A. As

expected translation of poliovirus was greatly reduced in the depleted extracts, while

there was no effect in protein synthesis from a capped luciferase mRNA. The effect on
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translation from other viral IRESes varied. Members of the type 1 IRES family (Rhino

Luc and Coxsackie-Luc) were inhibited when PCBP was depleted, consistent with the

primary and secondary sequence similarity of both the cloverleaf and stem-loop IV

PCBP-binding sites in this viruses when compared to poliovirus. Translation of a

construct containing the mengovirus IRES was inhibited 2 to 3-fold in the depleted

extracts, regardless of the fact that the primary and secondary sequences of this IRES are

very different from those of the enteroviruses. Interestingly, the effect on translation of an

HAV IRES in the PCBP-depleted extracts varied from experiment to experiment, such

that in some instances depletion of PCBP led to a decrease in luciferase activity when

compared to the control reactions, while in some other cases no reduction in the

luciferase activity was observed (Figure 9A). This variation was not observed for any of

the other IRES constructs tested. Finally, translation directed by the HCV IRES was not

affected by the absence of PCBP. This is interesting in view of the recent report that

PCBP interacts with the HCV 5’ UTR (16). Perhaps this is not a specific interaction.

Alternatively, the binding of PCBP to the HCV RNA could be involved in a later step of

viral replication, such as RNA synthesis.

These experiments suggest that PCBP is required for translation initiation by several

picornaviral IRESes. The functional significance for this observation must be confirmed

by reconstitution of the translation activity in the depleted extracts. We performed

preliminary experiments adding back a series of dilutions of recombinant PCBP, using
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Polio-Luc and HCV-Luc to determine the add-back conditions. Recombinant PCBP

extracts stimulated polio translation only at low concentrations (Figure 9A, right panel).

However the absolute levels of translation reached at this concentrations were

considerably lower than the poliovirus translation levels in untreated extracts. This

suggests that either the recombinant protein lacks modifications that do not occur in

bacterial cells or, alternatively, that in the depletion reaction factors associated with

PCBP which are required for its function in polioviral translation are also removed from

the extracts. There was no effect on the translation of HCV when PCBP was added back

to either the depleted or the control reaction.

Finally, we were interested to see whether the KH1 domain could act as an inhibitor of

translation from viral IRESes other than that of polio. HeLa cell-free translation extracts

were programmed with several IRES-Luc RNAs (Figure 8) in the presence of either KH1

or the mutant KH129 and translation was measured as a function of the luciferase activity.

The KH1 domain inhibited translation from all of the IRESes tested but not from a

capped luciferase mRNA (Figure 9C), resembling the effect of depletion of PCBP shown

in Figure 9A. However, in contrast with the variable results obtained for HAV-Luc in the

depletion experiments, we saw a consistent inhibition of translation for this IRES in the

presence of KH1.
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DISCUSSION

In this chapter we have presented several results from experiments designed to address

many of the questions about the role of PCBP in viral translation. We have shown results

that corroborate the conclusion drawn in the previous section that the KH1 is the major

determinant for the specific recognition of poliovirus RNA by PCBP. We have also

begun to dissect in more detail the interaction of both KH1 and PCBP with these RNAs.

In addition, we have shown preliminary evidence of the involvement of PCBP in

translation from other picornaviral IRESes. However, many questions remain to be

answered, and many more are raised by these results.

What are the composition and conformation of the ribonucleoprotein complexes

formed by PCBP and the viral RNA?

The structural interaction of PCBP with poliovirus can be divided two parts. First is the

binding to the cloverleaf RNA, including the formation of the high affinity ternary

complex when 3CD is present. Second is the interaction of PCBP with the stem-loop IV

of the IRES, and the formation of two distinct complexes. In this thesis we have

presented results which address the role of the different domains of the protein partner in

these interactions. Namely, we have shown that the N-terminal KH domain of PCBP

(KH1) is responsible for the recognition of both of the viral RNA structures. In addition,

binding of KH1 alone to the viral RNA structure is similar to the interaction of full-length

PCBP. The fragment binds cooperatively to the cloverleaf RNA in the presence of 3CD,
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and it forms two complexes when bound to stem-loop IV, just as PCBP does. However,

the details of each of these interactions are still unknown. For instance, we do not know if

the cooperativity is due to a protein-protein interaction, or to a change in the RNA

structure that increases the affinity of each of the components to the others. The fact that

the KH1 appears to confer a similar increase in the affinity of the complex as PCBP

suggests that this domain contains all of the information required for the effect (15).

However, the extent of cooperativity in the presence of 3CD for the binding of KH1 to

mutated cloverleaf RNAs was lower than the cooperativity for PCBP (Figure 3C),

suggesting that structural differences in the interaction of each of these proteins with the

cloverleaf RNA exist.

In the case of the complexes formed by PCBP (or KH1) and stem-loop IV the question

still remains whether one or more copies of the protein are binding to the RNA. The

results of binding by PCBP mutants to the RNA do not differentiate between these

possibilities, but they provide preliminary evidence about the role of each of the KH

domains within PCBP in the interaction with the RNA. The inability to observe any

protein-protein interaction between PCBPs favors the idea of PCBP monomer binding to

the RNA in different conformations, perhaps dependent on different contact points both

within the protein and the RNA. However, further studies are required in order to

determine what the components of each of the complexes is. Determining what the
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stoichiometry of each of the complexes formed by PCBP with the viral RNAs would

provide insight into these questions.

Role of PCBP in viral translation

In addition to helping in the understanding of the molecular details of the mechanism of

viral translation, the study of the interaction of host cell proteins and the viral RNA can

provide us with potential targets for anti-viral therapies that are specific only for viral

replication. This has proved to be a difficult problem since positive stranded RNA

viruses, and picornaviruses in particular, have small genomes that have evolved to carry

only the essential genetic information not provided by the host cell for their replication.

Even activities that are exclusive for viral replication (such as the RNA-dependent RNA

polymerase activity) can only be blocked by agents that are likely to affect host functions.

Thus, the ideal anti-viral would only interfere with viral replication and not with any host

cell process. The KH1 domain specifically inhibits poliovirus IRES translation both in

vitro and in the oocytes without any significant effect on cap dependent translation (15),

and without any apparent effect on the injected cells. Data presented here suggests that

PCBP plays a role in initiation of translation for other picornaviruses, and that KH1 is

able to inhibit translation from these IRESes. It is important to test whether the inhibitory

activity of KH1 occurs in intact cells by generating cell lines that stably express the KH1

domain. We established cell lines expressing the KH1 domain using a bicistronic

retrovirus system (14). There was no effect in the growth of poliovirus in these cell lines.
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Possible explanations to account for the negative results include that KH1 is unable to

inhibit translation of poliovirus in vivo, or that the levels of expression of the KH1

domain in these cells was too low to inhibit viral translation. Further experiments with

perhaps a more robust overexpression system will be needed to determine whether KH1

can inhibit viral translation in intact cells.

Is PCBP a general factor for IRES mediated viral translation?

In this report we have presented evidence of a role for PCBP in protein synthesis from

picornaviral IRESes other than poliovirus. The involvement of this protein in translation

from a rhinovirus and a coxsackievirus IRES (both type 1 IRESes) is not surprising due

to the similarity of primary and secondary structures to that of poliovirus. Interestingly,

we observed a decrease in the translational activity from a mengovirus IRES (a type 2

IRES) when PCBP is depleted from the translation reaction. Examination of the

mengovirus IRES reveals several patches of cytidines, in particular within stem-loop i,

which could serve as potential binding sites for PCBP. Stem-loop i is positioned at a

location within the mengo IRES similar to that of stem-loop IV of poliovirus. In

particular, this large structure is immediately before the j-1 loops that contain the most

conserved region between different picornavirus IRES types, a structural similarity that

extends to other non-picornavirus IRESes such as that of HCV (10, 11). Further

investigation will be required to determine whether PCBP interacts with the RNA, and to

establish the functional requirement for PCBP in protein synthesis from these type 2
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IRES-containing viruses. Finally, we performed initial experiments to determine the

conditions required for reconstitution of the translational activity in depleted extracts.

Interestingly, we found that although recombinant PCBP was able to stimulate translation

of poliovirus by approximately 15-fold in depleted extracts (Figure 9B, left panel), the

absolute translation activity was only a fraction of that obtained in untreated extracts

(Figure 9B right panel). This result suggests that either the recombinant protein lacks

modifications that can only happen in a eukaryotic cell, or perhaps that depletion of

PCBP leads to the retention of other factors required for translation, either by direct

interaction with the poly(rC) or through binding to PCBP.
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FIGURE LEGENDS

Figure 1- Binding properties of recombinant KH proteins to RNA. A., Dot filter binding

assays of recombinant PCBP derived proteins. 2ug of the indicated proteins were

incubated with end-labeled poly(rC) or poly(rA) probes before being subjected to

filtration through nitrocellulose membranes. B, Effect of mixing recombinant KH

proteins on mobility of poliovirus RNA probes (cloverleaf or stem-loop IV). Binding

reactions were performed with 2ug of each of the recombinant proteins indicated.

Resulting complexes were quantified using a phosphorimager (Molecular Dynamics).

Results are expressed as the fraction of the total radioactivity incorporated into the shifted

complex.

Figure 2- Mobility shift assays of mutated PCBP proteins with the stem-loop IV RNA.

Mutations, indicated in the schematic diagram, are as follows: I.20CKKG to A29AKKA for

PCBP, In,GKGG to AusAKGA for PCBPus, and Io,GRQG to Agos/ARQA for PCBP,0s.

Recombinant protein used for each series ranged from 1 to 10 pg. Complexes formed by

wild type PCBP are indicated by an arrowhead.

Figure 3- Binding of PCBP and KH1 to mutated cloverleaf RNAs. A, Schematic

representation of the cloverleaf RNA structure indicating the mutated regions (left panel).

The sequences, growth phenotypes and predicted energy of folding of mutant RNAs (as

determined by using the Mulfold folding program (13, 17) is indicated in the right panel

(ND, not detected). B, Mobility shift assay of KH1 and PCBP with wild type and mutant
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cloverleaf RNAs. Uniformly labeled cloverleaf RNAs (3 ng, 35,000 cpm) were incubated

with 2 pig KH1 or 1 pig S10 (lanes 2, 5, 8, 11,14, 17, 20, 23), 10 pig KH1 or 5 pig S10

(lanes 3, 6, 9, 12, 15, 18, 21, 24) of KH recombinant MBP fusion proteins. Reactions in

lanes 4-6, 10-12, 16-18, and 22-24 included recombinant 3CD protein. C, Quantification

of binding of mutant probes to KH1 and S10 proteins. The fraction of the probe shifted

into a protein-RNA complex was quantified by phosphorimager analysis. All resulting

values were normalized relative to the fraction of wild type cloverleaf probe shifted at a

given protein concentration. The left panel shows the results for binding to S10 proteins,

while the left panel shows the quantification of binding to KH1. White bars indicate

binding in the absence of 3CD, and black bars the binding in the presence of the viral

protein.

Figure 4- Pull-down assays of PCBP proteins. S10 or H2O (as indicated) were incubated

with amylose resin that was prebound to recombinant MBP-PCBP2, MBP, or H.O. Beads

were washed three times with binding buffer, one time with binding buffer containing 20

mM maltose, and subjected to western blot analysis using antibodies that recognize

PCBP1 (O-PCBP1, upper panel) or both PCBP proteins (O-PCBPs, lower panel).

Samples of the input proteins (S10, MBP-PCBP2, and MBP) as well as the supernatants

from the first two washes were included in the reaction. Maltose indicated the supernatant

in the presence of maltose, and beads are the protein eluted by boiling in SDS of the

amylose resin.
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Figure 5- Binding of KH1 to poliovirus RNAs in the presence of HeLa translation

extracts. A, Uniformly labeled stem-loop IV and cloverleaf RNA probes (3 ng, 35,000

cpm) were incubated with increasing concentrations of KH1 (1-10 puM) in the presence or

absence of a constant amount of HeLa cell translation extract as indicated. B.,

Quantification of complexes formed by KH1 and S10 shown in (A) expressed as the

fraction of total probe bound. The titration of the translational activity in the presence of

the indicated concentrations of KH1 is shown as relative units (RU).

Figure 6- Transient transfections of retroviral bicistronic vectors containing KH1

proteins into 293 cells. A, EGFP expression in transfected 293 cells. Cells were analyzed

two days post-transfection under a microscope for expression of EGFP. B., Western blo'

analysis of transiently transfected cells. Antibodies directed against MBP-PCBP (o-

PCBP), and MBP (0-MBP), were utilized to analyze cytoplasmic extracts obtained two

days after introduction of the DNA.

Figure 7- Stable HeLa cell lines expressing MBP-KH1 and MBP-KH12, A, Expression

of EGFP in cells infected with bicistronic retroviruses encoding for MBP-KH1 proteins.

The left panels show an overlay of the fluorescent and phase images, while the right

panels show only those cells containing EGFP, B, Plaque assays of poliovirus on sorted

bicistronic retrovirus cells. Cell monolayers were infected with equal amounts of virus

and overlaid with agar. After two days cells were stained for plaques. C, Western blot
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analysis of cell lines shown in (B). Cytoplasmic extracts from the stable cell lines as well

as the parental HeLa cells were analyzed for expression of MBP-KH1 and MBP-KH12,

by blotting with an antibody directed against the MBP moiety.

Figure 8- Schematic representation of IRES-Luc constructs utilized for translation

analysis. The sequence for the poliovirus IRES in Polio-Luc was replaced by the IRES

sequences from the indicated viruses (marked by an asterisk). The regions corresponding

to the nonstructural proteins and the 3'UTR are derived from poliovirus.

Figure 9- Analysis of effect of PCBP on translation of viral IRESes. A, Translation of

IRES-Luc constructs in PCBP depleted extracts. Results are the average of three

independent experiments, and they are expressed as the percentage of translation in

depleted as compared to protein synthesis in untreated extracts. B, Add back of PCBP to

depleted translation extracts. The effect of adding decreasing concentrations of

recombinant PCBP to translation reactions in depleted and untreated extracts was

measured for Polio-Luc and HCV-Luc. Left panel shows the fold stimulation at the

different concentrations of PCBP. Panel at the right shows the absolute values of relative

light units (RLU) obtained in each reaction. C, Effect of KH1 on translation from

different IRES-Luc constructs. HeLa in vitro translation extracts were programmed with

1 pig each RNA. Translation reactions were carried out in the presence of 5 puM wild type

recombinant protein. Luciferase activity was measured after 1 h incubation at 32°C.
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Results are expressed as the percent activity of a buffer control (which represents 100%),

and are the average of three independent experiments.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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CHAPTER 4

An N-terminal Insert in the Poliovirus Polyprotein Leads to Defects in

Viral Assembly
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INTRODUCTION

The introduction of the live attenuated poliovirus vaccine in the 1950s led to a dramatic

decrease of worldwide cases of paralytic poliomyelitis. This vaccine has the advantages

of providing long lasting and herd immunity, as well as being safe for children soon after

birth, economical to produce and to administer, and able to induce a mucosal immune

response (18). These characteristics, as well as the availability of molecular clones of

several poliovirus strains, make it an attractive candidate for use as a vector for

immunization against pathogens that have proved difficult to adapt for vaccination

purposes, such as HIV. Our laboratory has developed a novel strategy for the adaptation

of poliovirus to generate replication competent poliovirus vectors. Briefly, we have

introduced a multiple cloning site (MCS) in frame with the poliovirus polyprotein and

flanked by either 2A or 3C viral protease cleavage sites (1). Translation yields an

extended polyprotein, which is then proteolyticaly processed to yield both the mature

viral proteins as well as the foreign polypeptide, and allowing for normal viral replication

(see Figure 1).

The placement of the MCS within the coding sequence of the poliovirus polyprotein is

crucial for the viability of the resulting vectors. For instance, vectors constructed to carry

the MCS between 3AB and 3CD were not viable (R.Andino) personal communication),

while insertions either upstream or downstream of the structural proteins (P1) yielded

replication competent viruses (1,24). Furthermore, both the length as well as the nature
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of the sequences introduced into the vectors appear to affect the fitness of the resulting

viruses. Initial studies using pl/MoV-1.4 (in which the foreign sequence is inserted

upstream of the start of the coding sequence followed by a 3C protease cleavage site)

suggested that (at least in part) the inability of a recombinant virus to grow efficiently

was dependant on an inefficient cleavage from the viral polyprotein (1). This result

suggests that the additional sequence is interfering with an essential function of the

protein it is fused to, in this case the viral structural protein Vp0. Thus, it is most likely

the effect would be in some stage during assembly, RNA encapsidation, particle release,

or infection of new cells.

This chapter describes studies to address the reasons why certain recombinant

polioviruses have replication defects and an attempt to create a more efficient vector

taking advantage of the cis-acting self-cleaving 2A protease from foot and mouth disease

virus (FMDV). Insertion of this small peptide did not improve the growth characteristics

of pmov-1.4 derived viruses. We found that the vector itself has a defective growth

phenotype, and that this is due to the incorporation of the short peptide encoded by the

MCS into viral particle assembly intermediates, resulting in a delay in viral maturation as

well as virions which are thermosensitive. Implications on the pathway for assembly of

viral particles will be discussed.
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M RIALS AND METHOD

Poliovirus recombinant construction and DNA procedures: Restriction enzymes, T4

DNA polymerase, Taq polymerase, T7 RNA polymerase were obtained from Boehringer

Mannheim Biochemicals, Indianapolis, Ind.; T4 DNA ligase was obtained from New

England BioLabs, Inc., Beverly, Mass.; shrimp alkaline phosphatase came from the

United States Biochemical Corp., Cleveland, Ohio. All enzymes and com-pounds were

used as recommended by the manufacturers. The Mahoney vector p\■ oV-1.4 has been

already described (1). A new vector, plmoV-1.4/2A, was constructed by modifying

pMoV-1.4. An in-frame synthetic linker containing the coding sequence for the FMDV

2A protease was inserted into the BssHI cloning site within the vector's polylinker. The

following oligonucleotides were used:

5’CGCGCAATTTTGACCTTCTTAAGCTTGCGGGAGATGTCGAGTCCAACCCTG

GGCCAA3’

5’CGCTTGGCCCAGGGTTGGACTCGACATCTCCCGCAAGCTTAAGAAGGTCAA

AATTG3'

Exogenous DNA sequences were amplified by PCR with primers that included restriction

enzyme recognition sites which were used to insert the PCR-amplified exogenous DNA

into the vector polylinker. pmov-Vp8 was construction by PCR amplification of the

coding sequence for the Vp8 region of rotavirus followed by ligation into the pMoV1.4

VeCtOr.
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Cells and virus stocks: HeLa cells, clone S3, were grown in suspension in Joklik’s

modified minimal essential medium (Sigma Chemical Company, St. Louis, Mo.)

supplemented with 10% horse serum (GIBCO Diagnostics, Madison, Wis.), 1%

penicillin-streptomycin, and 1% L-glutamine (both from Media-tech, Inc., Herndon, Va.).

HeLa cell monolayers in 100-mm-diameter dishes were grown in a 1:1 mixture of

Dulbecco's modified Eagle medium and nutrient mixture F12 (D-MEM/F12) (GIBCO)

and transfected with 1 to 10 mg of recombinant viral RNA by a DEAE-dextran procedure

(15). Single plaques were isolated and expanded for each poliovirus chimera by standard

procedures to generate stocks that were used for further characterization.

Virus infections: 100-mm-diameter dishes containing approximately 3 x 10° cells were

used. The dishes were washed once with phosphate-buffered saline (PBS), and the

appropriate amounts of virus to yield the desired multiplicity of infection (MOI) were

added. Plates were incubated at room temperature for 30 min to allow the virus to adsorb

to the cells, then 10 ml of D-MEM/F12 1:1 mixture; Mediatech) supplemented with 10%

newborn calf serum (GIBCO), 1% penicillin-streptomycin, and 1% L-glutamine

(Mediatech) was added, and the dishes were placed at the appropriate temperature for the

specific experiment. At the time of collection, plates were washed once with PBS, and

cells were resuspended in 1 ml of PBS. Cells were collected by centrifugation at low

speed and stored at -20°C until analysis.
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One-step growth curve and virion thermal inactivation: HeLa cell monolayers in 100

mm-diameter dishes were infected with each recombinant, as described above, at an MOI

of 10 and incubated at 32, 37 and 39°C. At each time point, infected cells were collected

and lysed by freeze-thawing. Viral yield (PFU per milliliter) at each time point was

determined by plaque assay (25). To determine the thermal stability of poliovirus vectors,

viral stocks were diluted to 5x10' PFU/ml in calcium-magnesium free PBS and incubated

at 45°C. At each time point, virus was collected and the titer was determined by plaque

aSSay.

Quantification of RNA synthesis: HeLa cell monolayers in 100 mm dishes were infected

at an MOI of 10 in the presence of Actinomycin D. After one hour of infection 20 puCi/ml

['H] uridine was added to the culture medium and infections were allowed to proceed for

the indicated times. Cells were collected at various time points (one dish per time point)

and resuspended in buffer H (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl2, 1

mM dithiothreitol, 1% Triton X-100, 0.1 mM phenylmethylsulfonyl fluoride), and the

nuclei were removed by centrifugation (24). TCA precipitable counts were measured as

described (4).

Pulse-chase analysis: HeLa cells were infected at an MOI of 100 for each of the vectors

and wild-type polioviruses. After 30 min of adsorption of the virus at room temperature,

the cells were washed with PBS, and methionine-free D-MEM/F12 was added. [*S]

Methionine (25 mCi/ml, Du Pont NEN Research Products, Boston, Mass.) was added at
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2.5 h post-infection. After 10 min of pulse at 37°C, cells were washed with PBS and

chased with an excess of unlabeled methionine. Cells were collected at various time

points and resuspended in buffer H to make cytoplasmic lysates. Immunoprecipitations

were carried out by incubation for 1 h at 0°Cwith specific antibodies directed against

poliovirus capsid proteins in buffer BDB (100 mM borate buffer [pH 8.2], 10% sodium

dodecyl sulfate [SDS), 1% Triton X-100, 0.05% sodium azide, 1% sodium

deoxycholate). Protein A-agarose beads (Boehringer Mannheim) were added, and the

mixture incubated for 1 h at4°C. Beads were washed two times with buffer H-BDB (BDB

containing 500 mM NaCl) and one time with BDB, resuspended in SDS-loading buffer,

and analyzed by SDS-polyacrylamide gel electrophoresis.

Sucrose gradient analysis of assembly intermediates: Cells infected at an MOI of 10 in

the presence of 5 pig■ ml Actinomycin D were metabolically labeled with [*S] Methionine

for one hour at 4.5 hr post-infection. Cells were chased with an excess of unlabeled

methionine and harvested after the indicated times (see above). At the Cytoplasmic

lysates prepared as described. 200pul of Buffer H was utilized per 100mm plate of

infected HeLa cells. 100 pil of lysate was overlaid onto 10 ml sucrose gradients (6-25% or

15-30% sucrose in 100 mM Tris, pH 7.5, 100 mM NaCl, 1 mM EDTA), and spun at

39,000 rpm for 2.5 hr at 4°C in an SW41 rotor. Fractions (300 pil, a total of 38 per
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gradient) were collected from the top of the gradient. The amount of radioactivity in 30pul

of each fraction was determined by scintillation counting.

Myristic acid labeling of infected cells: Cells were infected at an MOI of 10 in the

presence of 1% DMSO and 5pg/ml Actinomycin D. At 2.5 hr, 40 puCi/ml ['H] Myristate

was added to the culture medium and infections were allowed to proceed for 3 hours

before harvesting. The conditions for labeling with [H] glycine were the same except

that 50 puCi/ml of the radiolabel was utilized
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RESULTS

Addition of the foot and mouth disease virus 2A protease (FMDV-2A) to poliovirus

recombinant vector p\MoV-1.4 does not improve the genetic stability of recombinant

polioviruses

The first poliovirus vector generated in our laboratory (pMoV-1.4, Figure 2A) often

yielded recombinant viruses that exhibited inefficient cleavage of the foreign protein, so

that it remained fused to the viral structural proteins Vp0, P1, and Vp0-Vp3 (1). These

viruses exhibited a growth defect when compared to the parental vector virus (MoV-1.4)

and often gave rise rapidly to revertant viruses. The fact that the efficiency of cleavage of

the foreign peptide depended on the inserted sequence suggested in some cases the

expressed foreign proteins were interfering with the binding or recognition by 3C of the

engineered cleavage site, due perhaps to misfolding of the foreign polypeptide.

Furthermore, recombinant vectors carrying a 2A or both a 2A and 3C protease cleavage

sites did not improve the processing of the foreign inserts (R. Andino personal

communication). We reasoned that if we could ensure the rapid and efficient cleavage of

the foreign proteins, we could create more stable recombinant viruses. To construct such

a vector we inserted the coding region for the self-cleaving 2A protease from FMDV

immediately downstream of the last engineered restriction site within the multiple

cloning site (MCS) of poliovirus vector p\■ oV-14. The minimal sequence required for

FMDV-2A activity has been mapped to a region 17-19 amino acids long (22), and the
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cleavage site is G-P. The resulting vector p\MoV-1.4/2A (Figure 2B) gave rise to a virus

with growth characteristics similar to those of the parental vector p\MoV-1.4. To test

whether the FMDV-2A protease was able to cleave out an insert within the context of

poliovirus, and if so, whether its presence would improve the growth characteristics of a

poorly growing recombinant poliovirus we utilized poliovirus carrying the human

rotavirus (RRV) Vp8 protein (pMo-Vp8) as a model. This protein results from the trypsin

cleavage during entry of a larger precursor outer capsid protein Vp4. This cleavage event

enhances the infectivity of RRV. The Vp8 portion of Vp4 is responsible for agglutination

and it contains the major antigenic determinants for RRV serotypes (11). pmov-Vp8 had

a small plaque phenotype when compared to pMoV-1.4, and did not cleave Vp8

efficiently from the poliovirus structural proteins (not shown). Using standard cloning

techniques, the Vp8 fragment was subcloned into pMoV-1.4/2A, to generate pNo

Vp8/2A. The ability of the FMDV/2A protease to cleave the foreign peptide was tested in

vitro in rabbit reticulocyte translation extracts (RRL). RRL extracts were programmed

with in vitro transcribed RNA derived from either pl/MoV-Vp8 or p\Mo-Vp8/2A in the

presence of [*S] Methionine. At the indicated times aliquots were taken from the RRL

reactions and subjected to immunoprecipitation with antibodies directed against either

Vp8 or poliovirus virions. To facilitate the analysis the RNAs were derived from DNA

which was cleaved at a site within the 3C protease sequence such that only P1 and P1

Vp8 would be precipitated. As shown on Figure 3A, the Vp8 protein was efficiently
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cleaved away from the precursor Vp8-P1 fusion when the 2A protease was present, such

that even at shortest time points of translation examined the precursor VP8-P1 protein

was undetectable (Fig 3B).

To test the effect of the FMDV/2A protease on the growth of the virus, in vitro

transcribed RNA from each of the constructs were transfected into HeLa cell and the

plaque phenotypes of the resulting viruses were examined. Surprisingly, the plaques

generated by the pNoW-Vp8/2A construct were even smaller that those formed by the

pMoV-Vp8 RNA (Figure 3C). When we further tested the ability of the FMDV-2A

protease to improve the growth characteristics of other poorly growing recombinant

polioviruses, there was no improvement in the phenotypes of any of the constructs tested

(not shown). Thus, even though the FMDV 2A protease efficiently cleaved the foreign

peptide from the rest of the polyprotein, this did not improve the growth characteristics of

recombinant polioviruses, suggesting that the small sequence that was left after the auto

catalytic event (see figure 2) was interfering with viral replication.

The insertion of a short coding sequence at the N-terminus of the viral polyprotein

causes a growth defect

The failure of the rapidly cleaving FMDV-2A protease to give rise to improved

poliovirus recombinants suggested that there was an intrinsic problem with the original

vector constructs. Although the cleavage event by the FMDV-2A protease released the

polyprotein from the foreign peptide in a rapid and efficient manner, a small amount of

} Yºº

123



foreign sequence still had to be cleaved away by poliovirus 3C protease before the true

N-terminus of P1 could be generated (Figure 2B). We hypothesized that the presence of

this small peptide was interfering with growth of the recombinant viruses. If that was the

case, then the original pVío.V-1.4 vector should also display a growth defect when

compared to the wild type virus. Plaque assay analysis of the vector virus at 37°C

revealed that indeed pl/■ oV-1.4 displayed a slightly delayed growth phenotype when

compared to the wild type virus (see below). This observation extended to growth at 32°C

and at 39°C, where the effect was more marked. This defect could be due to an inability

of the virus to efficiently package a genome that contained small insertions (78mt for

pMoV-1.4). If this were the case, another recombinant poliovirus vector containing an

insertion of similar length should also display a growth defect when compared to the wild

type. We compared the growth characteristics of pVío.V-1.4 with those of a second

generation vector (pMoV-2.1, see figure 2) in which an 81 nt long MCS had been placed

in the junction between the structural and non-structural proteins. p.MoV-2.1 gave rise to

plaques indistinguishable from those generated by the wild-type virus (Figure 4A). One

step-growth curves of both the vectors and the wild type poliovirus showed that p\■ oV

1.4 grew to lower titers that either the wild type or MoV-2.1. Furthermore, there was a

delay in the growth kinetics of about 2 hours for MoV-1.4, while MoV-2.1's growth was

indistinguishable from the wild type (Figure 4B). These results suggest that the simple

insertion of any short stretch of nucleotides could not account for the growth defect, since
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pMoV-2.1 had an MCS of similar length inserted. The effect of the MCS inserted

between the 3’ end of the 5’ UTR and the N-terminus of the polyprotein could be

attributed to be due to an effect on the ability of the IRES to efficiently direct translation,

or of the 5’ UTR to regulate RNA synthesis. These effects would result from a block on

the function of RNA sequences or structures required for these processes. Conversely, at

the protein level the inefficient cleavage of the MCS sequence could interfere with the

assembly of mature viral particles, RNA encapsidation, virion stability, viral particle

release or entry into uninfected cells. We tested each of these possibilities.

MoV-1.4 RNA synthesis is indistinguishable from that of wild type poliovirus

We more closely examined the growth characteristics of pVío.V-1.4 by looking at all

stages of the viral life cycle (See chapter 1). High titer stocks of MoV-1.4, wild type and

MoV-2.1 viruses were generated and used throughout this study. Kinetics of RNA

synthesis of the three viruses were analyzed by infecting cells at a multiplicity of

infection (MOI) of 10 in the presence of actinomycin D and [H] uridine. At the indicated

time points cell were harvested and TCA precipitable counts were measured. The kinetics

of RNA synthesis for all of the viruses tested were identical at both 37°C and 39°C

(Figure 5). Thus, the defect in growth for p\■ oV-1.4 is not due to an effect in RNA

synthesis. Furthermore, this result shows that viral protein synthesis is not affected, since

any defect in viral protein accumulation would be reflected in the rate of RNA synthesis
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as well. Thus, it appears likely that the defect is due to an effect of the MCS not being

efficiently cleaved from the polyprotein and leading to possible defects in assembly,

RNA encapsidation, stability or release of viral particles.

The inserted MCS in pº■ o V-1.4 gives rise to a peptide that is not efficiently cleaved

To examine whether the peptide encoded by the MCS was being correctly processed,

HeLa cells were infected with either wild type or MoV-1.4 virus at an MOI of 100.

Infections were allowed to proceed and at the indicated times cells were pulsed with [*S]

Methionine for 10 minutes and chased with an excess of unlabeled methionine for the

indicated times before harvesting. Cytoplasmic lysates were subjected to

immunoprecipitation using antibodies directed against the poliovirus virions and

analyzed by SDS-PAGE. This experiment showed that two major consequences arose

from the insertion of the MCS into the viral RNA (Figure 6). First, the peptide is not

completely processed leading to the appearance of a protein fusion between Vp0 and the

MCS (MCS-Vp0). Second, there is a delay in the production of Vp2. This last

observation (the delay in Vp2 appearance) suggests that the MCS-Vp0 peptide is

interfering with the last steps of viral particle maturation. Vp2 arises from a cleavage of

Vp0 into two distinct proteins (Vp2 and Vp4), and its appearance correlates with the

formation of infectious mature viral particles and the incorporation of RNA into the

virion. The delay in viral maturation could either be due to a reduced amount of Vp0
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being available for incorporation into virions or to incorrect incorporation of the MCS

Vp0 in viral assembly intermediates interfering with the last steps of viral maturation.

Kinetics of viral particle assembly for virus derived from p■ /o V-1.4

Several assembly intermediates can be detected in a poliovirus-infected cell by their

sedimentation values in sucrose gradients (Figure 7). First, there are the 5S protomers,

consisting of one copy of P1 processed into Vp0, Vp3, and Vp1, the smallest of 60

identical subunits that comprise the virion. Second, the 14S pentamers composed of five

copies of each of the structural proteins Vp0, Vp3, and Vp1. Third, the 75S empty

capsids consisting of sixty copies of each of the structural proteins Vp0, Vp3, and Vp1,

but containing no viral RNA. The direct precursor of the mature virion is termed the

provirion, a short-lived intermediate containing sixty copies of Vp0, Vp3, and Vpl as

well as the viral RNA (7). Encapsidation of the RNA is signaled by the appearance of

Vp2, the product of the maturation cleavage of Vp0 into Vp4 and Vp2, leading to the

formation of mature virions with a sedimentation coefficient of 155S. Two alternative

models for the steps leading to RNA encapsidation have been proposed. Either the

pentamers form an empty capsid intermediate into which the genomic RNA is then

threaded or, alternatively, the RNA is enveloped directly by the 14S pentamers without

the formation of an empty capsid intermediate (reviewed in 2). No conclusive evidence to

distinguish between the two models has been obtained (Reviewed in 2, 9, 21). The
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presence of the incompletely processed MCS-Vp0 fusion leads to a delay in viral particle

maturation. To determine whether the MCS-Vp0 protein was being incorporated into any

of the assembly intermediates we performed pulse-chase experiments combined with

sucrose gradient analysis. This allowed us to separate assembly intermediates as well as

dissecting the kinetics of viral assembly. HeLa cell monolayers were infected with either

MoV-1.4 or wild type virus at an MOI of 10. After 4.5hr [*S] Methionine was added to

the culture medium and the infections were allowed to proceed for one hour before

chasing with an excess of unlabeled methionine for 0, 1, and 2 hrs before the cells were

harvested. Cytoplasmic lysates were loaded onto gradients containing either 6-25% (to

separate 14S pentamers; Figure 8, A and B) or 15-30% (to separate 80S empty capsids

and 155S mature virions; Figure 8, C and D) sucrose. After centrifugation 38 fractions

were collected from the top of each gradient and the radioactivity in each of the samples

measured by scintillation counting. After one hour of labeling in wild type infected cells

all of the assembly intermediates could be detected in wild type poliovirus infected cells.

In contrast, at this time point there were no detectable mature particles in the cells

infected with MoV-1.4. Additionally, in the wild type infection a large proportion of the

label was incorporated into the 14S-pentamer fraction while only a small amount of 14S

was detected in the MoV-1.4 infection. Indeed most of the label for the MoV-1.4 at this

time point was retained in the 5S-protomer fraction (Figure 8, Ohr chase). In the

following time points (after 1 and 2hr chases) most of the label in the wild type infections
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was converted into the 155S mature particle peak. The results for the MoV-1.4

experiment were markedly different; A sizeable amount of the label was retained in 75S

empty capsids, with only a modest accumulation of mature particles.

To determine whether the MCS-Vp0 peptide was being preferentially incorporated into

any of the assembly intermediates, the fractions collected from each gradient were

analyzed by SDS-PAGE analysis. The MCS-Vp0 was present exclusively in the fractions

corresponding to protomers and empty capsids, and was not detected in either the

pentameric or mature particle peaks (Figure 8). Prolonged exposure of the gels did not

reveal the fusion protein in either of these two fractions. In addition, immunoprecipitation

using antibodies directed against the capsid proteins followed by resuspension in a small

volume in order to concentrate the samples failed to reveal the presence of the peptide

fusion in either the pentameric or mature virion fractions (not shown).

Mov-1.4 viral particles are heat labile

In addition to reducing the amount of mature particles produced, the MCS peptide could

interfere with the correct assembly of MoV-1.4 virions, leading to unstable particles

being produced. This instability would be reflected in a reduction of resistance to heat

inactivation by the vector viruses. To determine whether the viral particles formed by

MoV-14 were unstable, we incubated 2-4 x 10' pfu of wild type, MoV-14, and MoV-2.1

for one hour at increasing temperatures (Figure 9A). At temperatures higher that 40°C,
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we observed that the infectivity of MoV-1.4 rapidly decreased, down to less than 0.1% of

the original plaque forming units (PFU). To more closely examine the kinetics of the loss

of infectivity, we incubated the virus at 45°C for different periods of time and determined

the remaining infectivity after each time point. Loss of infectivity was rapid, with over

90% of the plaque forming units lost just after 10 minutes of incubation for MoV-1.4

(Figure 9B). It is formally possible that the additional RNA sequence introduced into the

genome is responsible in part for the phenotype. However, when we tested the stability of

a recombinant virus carrying the entire sequence for HIV nef (690 nt) the amount of loss

of infectivity was identical to that exhibited by the MoV-1.4 particles (not shown). It

appears more likely that either a small portion (undetectable by other methods) of the

MCS-Vp0 fusion proteins or of non-myristylated Vp() molecules (see below) were being

incorporated into virions leading to a destabilization of these particles.

Myristylation of Vpo occurs only in the correctly processed intermediates

The N-terminus of the poliovirus polyprotein (and thus the proteolytic products P1, Vp0

and Vp4) are N-myristylated. This modification occurs co-translationally on an N

terminal glycine residue that is generated after the cleavage of the initiator methionine

(Reviewed in (2). Myristylation of the polyprotein is absolutely required, since mutants

that are not modified are not viable in cell culture. The functional significance of the

myristate moiety in the viral life cycle is not entirely clear, but it appears that the fatty
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acid molecule is not necessary for targeting of the structural protein to membranous

structures (14). Based on in vitro studies, it was proposed that the moiety is required for

the correct processing of the capsid proteins by the 3C protease (13, 16). However, later

studies using a vaccinia virus encoding both the protease and the P1 precursor showed no

effect in processing in vivo (3). A different role for the modification has been postulated

to be a function in the uncoating process, perhaps facilitating the conformational changes

that lead to the delivery of the RNA into the cytoplasm via associations with the plasma

membrane (2). In addition, it appears that this modification is required for the assembly

of stable poliovirus particles. This idea is supported by a number of observations. First, in

the crystal structure of poliovirus there is an area of additional electron density extending

from the O-amino group of the N-terminal glycine of Vp4, which correlates with

myristylation of this residue (6). The moiety is located in the “fl-tube” at the five-fold

axis of symmetry and it interacts with several amino acids from Vp4 and Vp3, including

a leucine residue from Vp3 which is conserved among the picornaviruses. It is thought

that these interactions are important in the nucleation of protomers to form pentameric

subunits. Second, various studies investigating the assembly of myristylation mutants

have shown a defect in the formation of mature virions, with varying effects on the

accumulation of assembly intermediates (3, 17, 20).
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Since the release of a free N-terminal glycine would require the post-translational

removal of the whole MCS by 3C, it is possible that myristylation of P1 in MoV-1.4 is

being altered or blocked. In contrast, during the wild type infection there is the co

translational removal of the initiator methionine. In order to investigate the myristylation

state of MoV-1.4 structural proteins, cells were infected in the presence of [H] myristic

acid and immunoprecipitations with O-virion antibodies of whole-cell lysates were

carried out. In order to identify the labeled proteins, parallel experiments using ['H]

glycine for metabolic labeling of the viral proteins were performed. Only the correctly

processed Vp0 was modified (Figure 10), even after prolonged exposure of the gel (data

not shown). Interestingly, the fraction of Vp0 that is myristylated in the wild type

infection is approximately twice than that for the vector. If these incompletely

myristylated molecules were being incorporated into the virion, they would likely

destabilize the resulting particles.
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DISCUSSION

For a poliovirus recombinant vaccine, the stable maintenance of the inserted sequence is

required since the antigenicity of the foreign polypeptide correlates with the genetic

stability of the recombinant virus (24). Poliovirus exhibits a high rate of homologous

recombination, with 10-20% of replicating molecules in an infected cell undergoing this

process (12). This might confer several advantages to a replicating genome, such as

allowing for variants that replicate better to arise, lowering the accumulation of mutations

occurring during RNA replication, (8), and deletion of sequences which are not required

for the growth of the virus. A foreign insert provides no contribution to the viability of

the virus: therefore there is no selective pressure for the insert to be retained.

Furthermore, if the insert has a negative effect in the replication of the virus, it provides a

strong selective pressure for the virus to excise it.

We observed that the ability of the poliovirus proteases to efficiently cleave a foreign

polypeptide from the polyprotein was a partial predictor for the genetic stability of the

resulting virus. We reasoned that ensuring the quick and efficient removal of the insert by

the introduction of the self-cleaving FMDV 2A protease would lead to more stable

recombinant polioviruses. Surprisingly, this protease had an added detrimental effect in

the growth phenotypes of poorly growing viruses, despite the efficient processing by

FMDV 2A. To further examine the viability of using poliovirus as a recombinant vector

we decided to more closely examine the growth characteristics of our initial vector,
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pMoV-1.4. Interestingly, the addition of only 78 nucleotides at the N-terminus of the

polyprotein gave rise to a temperature sensitive virus, while MoV-2.1, with an insert of

similar length but placed at the junction between P1 and P2, grew as well as the parental

wild type virus. Examination of the different stages in the viral life cycle revealed that the

defect in growth for MoV-1.4 was not due to a problem in either translation or RNA

replication. Rather, this virus incompletely processed of the small peptide encoded by the

MCS sequence, leading to a defect in viral assembly and a delay in RNA encapsidation.

Implications for proposed mechanisms of poliovirus assembly

Examination of the assembly intermediates on a cell infected with MoV-1.4 revealed that

the incompletely processed MCS-Vp0 fusion protein was excluded from both the 14S

pentamer and the 155S mature virion peaks. Conversely, this fusion polypeptide was

being preferentially incorporated into the 5S protomer and 75S empty capsid fractions.

The incorporation into protomers is not surprising given that these are the first products

of cleavage of P1 into the structural proteins Vp0, Vp3, and Vp1. In the case of the

mature virions, it is not surprising that incorporation of MCS-Vp0 (or MCS-Vp4) is not

detected since the N-terminus of Vp4 is involved in stabilizing interactions. It stands to

reason that molecules that disrupt these interactions would be excluded from the mature

particles, or that particles that do incorporate the fusion at a detectable rate cannot

undergo the last steps of viral maturation. More interesting is the difference observed

between the pentamer and empty capsid fractions. Namely we were unable to detect any
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MCS-Vp0 in the 14S fractions, while this fusion peptide was always readily detected in

the 75S peak. As mentioned above, the pathway leading to RNA encapsidation in

poliovirus is subject to debate. The results presented above are consistent with the idea

that pentamers (rather than empty capsids) are the direct precursors of the virion (see

Chapter 1). The majority of the MCS containing Vp0 is actually found in the empty

capsid fraction after two hours of chase (see Figure 7, panels B and D). In order for this

fraction to serve as a ‘receptacle’ for the viral RNA to be threaded into, the MCS

containing structures would have to either be processed or excluded from the pathway.

The first model seems unlikely since 3CD would have to cleave at the N-terminus of Vp0

(and therefore Vp4), a site that is internal in both the empty capsid and virion structures

(5, 10). The origin of these MCS containing empty capsids remains a mystery. All of the

proposed mechanisms leading to assembly of these structures require a pentamer

precursor, but we never detected the MCS Vp0 in the 14S fraction, and the majority of

the peptide detected at later times during the infection was associated with the 75S

fraction. The 75S particles could be formed either directly from protomer precursors, or

from a mixture of correctly processed pentamers and incompletely processed protomers.

In contrast, the reduced number of pentamers observed is consistent with the lower

number of virions formed, while the amount of empty capsids remained constant. The

exclusion of the peptide MCS from the pentamer fraction suggests that there is a selective

process at this stage in assembly that excludes protomers that are not fit for the
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interactions required for virion formation. In fact, the presence of the MCS is a stronger

inhibitor of pentamer formation than inefficient myristylation rates. In contrast to mutant

polioviruses with only a fraction of their Vp0s myristylated, where pentamers contain a

mixed population of modified and unmodified molecules (23), we did not detect the MCS

modification in the 14S fraction at all.

Why are MoV-1.4 particles heat labile?

In the 3D structure of the mature virus, the N-terminal extensions of the structural

proteins as well as most of Vp4 form a complex network of interactions that are involved

in several intraprotomer, intrapentamer, and interpentamer interactions. This network is

believed to play a crucial role in the nucleation and stabilization of assembly

intermediates (5, 10). The inclusion of an extended Vp0 (or Vp4) would most likely

interfere with these interactions. We were unable to detect the incompletely processed

MCS-Vp0 in the 155S fraction that contains the mature virions. Furthermore we were

unable to detect an extended Vp4 (fused to the MCS peptide). These results could be due

to the sensitivity of our assay, so we cannot rule out the possibility of the infrequent

incorporation of the unprocessed MCS peptide into the virions. Alternatively, the MoV

1.4 particles might be destabilized if they contain a reduced number of myristylated Vp4

molecules. This would be similar to the case for poliovirus mutants that only partially

myristylated Vp0, producing virions with reduced infectivity. Both of these possibilities

are also consistent with the observation (19) that mutation of threonine 28 in Vp4, shown
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to interact with the myristate moiety in the crystal structure of poliovirus, leads to

particles that are temperature sensitive. In the case of MoV-1.4 either the presence of the

MCS or of an unmyristylated Vp0 would lead to a disruption of this interaction as well.

At this point we cannot rule out either of these possibilities.
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FIGURE LEGENDS

Figure 1- Poliovirus fusion vectors. A synthetic multiple cloning site (MCS) containing

several restriction sites was inserted in frame with the polyprotein open reading frame.

Poliovirus protease cleavage recognition sites flank the MCS. Inserted foreign sequences

are then translated in as part of an extended polyprotein, and cleaved away from the viral

proteins. Shown is vector MoV-1.4

Figure 2- Schematic representation of poliovirus recombinant vectors. A, p.mov-1.4

with the MCS placed between the 3’ end of the 5’ UTR and the N-terminus of the

polyprotein. The protease recognition site is that for 3C protease from poliovirus. B,

pMoV-1.4/2A in which the coding sequence for self-cleaving 2A protease from FMDV is

inserted downstream of the unique restriction sites in the MCS of pV■ oV-1.4. C, plmoV

2.1 containing an MCS at the junction between P1 and P2 flanked by poliovirus 2A

protease cleavage sites.

Figure 3- Processing and replication of recombinant polioviruses carrying the FMDV

2A protease. A, The FMDV 2A efficiently cleaves in the context of poliovirus vectors.

Rabbit reticulocyte extracts were programmed with in vitro transcribed RNAs from either

the parental vector (pMoV-14), or the recombinant constructs carrying the rotavirus Vp8

coding sequence (pMoV-Vp8 and pmov-Vp8/2A). Aliquots were taken from each
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reaction after 1 or 2 hrs (lanes 1, 3, 5 and 2, 4, 6 respectively) and immunoprecipitated

with antibodies against Vp8 (left panel) or poliovirus (right panel). B, Time course of

processing by FMDV 2A protease. Reactions were carried out as described in (A). At

each time point aliquots were taken and immunoprecipitated with the indicated

antibodies. C, The presence of the rapidly cleaving 2A protease from FMDV does not

improve the phenotype of a poorly growing recombinant poliovirus. RNAs from the

constructs described in (A) were transfected into HeLa cell monolayers by DEAE

dextran methods. The cells were covered with an agar overlay (see materials and

methods) and after 3 days the cells were stained to visualize plaques.

Figure 4- Growth characteristics of poliovirus recombinant vectors. A, Plaque assay of

MoV-1.4, MoV-2.1 and wild type polioviruses at 37°C. B., One-step growth curves of

poliovirus vectors. HeLa cell monolayers were infected at an MOI of 10, incubated at 32,

37 or 39°C and harvested at the indicated times. Virus was collected by freeze-thawing

and plaque assays for each time point were performed to determine titers (PFU/ml).

Figure 5- Synthesis of viral RNA for poliovirus vectors. HeLa cells were infected at an

MOI of 10 in the presence of actinomycin D and [H] uridine and incubated at 37 (A) or

39°C (B). At the indicated time points infected cells were harvested and the amount of

['H] uridine incorporated into viral RNA was determined by TCA precipitation.
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Figure 6- The peptide encoded by the MCS of pVoV-1.4 interferes with viral maturation.

HeLa cells were infected at an MOI of 100 at 370C. At 2.5 hr post-infections cells were

pulsed labeled with [*S] Methionine for 10 minutes and chased with medium containing

an excess of unlabeled methionine for the indicated times. After harvesting cell lysates

were immunoprecipitated with antibodies directed against the poliovirus virion and

subjected to SDS-PAGE analysis.

Figure 7- Poliovirus assembly pathways. P1 that has been co-translationally released by

2A from the rest of the polyprotein is cleaved by 3C(D) to form a 5S protomer containing

one copy each of Vp1, Vp3, and Vp(). Protomers are then assembled into 14S pentamers,

(Vp0, Vp1, Vp3). Pentamers either directly wrap around newly synthesized viral RNA to

form the short-lived provirion (150S), or form an empty capsid (75S) that then serves as

the precursor for the provirion. Cleavage of Vp() into Vp2 and Vp4 signals particle

maturation and yields infectious virions (155S).

Figure 8- Kinetics of viral assembly. HeLa cell monolayers were infected with an MOI

of 10. At 4.5 hr post-infections cells were metabolically labeled with [*S] Methionine for

one hour whereupon cells were chased with an excess unlabeled methionine. Cytoplasmic

extracts were subjected to sucrose gradient centrifugation in 6-25% (A and B), or 15-30%

(C and D) to separate assembly intermediates. Gradients were fractionated from the top

and radiation of each fraction was determined by Scintillation counting (upper panels).
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Incorporation of MCS-Vp0 into the different assembly intermediates was examined by

SDS-PAGE analysis. Migration of viral structural proteins as well as assembly

intermediates is indicated.

Figure 9- MoV-1.4 viral particles are thermosensitive. A, Viral stocks corresponding to

the wild type, MoV-1.4, or MoV-2.1 were incubated at the indicated temperatures for the

indicated time points for on hour. The remaining titers were determined by plaque assay.

Results are expressed as the percent of infectivity remaining after incubation. B, Kinetics

of loss of infectivity at 45°C. Viruses were incubated at 45°C. At each time point, virus

was collected and titer was determined by plaque assay.

Figure 10- Myristylation of Vp0 requires proteolytic processing of the MCS peptide.

HeLa cell monolayers were infected with MoV-1.4 or wild type poliovirus at an MOI of

10 in the presence of DMSO, actinomycin D and either [H] myristate or [H] glycine.

Infected cells were harvested at 5.5 h post-infection. Cytoplasmic lysates were

immunoprecipitated with antibodies directed against the poliovirus structural proteins and

subjected to SDS-PAGE analysis.
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Figure 2
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Figure 3
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Figure 4

Plaque Assay, 37°C
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Figure 6
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Figure 7
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Figure 8
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Figure 8
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Figure 10
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