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ABSTRACT. Replication of poliovirus RNA takes place on the cytoplasmic surface of membranous vesicles
that form after infection of the host cell. It is generally accepted that RNA polymerak® iBferacts

with membranes in a complex with viral protein 3AB, which binds to membranes by means of a
hydrophobic anchor sequence that is located near the C-terminus of the 3A domain. In this study, we
used fluorescence and fluorescence quenching methods to define the topography of the anchor sequence
in the context of 3A and 3AB proteins inserted in model membranes. Mutants with a single tryptophan
near the center of the anchor sequence but lacking Trp elsewhere in 3A/3AB were constructed which,
after the emergence of suppressor mutations, replicated well in HeLa cells. When a peptide containing
the mutant anchor sequence was incorporated in model membrane vesicles, measurements of Trp depth
within the lipid bilayer indicated formation of a transmembrane topography. However, rather than the
22-residue length predicted from hydrophobicity considerations, the transmembrane segment had an
effective length of 16 residues, such that GIn64 likely formed the N-terminal boundary. Analogous
experiments using full-length proteins bound to preformed model membrane vesicles showed that the
anchor sequence formed a mixture of transmembrane and nontransmembrane topographies in the 3A
protein but adopted only the nontransmembrane configuration in the context of 3AB protein. Studies of
the function of 3A/3AB inserted into model membrane vesicles showed that membrane-bound 3AB is
highly efficient in stimulating the activity of 3®' in vitro while membrane-bound 3A totally lacks this
activity. Moreover, in vitro uridylylation reactions showed that membrane-bound 3AB is not a substrate
for 3D but free VPg released by cleavage of 3AB with proteinaseP5Gduld be uridylylated.

After poliovirus (PV) enters the host cell, its plus strand important and relatively stable precursors, proteinase?3CD
RNA genome is translated into a polyprotein that contains and 3AB, which were shown to specifically interact with a
one structural (P1) and two nonstructural domains (P2, P3; cloverleaf-like structure at the Bnd of the viral RNA in a
Figure 1A). There is an efficient and regulated cascade of reaction that is required for RNA replication. The two
protein processing that produces cleavage products withprecursors are slowly processed to the mature polypeptides
function distinct from those of the precursor proteins (Figure 3A, 3B, 3G, and 30° (1).

1A). A variety of precursor and mature proteins_are released Shortly after infection of susceptible cells with PV,
from the PV polyprotein by cleavage with proteinase$'2A  gramatic changes take place in the host cell. There is a
and 3C/3CD. The proteins of the P1 domain (VP1  gyiking rearrangement of the cellular membranes, and
VP4) assemble to formTtPhe capsid while those derived from yagjcles accumulate in the cytoplasg-@). These vesicles
P2 (ZA’TO, ZB.' 2BC, 2C€TPas9 gre primarily responsible for are mostly derived from the endoplasmic reticulum, Golgi
the biochemical and structural changes that occur in the gpnaratus, and lysosomes of the host cell. Recent studies
infected cell. The proteins of the P3 domain are those mostjngicate that many of the vesicles are autophagosomes, which
directly involved in RNA synthesis. These include two carry virus-specific proteins, for example, 2BC and B (
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Ficure 1: Genomic organization of poliovirus, processing of the polyprotein, and amino acid sequences of protein 3AB. (A) The single-
stranded RNA genome is covalently linked to the viral-encoded protein VPg at &mel ®f the nontranslated regioriNG@'R). The linkage

of the B-terminal UMP to the hydroxyl group of tyrosine in VPg is shown on the left. TINTR consists of twais-acting domains. The
cloverleaf is involved in genome replication, and the internal ribosomal entry site (IRES) controls translation of a 247 kDa polyprotein
(open box). The polyprotein is processed by the virus-encoded proteinagear@3C@/3CDP° into structural (P1) and nonstructural (P2

and P3) proteins, the latter specifying the proteins involved in replication. Triangles indicate cleavag€$/BZBE?, and circles indicate
cleavage by 2A°. Filled symbols indicate fast cleavages, and open symbols indicate slow cleavages. The open diamond marks the VPO
capsid maturation cleavage. ThHANJIR contains a structured heteropolymeric region and is polyadenylylated. The open arrow indicates
one of two suppressor mutations resulting from the W42F/F69W mutations in 3AB (see Figure 1B). (B) Presentation of 3AB and its
cleavage product 3A. Shown is the amino acid sequence of 3AB with the Q/G cleavage site between 3A and 3B (VPg). The hydrophobic
anchor domain of 3A, starting at amino acid 59, is indicated in a box, which is enlarged below. The shaded area represents the TM segment
as defined in this report. Downward or upward arrows indicate two separate sets of mutations. Filled arrows depict mutations engineered
into the protein, and open arrows depict the suppressor mutations that rapidly emerged during the first cycle of virus replication. Anchor
peptide 1 and anchor peptide 2 delineate the peptides used for membrane binding studies.

domains while others are recruited to the complex by protein/ has the propensity to dimerize and form higher oligomers
protein or protein/RNA interactionsl( 7). The PV RNA in solution in the absence of detergent. Both the N-terminal
polymerase 3P is an example of a soluble protein that region and the hydrophobic domain of 3A were found to be
interacts with another protein, 3AB, whose hydrophobic nyolved in these interaction®,(12). In vitro studies have
domain, located in 3A, anchors the complex to membranessuggested that 3AB has multiple functions in RNA replica-
(8, 9). tion: (i) 3AB is a nonspecific RNA binding protein, but in

an%An?elrsnng?:Illaia?jisf Fr)zraOtif)lr? rt]g‘z[r ?ﬁgtg[?:r%iﬁliir%?ngtgz a complex with proteinase 3€Dit specifically binds to both
9reg the B cloverleaf and the 'BITR of the PV genomel3—

domain. It was shown to possess the biochemical charac- . . . 2
teristics of an integral membrane proteil0). Yeast two- 15), (ii) 3AB stimulates the elongation activity of 3Bon

hybrid and biochemical analyses have indicated that the 3AB 2 POIY(A) template with an oligonucleotide primerX-19),
protein strongly interacts with 3B, and the sequences (iif) 3AB stimulates the autoprocessing of 3€9(20), and
primarily responsible for this interaction are located in the (Iv) the membrane-bound form of 3AB is required for
3B domain of the proteing 11). Four amino acids in a  processing by 3CEF (16). In vitro the N-terminal domain
hydrophobic patch on the surface of BDwere recently of 3AB can be glycosylated, but the biological significance
identified as binding partners of 3AB). Protein 3AB also of this observation is not knowr2Q).
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Proteolytic cleavage of 3AB by 3C/3CDP™ yields 3A sequence and intact 3A and 3AB proteins. Our results
and 3B (VPg). The 3A protein is 87 amino acids long (Figure indicate that the anchor sequence has the intrinsic ability to
1B), consisting of a soluble cytosolic N-terminus (58 form a transmembrane (TM) topography and adopts a
residues) 22), which exists as a symmetric dimerd), and mixture of a transmembrane and nontransmembrane topog-
a 22 residue long hydrophobic domain (aa82), followed raphy in the context of the intact 3A protein. The hydro-
by seven additional residues at the C-terminus. Part of thephobic anchor of intact polypeptide 3AB, however, assumes
hydrophobic domain has been subdivided into two domains only a nontransmembrane configuration. We also tested some
(I, aa 64-72, and Il, aa 7380), the latter of which was  of the in vitro activities of 3AB bound to synthetic model
shown to be the primary determinant of membrane anchoringmembrane vesicles. The protein was highly active in
in the context of 3AB 10). The first 15 amino acids of the  stimulating the elongation activity of the RNA polymerase
hydrophobic domain (aa 5973) were predicted to form an  using a poly(A) template and an oligo gprimer. On the
amphipathic helix 10). Amino acid changes in the hydro- other hand, membrane-bound 3AB did not serve as a
phobic domain of 3A were shown to result in impaired RNA substrate for uridylylation on a cre(2C) template. However,
replication and virus death2®). The site of action of the VPg released from 3AB by proteolytic cleavage with
enviroxime, an antiviral drug which blocks PV RNA 3CDrcould be uridylylated. These results suggest that while
replication, maps to the 3A sequences, supporting a critical 3AB itself may not be a substrate for uridylylation, it can
role for 3A in the replication complex2@). The 3A protein serve as the precursor from which VPg is released and is
itself possesses additional functions beside those that are irsubsequently uridylylated.
the context of 3AB. In vivo 3A inhibits ER to Golgi
membrane and secretory protein traffic and induces specific EXPERIMENTAL PROCEDURES

translocation of different members of the ARF family (ADP- . .
ribosylation factor) to membrane@%-28). Both a mam- Plasmids.All PV cDNA sequences were derived from

malian and a yeast two-hybrid system showed that 3A plasmid pT7PVM 88). The sequences listed for plasmids

multimerizes and interacts with 2B and 2€sse(9, 29) (Yin, or oligonucleotides refer to the full-length plus strand PV

Paul, and Wimmer, submitted for publication). Studies with S€4U€NCes. _ ]

an in vitro translation/replication system indicated that a () PRibo(+) PVM: Plasmid pRibot) PVM was con-

mutation in 3A (M97A or M97T) affected only plus strand structed by inserting ais-acting hammerhead ribozyme at

synthesis and not minus strand RNA synthe8@).( the B end of the poliovirus genome to increase the efficiency
The second product derived from 3AB is VPg, a small ©f replication in vitro 89). To obtain the ribozyme sequence,

basic peptide consisting of 22 amino acids, which is the following primers were used: RIBO1-6CCGGCG-
covalently linked to the '5end of the genomic RNAX(). GCCGCCTCGGCCTAATACGACTCACTATAGGGTG-

PV RNA synthesis is initiated by the covalent linkage of a TTTTAA-3" RIBO 2, 3-ATCAGTTAAAACACCCTATA-
UMP to the hydroxyl group of a tyrosine in VPg yielding GTGAGTCGTATTAGGCCGAGGCGGCCGCCEGERI-
VPgpU(pU), the primer for both minus and plus strand RNA BO3, S-CTGATGAGGCCGAAAGGCCGAAAACCCG-
synthesis §2). In vitro, both poly(A) and a small RNA GTATCCCGGGTTCTAAAAC-3; RIBO 4, 3-GAGCTGT-
hairpin cre(2C), located in the coding sequences df'2€s TTTAAGAACCCGGGATACCGGGTTTTCGGCCTTTC-
function as templates for the uridylylation reacti@2,(33). GGCCTC-3, RIBO 5, 3-AGCTCTGGGGTTGTACCCAC-
It has been proposed that in vivo the VPgpU synthesized on CCCAGAGGCCCACGTG-3 RIBOS, S'CACG_TGGGC'
the cre(2C) RNA is used for plus strand RNA synthesis while CTCTGGGGTGGGACAACCCCA-3 These oligonucleo-

the poly(A) tail of the genomic RNA serves as template for tides were purified on a 10% polyacrylamide gel and were

VPgpU synthesis prior to minus strand syntheSa @4). phos_phorylated by T4_ polynucleotlde kinase (Epicentre,

This claim, however, has been recently challendgg). ( Madison, WI). Then, oligo pairs 1 and 2, 3 and 4, and 5 and
Studies of 3AB and 3A function in vitro have been 6 Wwere annealed, ligated, and inserted into $ined site of

hampered by their low solubility in aqueous solutions, and the PUC19 vector. The resulting plasmid was digested by

purified preparations of these proteins always contain Sfil and Pmll,'and 'the fragment was inserted between the

detergent. However, it has been shown before that detergent$@Me restriction sites of pT7PVM.

are detrimental to PV RNA replication. The uridylylation (i) 3A mutants: Plasmids harboring mutations within the

of VPg is totally blocked when crude replication complexes, 3A-coding sequence were constructed by site-directed mu-

isolated from poliovirus-infected cells, or in vitro translation/ tagenesis using the overlapping PCR method. The oligo-

RNA replication reactions are treated with deterg&6t 87). nucleotides used are summarized in Table 1. Fragments

In addition, 3AB can be processed by 3€Donly when containing the mutations were introduced into pRibp(

membrane-bound and not in the presence of detergefjts (  PVM by exchanging theMIlul—Bglll fragment of the
Therefore, studies of 3A and 3AB in model membrane Plasmid.

vesicles might be of more relevance than studies in deter- (iii) 3A and 3AB expression plasmids: Coding sequences

gents. However, although the membrane association of 3Aof 3A and 3AB were amplified using'85GACCACTC-

and 3AB has been known for years, the precise arrangementCAGTATAAAGAC-3' and 3-CCGAGCTCTACTGGT-

of these proteins in the hydrophobic environment of a lipid GTCCAGCAAACAGTT-3 (for 3A) or 5-CCGAGCTC-

bilayer is obscure. In this study, we exploited the fluorescence TATTGTACCTTTGCTGTCCGAA-3 (for 3AB) as primers.

properties of a Trp residue placed in the center of the The PCR products were digested $wd, treated with T4

hydrophobic anchor sequence to determine the topology of polynucleotide kinase, and inserted betweenRBBEAI and

the anchor sequence when incorporated into model mem-Sad sites of the pET42bf) vector (Novagen, San Diego,

brane vesicles, using both a peptide containing the anchorCA).
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Table 1: List of Constructs

no. position (sense) sequefce construct
1 5213-5250 (+) GATTACTGTGAGAAGAAGGGTTTCATAGTTAACATCAC W42F
2 5219-5254 () GCTGGTGATGTTAACTAT%WZCTTCTTCTCACA WA42F
3 5297-5333 (+) CTACAAGCGGTGACAACCTGGGCCGCAGTGGCTGGAG F69W
4 5292-5328 () GCCACTGCGGCCCAGGTTGTCACCGCTTGTAGAATTG F69W
5 5309-5341 (+) ACAACCTTCGCCGCATGGGCTGGAGTTGTCTAT V72W
6 5309-5341 () ATAGACAACTCCAGCCCATGCGGCGAAGGTTGT V72W
7 5312-5344 (+) ACCTTCGCCGCAGTGTGGGGAGTTGTCTATGTC A73W
8 5312-5344 () GACATAGACAACTCCCCACACTGCGGCGAAGGT A73W
9 5315-5347 (+) TTCGCCGCAGTGGCTTGGGTTGTCTATGTCATG G74W
10 5315-5347 () CATGACATAGACAACCCAAGCCACTGCGGCGAA G74W
11 5318-5350 (+) GCCGCAGTGGCTGGATGGGTCTATGTCATGTAT V75W
12 5318-5350 () ATACATGACATAGACCCATCCAGCCACTGCGGC V75W

@ Note: changed nucleotides are underlined.

In Vitro Transcription and Transfection of Polimus RNA. at 34000 rpm in a Ty50.2 rotor at 4C for 1 h. The
All plasmids were linearized blcaRl prior to the transcrip-  supernatant was collected and applied to a glutathione
tion reactions. Full-genomic poliovirus RNA was transcribed Sepharose column which was equilibrated with PBS contain-
by T7 RNA polymerase (Epicentre) according to the ing 5% glycerol and 0.8% octyl glucoside. Bound proteins
manufacturer’s instructions. The transcripts were purified by were eluted in 50 mM Tris, 100 mM NaCl, 5 mM Ca(l
phenol/chloroform extraction followed by ethanol precipita- 0.8% octyl glucoside, and 10 mM reduced glutathione.
tion. HelLa cells in six-well plates were transfected with in Proteins were concentrated, and the buffer was exchanged
vitro transcribed poliovirus RNA using Transmessenger to elution buffer without glutathione using a 10 kDa Amicon
(Qiagen, Valencia, CA) as a transfection reagent, accordingultrafilter (Millipore). Purified GST-3A or GST-3AB was
to the manufacturer’s instruction. The time at which cyto- digested by 0.01 unit of factor Xa (Novagen)/mg of protein
pathogenic effect occurred was then determined. for 4 h at 4°C. After digestion, the buffer was exchanged to
One-Step Growth Cues and Plaque AssaybleLa cell PBS containing 5% glycerol and 0.8% octyl glucoside using
monolayers in 35 mm culture dishes were washed with a PD-10 desalting column (Amersham, Piscataway, NJ) and
Dulbecco’s minimal essential medium (DMEM) and inocu- applied to a glutathioneSepharose column (4 mL) con-
lated with each virus at a multiplicity of infection of 10. nected with a benzamidireSepharose column (2 mL)
After adsorption for 30 min at room temperature, the cells (Amersham). The flow-through was collected and concen-
were extensively washed to remove unbound virus and thentrated usig a 5 kDa Amicon ultrafilter (Millipore, Billerica,
incubated at 37 or 39C. The dishes were harvested at 0, 2, MA). Before freezing at-80 °C, 1 mM DTT was added.
4, 6, 8, 12, and 24 h postinfection and subjected to three Peptides and LipidsSynthetic PV VPg was a generous
cycles of freezing/thawing. The viral titers of the supernatants gift of the late J. H. van Boom. Acetyl-NRAMTILQAVT-
were determined by plaque assay, as described previouslyTWVAVAGVVYVMYK-NH , (anchor peptide 1) and acetyl-
(40). NRAMTILQAVTTFAAWAGVVYVMYK-NH ; (anchor pep-
Purification of 3D and 3CD¥. Purification of 30 and tide 2) were purchased from Anaspec Inc. (San Jose, CA).
3CDre (active site mutant) was performed as described Peptide purity was checked using MALDI-TOF (Proteomics
previously @1, 42). Recombinant 3CE*, which harbors a  Center, Stony Brook University) and found to be about
cleavage site mutation (Q183A), was generously provided >85% pure in each case. The concentration of the peptides
by C. Cameron. was calculated by absorbance spectroscopy using a Beckman
Purification of 3A and 3ABAN Escherichia coliBL21 DU-610 spectrophotometer, usirgfor Trp of 5560 M
strain harboring a 3A or 3AB expression plasmid was grown cm™* at 280 nm. Phosphatidylcholines (1,2-diaswglycero-
in M9 media at 37C. When the optical density at 600 nm  3-phosphocholines), diC16ABcPC, diC18:A9cPC (dio-
reached 0.8, 0.5 mM IPTG (isopropyl thibgalactoside) was  leoylphosphatidylcholine, DOPC), diC2&11cPC, diC22:
added to the culture, and protein expression was induced atlA13cPC, (dierucoylphosphatidylcholine, DEUPC), and diC24:
37°C for 3.5 h. The cell pellet was washed once with PBS, 1A15cPC, were purchased from Avanti Polar Lipids
pH 7.2 (Gibco, Rockville, MD), and stored at80 °C. The (Alabaster, AL). The lipids were stored in chloroform-s20
pellet was suspended in PBS containing 5% glycerol (v/v), °C. 10-Doxylnonadecane (10-DN) was custom synthesized
1 ug/mL leupeptin, and kg/mL pepstatin A. Cells were by Molecular Probes (Eugene, OR). It was stored as a 4.9
lysed by passing through a French pressure cell four timesmM stock solution in ethanol at20 °C.
and sonicated for 30 s to reduce viscosity. After the addition  Preparation of Model Membrane Vesicles Containing
of PMSF (phenylmethanesulfonyl fluoride) to a final con- Protein.For experiments in which 3Ror 3AB™ protein was
centration of 1 mM, the lysate was centrifuged at 9000 rpm reconstituted into model membrane vesicles to form proteo-
in a Ty50.2 rotor at 4°C for 20 min (Beckman L7-65 liposomes, lipid vesicles were prepared using the ethanol
centrifuge). The supernatant was further centrifuged at 34000dilution method 43, 44). Lipids dissolved in chloroform were
rpm for 1 h in thesame rotor. Then, the second pellet was dried under a stream of N\gas, followed by drying under
suspended in PBS containing 5% glycerolid/mL leupep- high vacuum for 1 h. The dried lipid samples were dissolved
tin, 1 ug/mL pepstatin A, 1. mM PMSFL M NaCl, and 2% in a minimum volume (1QcL) of ethanol and then diluted
octyl glucoside (w/v) and incubated at°€ for 16 h to to the final volume (typically 80@&L) using PBS, pH 7 (10
solubilize the membrane proteins. The lysate was centrifugedmM sodium phosphate and 150 mM NaCl, adjusted to pH
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7.0), with constant vortexing. The samples were then allowedwas chosen to reduce acrylamide absorbance (and the
to equilibrate for 36-60 min at room temperature. Then resulting inner-filter effect). Fluorescence intensity was
aliquots of protein (2Q:L from 0.5 mg/mL protein stocks)  corrected both for the dilution from addition of acrylamide
were added to the preformed vesicles and incubated for anand for inner-filter effect 47). Emission spectra in the
additiona 1 h before fluorescence was measured. Samplespresence of acrylamide were measured with an excitation
contained final concentrations of 12//mL protein and wavelength of 280 nm because samples had stronger
500 uM lipid. fluorescence intensity at that excitation wavelength, despite

Since octyl glucoside was rapidly diluted to far below its the inner-filter effect. Controls showed that the emission
cmc in this protocol, it should not have affected vesicle spectra have similar wavelength maxima for either of the
integrity. Confirming this, a protocol in which the protein excitation wavelengthsA{).

was diluted into buffer before addition of vesicles gave 10-Doxylnonadecane Quenching Measureméfismea-
quorescence and fluorescenc_e quenching results similar togre the efficiency of 10-doxylnonadecane (10-DN) quench-
those with the protocol described above (data not shown).ing, the fluorescence of samples containing model membrane
Other experiments in which different amounts of pre- incorporated peptide/protein or background samples prepared
formed vesicles were titrated into 3/r 3AB™ protein that in the absence of 10-DN was compared to that in samples
had been previously diluted with buffer to about a:[l containing 10-DN. To prepare the latter, samples were
concentration showed that binding to vesicles was maximal prepared as noted above, except that either 10 mol % (for
at 200uM DOPC. This was determined both from the extent DOPC) and 12 mol % (for DEuPC) of the lipid was replaced
of Trp Amax shift upon lipid binding (fromimax in buffer of  with an equivalent mol % of 10-DN. Fluorescence intensity
335 nm to final values of 331 nm for 3ABand 328-329 was measured using an excitation wavelength of 280 nm and

nm for 3A") and by the extent of quenching of Trp emission wavelength of 330 nm. Emission spectra were
fluorescence by 10 mol % 10-DN, which was incorporated measured with an excitation wavelength of 280 nm.

into the vesicles [maximum degree of quenching-80%

of initial fluorescence (i.e., in solution)]. Calculation of the Acrylamide/10-DN Quenching Ratio.

] S ] ) ) The acrylamide/10-DN quenching ratiQ-fatio) was used
Peptide Incorporation into Vesiclesn previous studies g calculate the Trp depth in the bilaye7}. The ratio was
hydrophobic polypeptides were incorporated into ethanol 5iculated using the formul@-ratio = [(Fo/Facryiamicd —
dilution vesiclgs by mixing lipids apd peptides in ethanol 1J/[(Fd/F1o-on) — 1], whereFo is the fluorescence of samples
and then forming vesicles as described aba@\a; 44). Due with no quencher an@acyiamgeand Fio oy are the fluores-

to the insolubility of_the anchorl peptides in _ethanol, the cence intensities in the presence of acrylamide or 10-DN,
procedure was modified to use c_hmet_hyl sulfo>_<|de (DMSO). respectively. Th&-ratio varies inversely with the depth of
In the modified procedure, peptide dissolved in DMSO was a Trp in the membranet()

mixed with the lipids dissolved in chloroform and then dried ) ) ] )
under N gas and high vacuum. The dried lipid/peptide  Stimulation of 3B Elongation by 3A(B)3AB proteoli-
mixtures were dissolved in 1 of DMSO and then diluted ~ POSOmes were prepared by mixing A@ of 3AB with 1 mL
with PBS, pH 7.0 as described above. Control experiments ©f 5004M DOPC liposomes prepared as described above,
with previously studied hydrophobic peptides that form followed by incubation fo 1 h atroom temperature. The
transmembrane-helices @5, 46) showed that substitution ~ Mixture was centrifuged fdl h at60000 rpm in a TLA-100
of DMSO for ethanol did not alter transmembrane topog- otor, and the pellet was resuspendend inL®f PBS, pH
raphy upon incorporation into lipid vesicles (data not shown). 7-2. Primer-dependent elongation reactions were carried out
Samples contained final concentrations o\ peptide and ~ at 30°C for 1 hiin 25uL of reaction mixture containing 50
500 1M lipid. mM Hepes-KOH (pH 8.0), 3 mM magnesium acetate, 10
Fluorescence Measurementsluorescence data were MM DTT, 10uM UTP, 0.2uCiof [32P]UTIP’ 0.5ug of poly-
obtained on a SPEX2 Fluorolog spectrofluorometer operat-  (A), 120 ng of oligo(dT)s, 3.5 ng of 3D°, and appropriate
ing in steady-state mode at room temperature. Excitation slits@Mounts of 3A or 3AB proteoliposomes. Reaction mixtures
of 2.5 mm and emission slits of 5 mm were used for all Were spotted onto DE52 filter membranes. The membranes
measurements (band-pass of 4.5 and 9.0 nm, respectively)Veré washed three times for 8 min in 5% dibasic sodium
Fluorescence emission spectra were measured in the rang@hosphate, washed briefly in water, and then rinsed twice
300-375 nm with an excitation wavelength of 280 nm, for 2 min in absolute ethanol. The membranes were dried,
unless otherwise noted. Fluorescence from backgroundand radioactivity was measured by scintillation counting.
samples containing lipid with no peptide or protein was  Uridylylation Assay3AB proteoliposomes were prepared
subtracted from the reported values. as described above. Uridylylation reactions were carried out
Acrylamide Quenching Measurements quantify acryl- at 30°C for 1 h in 20uL of a reaction mixture containing
amide quenching, fluorescence intensity and emission spectrd0 MM Hepes-KOH (pH 7.5), 8% glycerol (v/v), 3.5 mM
were first measured in samples containing model membranemagnesium acetate, 1 unlabeled UTP, 0.LCi of [*%P]-
incorporated peptide/protein or background samples, preparedJTP, 0.5ug of cre(2C) RNA, 1ug of 3D, and varying
as described above. Then a@0aliquot of acrylamide from  amounts of 3CP° and 3AB proteoliposomes. In control
a 4 M stock solution dissolved in water was added. After a reactions, 2«g of synthetic VPg was used instead of 3AB
brief incubation (5 min), the fluorescence was remeasured. proteoliposomes. After the incubatiorni& of 5x loading
Fluorescence intensity before and after acrylamide addition buffer was added, and the reaction mixtures were analyzed
was measured using an excitation wavelength of 295 nm andby Tricine-SDS-PAGE [12% acrylamide (w/v)], followed
emission wavelength of 340 nm. This excitation wavelength by autoradiography.
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Table 2: Characterization of Mutant Poliovirudes

Fujita et al.

Figure 1A). To investigate whether the 2B mutation is
essential for mutant survival or an irrelevant spontaneous

time for : . .
complete mutations in mutation, mutant cDNA .WI'[h wt 2B but containing the
parental virus CPE recovered viruses WA42F/F69W/A70V mutations in 3A was constructed, and
the corresponding transcript RNAs were transfected into
A wt 24h ND L D9
B WA42F 24 h WA2F HelLa cells. The replication phenotype of this triple mutant
C F69W 40h F6OW was quasi-infectious, and the variant isolated after 7 days
D W42F/F6OW 7 days VZEZIZ/;\?9W/A7OV had acquired the 2B 147V suppressor mutation (Table 2-E).
E  WA2E/FGOWIATOV 7days  WA2F/FGOWIATOY This _obs'ervatlon. suggested that the .second suppressor
2B 147V mutation is essential for adequate replication of the poliovirus
F  2Bl47V 26h ND variant. On the other hand, when HelLa cells were transfected
G WA42F/F6OW/ATOV+  48h ND with transcript RNAs containing only the 2B 147V mutation,
2B 147V i icafi
H WA2ENT2W 48h TLAKIWAZEN 72N no change in the rephcapgn phenotype was pbse_rved (Table
P17AMA2ENTIW 2-F). A construct containing all three mutations in 3A and
I WA42E/A73W 72h WA42E/A73C the mutation in 2B (referred to in the following as 2B/3A
J  WA2F/GT4W 48 h WA42F/G74C mutant, Table 2-G)) yielded a variant with replication
W42F/G743 properties similar to those of the variant (Table 2-D)
K W42F/V75W 60 h WA42F/V75C

recovered from mutant W42F/F69W (data not shown).
Therefore, the combination of the four mutations is sufficient
to produce a well-replicating virus.

a All mutations shown map to polypeptide 3A with the exception of
147V, which maps to polypeptide 2B (see Figure 1). GP&topatho-
genic effect; ND= not determined® Two genetic variants that emerged

independently. Interestingly, the 2B 147V mutation maps to a hydrophobic
domain of the 2B protein, an observation indicating that the
RESULTS hydrophobic domains of 3A/3AB and 2B/2BC functionally

interact during the replicative cycle of poliovirus. Similar

Construction of 3A/3AB Mutants Suitable for Membrane results were obtained by Towner et al., who introduced
Association StudiesTo analyze the properties of the mutations within the hydrophobic region of 3A and found a
hydrophobic domain when 3A and 3AB are membrane compensatory mutation within the first hydrophobic domain
associated, we adopted the method of measuring Trpof the 2B protein 48).
fluorescence. For these fluorescence experiments, a Trp is The replication kinetics of the 2B/3A mutant virus, assayed
most useful when placed at the center of the hydrophobic by one-step growth curve experiments in HeLa cell mono-
sequence 43—46). In that case, the Trp location can layers, revealed slightly slower growth phenotypes as
distinguish whether the hydrophobic segment within which compared to wt PV (Figure 2), as would be expected from
it is located forms a transmembrane helix, in which case the the delay of the appearance of CPE. However, the maximum
Trp locates at the bilayer center, or forms a nontransmem-titer at 37°C approached that of wt PV (Figure 2), whereas
brane structure, in which case the Trp locates near the bilayerat 39 °C a small temperature-sensitive phenotype ts was
surface 43—47). Because the hydrophobic anchor domain apparent (Figure 2). Nevertheless, these growth phenotypes
of 3A does not contain Trp, a single Trp residue was indicated satisfactory function of 3A/3AB in the context of
introduced by a substitution mutation into a position we the poliovirus genome, and thus the 3A/3AB (W42F/F6OW/
thought to be at the center of the hydrophobic region (F69W; A70V) polypeptides were used in the following studies.
Figure 1B). To render the spectroscopic measurements Ability of the Polio 3A Hydrophobic Sequence To Span
specific to the hydrophobic sequence, the Trp residue in theLipid Bilayers in TM Form Behavior of Anchor Peptide 1.
hydrophilic region of 3A was replaced with a Phe residue A peptide corresponding to the hydrophobic anchor sequence
(WA42F; Figure 1B). It was then determined to what extent (underlined) of protein 3A carrying the Trp-Val mutation
these mutations influence the function of 3A/3AB by at positions 69 and 70 plus the flanking charged
assaying the ability of corresponding variant RNAs to residues (acetyFRAMTILQAVTTWVAVAGVVYVMYK 8L
produce cytopathogenic effects (CPE) on HelLa cell mono- amide) (Figure 1B) was used to study the ability of the
layers. hydrophobic sequence to span lipid bilayers. Fluorescence

Whereas the W42F mutation alone did not influence the methods we developed previously were used to define the
replication phenotype of the PV variant (compare Table 2-A topography of the bilayer-inserted sequenc&s—47, 49).
with Table 2-B), the single F69W mutation slightly delayed The first assay involved measurement of the Trp emission
the appearance of CPE, an observation suggesting impairedmax to evaluate approximate Trp depth. When a 20 residue
replication (Table 2-C). In combination, however, the two long hydrophobic sequence with a Trp near the center of its
mutations greatly debilitated the virus as they delayed the hydrophobic sequence adopts a TM (transmembrane) ori-
appearance of CPE to 7 days (Table 2-D). Delayed CPE entation, the Trp locates near the bilayer center and gives
suggested the emergence of either reversions and/or suphighly blue-shifted emissiontfax = 315-325 nm) @43, 44).
pressor mutations, allowing the highly debilitated genome If the sequence adopts a non-TM topography located close
to survive. Virus isolated after 7 days from Hela cells to the surface of the bilayer, the Tip.ax red shifts strongly
showing extensive CPE was plaque purified, and its genome(335—340 nm) @3, 44). Additional information was derived
was sequenced. This revealed two unexpected suppressdirom the Trp Amax VS bilayer width curve. A highly
mutations. One mutation (A70V) mapped to the 3A hydro- hydrophobic peptide with a Trp at the center of the
phobic region next to the new Trp residue (Figure 1B) and hydrophobic sequence exhibits a minimumy value at the
the other to the membrane-associated viral protein 2B (147V; maximum width bilayer in which the peptide maintains a
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Acyl Chain Thickness (Number of Carbons)
1E+04 ' ' ' : : ' ' Ficure 3: Effect of lipid bilayer width upon Trp emissiofiax
0 2 4 6 8 12 24 for anchor peptide 1 and anchor peptide 2. Anchor peptide 1 (filled
Hours Post Infection triangles) or anchor peptide 2 (open triangles) was reconstituted
into model membrane vesicles composed of monounsaturated PCs
{E+10 with different acyl chain lengths. Samples contained2peptide
incorporated into 50M lipid dispersed in PBS at pH 7.0. The
values shown are the average of six samples.AFhgvalues were
39°C generally reproducible te-1 nm.
1E+09 [~
Table 3: Quenching of Membrane-Inserted Anchor Peptide 1 and
LE+08 Anchor Peptide 2 by Acrylamide and 10-Doxylnonadecane
FoF
~
§ 1E+07 - peptide  acrylamide 10-DN Q-ratio Amax (NM)
E Peptide Inserted into DOPC Vesicles (C18:1 Acyl Ch&ins)
anchorl 1.3H0.02 1.88+-0.01 0.352-0.02 332+0.2
1E+06 - wi anchor2 1.25:0.01 2.33+0.14 0.192-0.21 327£0.25
A W42F/F69W/A70V Peptide Inserted into DEUPC Vesicles (C22:1 Acyl Chains)
anchorl 2.1H#0.11 2.29+0.13 0.82:0.15 339.8-0.4
1E+05 anchor2 191 0.02 1.99+-0.04 0.92+£0.05 340+0.3
aFo/F is the ratio of fluorescence in the absence of quencher to that
in the presence of quencher. The ratio of quenching by acrylamide to
" | | | | | | | that by 10-DN, theQ-ratio, is defined in Experimental Procedures.
1E+0 Average values and standard deviations derived from six samples are
0 2 4 6 8 12 24 shown.
Hours Post Infection

FIGURE 2: One-step growth curves of wt poliovirus and a 3A mutant  bilayer, such that a low quenching ratie@.15) indicates a
(W4,2|;/F6?W/ﬁ70V).b %rpwgh Cu,rvestalng plague aSUSé\yS Wereldeeply located Trp near the center of the bilayer, while a
carried out as described in Experimental Procedures. Upper panel:;: ratin (>1) is indicati ;
Growth at 37°C. Lower panel: Growth at 39C. Note that this high Q-ratio (*1) is indicative of a Trp near the bilayer

¢ surface 45, 47).

3A mutant also has a suppressor mutation (147V) within the firs ! .
hydrophobic domain of the 2B coding sequence (Figure 1A). The  Figure 3 and Table 3 show values for anchor peptide 1
Y-axis shows pfu/mL in exponential units (base 10). Trp Amax @and how it is affected by bilayer width (varied by
using lipids with different length acyl chains). Even in
vesicles in which thé.xwas most highly blue-shifted, e.g.,
fully TM structure. In wider bilayers, due to negative those vesicles composed of DOPC (diC18:1PC), anchor
mismatch (i.e., bilayer width exceeding hydrophobic helix peptide 1 exhibited a somewhat red-shifteg, (332 nm),
length) there is formation of an appreciable fraction of a non- ajthough thel ., red shift increased considerably (to over
TM, surface topography which gives more red-shifted Trp 340 nm) in wider bilayers (Figure 3, filled triangles). The
emission 43, 44, 47). The bilayer widths in which Trp  somewhat red-shiftedina Observed in DOPC vesicles
emission red shifts can reveal the length of the TM sequencejndicates that the Trp was not located at the bilayer center
(43, 44). in these vesicles. However, there was at least some formation
To measure Trp depth directly, a dual fluorescence of a TM configuration in DOPC vesicles, asax red-shifted
quenching method was usedi7]. In this method the ratio  even more in wider bilayers, under which conditions a non-
of quenching of Trp by acrylamide, which resides in the TM form would predominate. When quenching was mea-
aqueous solution, to quenching by the membrane-insertedsured, results in agreement with thg data were obtained.
quencher 10-doxylnonadecane is measured. This quenchindg he Q-ratio was 0.35 in DOPC (C18:1 acyl chains) and 0.82
ratio (Q-ratio) responds nearly linearly to Trp depth in the in DEuPC (C22:1 acyl chains) (Table 3). This behavior
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indicates that anchor peptide 1 forms, at least to some degree, 1E+10

a TM structure when incorporated into DOPC bilayers and

adopts a shallow, non-TM topography in wider bilayers. 37°C
[Circular dichroism experiments indicate that membrane- 1E+09

inserted anchor peptides are highlyhelical, as expected
(data not shown).]

The fluorescence properties of anchor peptide 1 incorpo-
rated into DOPC vesicles do not distinguish between the
peptide forming a homogeneous configuration, in which the
Trp has a single intermediate depth, and a case in which the
peptide exists in a mixture of two populations: one with a 1E+07
TM topography, and thus a deep Trp depth, and another
population with a non-TM topography having a Trp near
the bilayer surface. The effect of quenchers onihsg of 1E+06 [
Trp emission can distinguish between these alternatives.
When deep and shallow Trp populations coexist, intermediate
Amax Values are observed because the two populations have 1E+05 ! | | ! ! | |
overlapping blue- and red-shifted spectra. In such samples, 0 2 4 6 8 12 24
there is selective acrylamide quenching of the shallow Trp
population because it is closer to the acrylamide than the
deep Trp. This induces a blue shiftiRpa., because the deeper
Trp population is only weakly quenched. In contrast, 10-
DN quenching induces red shifts due to selective quenching
of deep Trp, which is closer to 10-DN than shallow Trp. In 1E+09 [
such heterogeneous populations, these shifts can result in a
Amax Value in the presence of acrylamide that differs from
that in the presence of 10-DN by-35 nm. In populations 1E+08 I
with a homogeneous Trp depth, the quencher-induced shifts
are much smaller4®, 47). For anchor peptide 1 in DOPC
vesicles we observed very little difference between kg
in the presence of acrylamide and 10-DN (1.5 nm), indicating
that it adopts a homogeneous state in which the Trp is not
at the center of the bilayer.

The observation that the Trp was not located at the bilayer 1E+06 |-
center suggested that the TM was not 22 residues long. This
was supported by the observation that emission was signifi-
cantly more red shifted in diC20:1PC bilayers than in DOPC 1E+05 ' ' ' ' ' ' '
vesicles. This is indicative of a partial loss of TM topography 0 2 4 6 8 2 24
in diC20:1PC bilayers, and previous studies show that this Hours Post Infection
behavior corresponds to that expected for a TM sequencergre 4: One-step growth curves of wt poliovirus and two 3A
<18-19 residues long4@, 44) (and see below). mutants (T14K/W42F/V72W and P17K/W42F/NV72W). Growth

Recaery of Recombinant Poligruses Harboring Muta- curves and plaque assays were carried out as described in
tions at Different Positions within the Hydrophobic Domain Experimental Procedures. Upper panel: Growth atG7Lower
of 3A. To confirm that the TM sequence was shorter than panel: Growth at 39C.
expected, and that as a result the center of the transmembrane
sequence was at a position closer to the C-terminus of theW74C, W75C) or a Ser (W74S). In mutant W42F/\V72W
hydrophobic sequence than originally estimated, we decidedthe Trp residue was retained, although two independent
to introduce a Trp at a position closer to the C-terminus of variants containing one suppressor mutation each in the
the hydrophobic sequence than Phe69. In order to determinehydrophilic region of 3A emerged. In one plaque-purified
at what positions Trp could be introduced while maintaining virus, a Thr at position 14 was changed to Lys (Figure 1B,
PV viability, several mutant cDNA clones containing both Table 2-H), and in another virus, a Pro at position 17 was
a Trp substitution in the hydrophobic sequence and the W42Fchanged to Ala (Table 2-H). We found no additional
mutation in the hydrophilic region were constructed (W42F/ suppressor mutations when we analyzed the sequences of
V72W, WA42F/A73W, W42F/G74W, and W42F/V75W). the entire coding region of the nonstructural proteins of the
Transfection of RNA transcripts of the clones into HelLa cells recovered viruses containing the T14K/WA42F/NV72W or
yielded viruses in all cases. However, genome sequenceP17A/WA42F/V72W mutations. The growth kinetics of the
analysis of the recovered variants revealed that PV does notfT14K/W42F/V72W and P17A/W42F/\/72W variants at 37
tolerate a Trp in positions 73, 74, and 75 (Table 2-1, 2-J, and 39°C are presented in Figure 4. Similar to the previous
and 2-K, respectively). That is, similar to the case studied W42F/F69W/A70V variant, these viruses did not exhibit a
in the mutational analysis described above, the transcript pronounced ts phenotype (Figure 4), and they grew moder-
RNAs were quasi-infectiou$0) such that recovered viruses ately well at 37°C although somewhat slower than wt PV.
contained Trp residues substituted with either a Cys (W73C, We conclude that the 3A/3AB polypeptides containing the

1E+08 [~

PFU/ml

wt
A TI4K/W42F/V72W
o P17A/W42F/V72W

Hours Post Infection

1E+10

39°C

PFU/ml

1E+07 [
wt

A T14K/W42F/V72W
o P17A/W42F/V72W
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T14K_/W42|_:/V72W and P17A/W42F/\_/72W mutations are Table 4: Quenching of Membrane-Inserted Polio 3AB and Polio 3A
functional in the context of the replicating PV genome. protein by Acrylamide and 10-Doxylnonadecane

Somewhat arbitrarily, we selected the T14K/W42F/NV72W FoF

variant for further studies. . - )

Behavior of Anchor Peptide 2 in Model Membraneince protein _ acrylamide  10-DN __ Qrafio  Amax (M)
viruses containing Trp at position 72 grew well in HeLa cells, _Protein Inserted into DOPC Vesicles (C18:1 Acyl Chains)
a synthetic peptide carrying a Trp at position 72 (anchor Bg::g gﬁB i'igi 8'(1)5 gi% 8'(1)‘71 8‘2& 8'(2)2 gggfgg"‘
E/IerlﬂgleNHz, acetyt: RAM.TILQAVTTFAA WAGVVYV- Protein Inserted into DEUPC Vesicles (C22:1 Acyl Chains)

-NH;) was synthesized and subjected to the fluores- ,i;3ag" 1.40+0.03 1.57+0.02 0.69t0.03 331703
cence analysis. In DOPC vesicles, the values of both the polio 3A  1.54+0.03 1.88+0.04 0.62+0.05 330.8+0.2

’1”_15“ and Q-ratio for the Trp of anchor peptide 2 were ,IUSt aFo/F is the ratio of fluorescence in the absence of quencher to that
slightly above those expected for a Trp exactly at the bilayer in the presence of quencher. The ratio of quenching by acrylamide to
center, and this indicated a significantly deeper Trp depth that by 10-DN, theQ-ratio, is defined in Experimental Procedures.
than measured for anchor peptide 1 (Figure 3 and Table 3).Average values and standard deviations derived from six samples are
These results show that anchor peptide 2 predominantly SPOWN-
forms the TM state in DOPC bilayers and confirm that the
Trp in anchor peptide 1 was not located at the bilayer center. by the anchor sequence upon binding of 3AB to membranes.
The fact that the Trp of anchor peptide 2 is close to the In contrast, the 3A protein has only a short C-terminal
bilayer center, while the Trp of anchor peptide 1 is not as hydrophilic sequence that might be able to cross membranes
close to the bilayer center, indicates that residue 72 is closer(Figure 1B), and so the anchor sequence in the 3A protein
to the center of the TM sequence than residue 69. The TM might form a TM state when added to membranes. Table 4
sequence cannot end beyond Lys81, which is the last residuesshows that Trp fluorescence properties support these hy-
in the peptide, and it is far more likely to end at residue potheses. In DOPC vesicles, the BArotein exhibited a
Tyr80. If residue 72 is at the bilayer center of the TM more blue-shiftedimax (328 nm) and loweQ-ratio (0.39)
sequence, the TM sequence must start at, or very near, GIn64¢ompared to 3AB protein @max 331 nm,Q-ratio 0.67). This
which would mean that the TM sequence is 16 residues longsuggests that a significant fraction of the hydrophobic

(Figure 1B, shaded area in the hydrophobic domain). sequence of the 3Aprotein formed a state with a deep Trp,
This conclusion is supported by the shape of the kg i.e., a TM configuration, while the hydrophobic sequence
vs bilayer width curve, which shows that the minimumy of the 3AB™ protein formed a greater degree of a shallow,

value (observed in lipids forming bilayers with widths that non-TM state in which Trp is near the surface of the bilayer.
are close to the point where there is no mismatch betweenThe latter conclusion is confirmed by the observation that
TM helix length and bilayer width) occurs in liposomes the 3AB" protein incorporated into wider DEUPC bilayers,

formed from lipids with acyl chains that are 2718 carbon in which a non-TM form would be expected to be present
atoms long (Figure 3). We previously found that—12ZD to a significant degree because the length of the hydrophobic
residue long TM sequences exhibit Agax minimum in segment is too short to span the DEuPC bilayer, showed

liposomes composed of lipids with acyl chains that are 20 and Q-ratios @max 332 nm andQ-ratio 0.69, Table 4) that
carbon atoms long4@). Since bilayer width increases by were very similar to those in DOPC bilayers. As noted above,
about 1.8 A per acyl chain carbon atom (0.9 A per lipid this insensitivity to mismatch between hydrophobic helix
molecule) b1), and the length of a helix increases by 1.5 A length and bilayer width is characteristic of a sequence that
per residue, the difference between the acyl chain lengths atis fully non-TM. In contrast, the 3A protein in DEuPC
which a 16 and 1920 residue long TM helix experience vesicles showed a highépax andQ-ratio (lmax 331 nm and
no mismatch should be about that three carbon atoms, closeéQ-ratio 0.62, Table 4) than it did in DOPC vesicles.
to what is observed. Furthermore Amax and Q-ratios for 3A" in DEUPC vesicles
Fluorescence Studies with Intact Polio Band 3AB were similar to those for the 3AB protein in DEUPC
Proteins.We next wished to study the membrane configu- vesicles, indicating that negative mismatch affects the
ration of the anchor sequence in the context of the intact topography of the 3A hydrophobic segment, such that it
proteins 3A and 3AB. Since the mutant virus containing three converts from the TM to non-TM state, as expected. This
mutations within the 3A sequence (T14K/W42F/V72W) type of sensitivity to mismatch is indicative of a TM state
grows similarly compared to wt virus (Figure 4), indicating in the absence of mismatch (i.e., in the DOPC vesicles). Thus,
that 3A/3AB was functional, we proceeded to purify the a number of internally consistent fluorescence parameters
mutant 3A and 3AB proteins with these mutations (referred support the TM assignment for the topography of the
to as 3A" and 3AB") for further studies. The purified 3A hydrophobic segment in the 34protein (at least for some
or 3AB™ proteins were then incorporated into preformed population of 3A" molecules; see below) and non-TM
liposomes as described in Experimental Procedures. Thistopography in the 3AB protein.
process mimics insertion in vivo (see Discussion). However, there are some differences between the fluo-
Trp fluorescence was again used to characterize therescence behavior of the hydrophobic sequences in the
topography of the hydrophobic anchor sequence within the isolated peptides and intact protein. One difference is that
membrane-incorporated full-length proteins. The behavior the Trp depth in DOPC for the 3Aprotein is significantly
of the anchor sequence might differ in peptide and intact shallower than for the isolated peptide as judged by the
3AB protein because intact 3AB protein has large hydrophilic Q-ratio. This suggests that in the case of the intact protein
N- and C-terminal domains which should not be able to cross not all of the hydrophobic sequence is in a TM state. The
membranes. This would prevent the formation of a TM state second difference is that in the DEUPC vesicles, in which
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1E+05 contrast, 3A proteoliposomes did not have such stimulatory
4 3A £ 3AB activity within the range of protein concentrations used in
this study (Figure 5). It should be noted that there was no
significant stimulatory activity when increasing amounts of
empty liposomes were used (data not shown).
Uridylylation of VPg Derved from Membrane-Bound 3AB.
Although the in vitro uridylylation of synthetic VPg to
VPgpU and VPgpUpU has been studied extensively, the
exact nature of the substrate used in this reaction in vivo
remains unknownl)). Uridylylation of VPg, which is strictly
template dependent, is catalyzed by*3[and it occurs at a
Tyr, the third amino acid of VPg (Figure 1A1(32). The
RNA template can be either poly(A) are, a cis-acting
replication element mapping to the reading frame of polypep-
tide 2C\TPase (1, 32). 3AB has been suggested to be the
precursor for uridylylation%2), but under standard in vitro
reaction conditions purified 3AB (in detergent) does not serve
Protein (ng/ul) as a substrate for uridylylation (A. Paul and E. Wimmer,
FIGURE5: Stimulation of the elongation activity of 3B by 3A or unpublished results). Interestingly, a very recent study by
3A|?Ol?;?é%0|iE)C;ﬁgmtig-sgigegfdggeaﬁgg ?Jg?]g?égogrr%?goés ‘é"ﬁreRichards et al. describes the uridylylation of 3AB in
er .. . .
{)riangles) proteoligosomes, anéFlUMP incor%orated into thpe detergent-containing solutions by 8bon an ollgo(A.15
polymer was measured by a scintillation counter. Values were t€mplate but not on longer poly(A) templates3). [This
corrected for using the same amount of empty vesicles. template length-dependent difference has been attributed to
a lack of oligomerization of the polymerase on the small
) ) RNA template §3).] In contrast, VPg itself and minor
the non-TM state predominates, Trp fluorescence is more cjeayage intermediates in polyprotein processing (3BC and
red shifted andQ-ratios are much higher in the isolated 3gcp: not shown in Figure 1A) can be readily uridylylated
anchor peptide than in the intact protein. This suggests thatjn an in vitro assay consisting of an RNA template,’3D
the hydrophilic portion of the 3Adomain affects how deeply 3¢ ppro (as cofactor), and UTP (Pathak and Cameron,
the hydrophobic anchor sequence penetrates the bilayer inn,yplished observations; Paul and Wimmer, unpublished
the non-TM state. observations). All active substrates for in vitro uridylylation
Stimulation of 3D°' Polymerase Actity by 3AB-Associ-  (VPg, 3BC, 3BCD) have in common a free N-terminus of
ated Proteoliposomed.he experiments above showed that which Tyr is the third residue.
3A and 3AB could interact efficiently with model membrane Inclusion of 3AB into uridylylation assays of purified
vesicles and that, in the model membrane-bound states, theyyroteins has been difficult owing to the water-insoluble
have different topographies. This raised the question of property of the polypeptide. Furthermore, 3AB is cleaved
whether interaction of 3A or 3ABF3A(B)] with the model by 3C or 3CDP only when bound to membraneks], an
membrane would affect their functional properties and observation suggesting that the cleavage site between the
whether 3A and 3AB would differ in function once membrane- two domains 3A and 3B, and possibly the Tyr residue three
bound. residues downstream from the cleavage site, may not be
It was previously shown that purified 3AB dispersed in accessible for enzyme recognition when the protein is not
detergent strongly stimulates the elongation activity of the membrane bound. Therefore, in vitro reconstituted liposome-
poliovirus RNA polymerase 3B in vitro on a poly(A) bound 3AB seemed a suitable model substrate to study
template with a dfs primer, while 3A is not able to do so  whether 3AB in the membranous environment can be
(14, 16—19). Since 3D interacts with 3AB primarily via uridylylated. The reaction partners in the uridylylation assay
the VPg segment of the polypeptide, and because there iswere similar to those of VPg uridylylation described previ-
no detectable interaction between 3A and 39), (the ously, including thecre element as RNA template (see
stimulatory activity of 3AB on 3P° appears to be dependent Experimental Procedures).
on the presence of the 3B domain. To test whether membrane In the presence of a 3CD derivative in which the
insertion of 3A(B) would affect their ability to stimulate the proteinase activity was eliminated by an active site mutation,
activity of 3D°°, we performed elongation reactions using no uridylylation of 3AB in liposomes was observed (data
3A or 3AB proteoliposomes. For these studies we used 3A not shown). However, when proteolytically active 3TD
and 3AB proteins that contained wild-type amino acid proteinase was used as a cofactor with 300 ng pg 3f
sequences. Reconstituted proteoliposomes (ExperimentaBAB per reaction, the synthesis of VPg-pU was detected
Procedures) containing bound 3A or 3AB protein were (Figure 6A, lanes 1218). It should be noted that this 3€D
pelleted by ultracentrifugation and resuspended in a small cofactor carried a 3C*3D cleavage site mutation to permit
amount of buffer. Liposomes without any protein were also isolation of the uncleaved 3CD polypeptide. Controls
prepared and used as controls. The values obtained withshowed that VPg uridylylation was not dependent upon the
empty lipid vesicles (lacking protein) were subtracted from presence of proteolytically active 3€D(Figure 6A, lanes
those obtained with the 3A or 3AB proteoliposomes. We 2 and 20). The results suggest that 3AB itself is not the
observed that 3AB proteoliposomes stimulate the elongationtemplate for uridylylation, but once it is cleaved into 3A and
activity of 3D°° in a dose-dependent manner (Figure 5). In VPg, free VPg is subsequently uridylylated.
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DISCUSSION

PV Proteins Change Function during the PV Life Cycle.
Since plus strand RNA viruses have a limited genome size,
they have adopted an ingenious way to utilize their polypro-
tein for diverse and changing requirements during the viral
life cycle: the precursor proteins obtained by incomplete
processing of the polyprotein possess different functions than
the mature cleavage products. Proteins 3AB and 3A exem-
plify such a relationship between a precursor and a mature
polypeptide. Although they share the 3A sequence, their
functions are quite different. It is generally accepted that one
of the important functions of 3AB is to anchor VPg to the
membranes via the hydrophobic sequences located in its 3A
domain. 3AB then interacts with the RNA polymerase
primarily through its VPg domain and recruits it to the
replication complex. In this context it should be noted that
poliovirus 30 does not possess any membrane binding
domains, unlike some other viral RNA polymerases such as
the RDRP of HCV (NS5B)%4).

Tryptophan Mutations in 3A Highlight Intra- and Inter-
molecular Interaction between PV Proteins. this study,
we used tryptophan-specific fluorescence measurements to
determine the topography of the 3A and 3AB proteins
inserted into preformed model membrane vesicles. In order
to make fluorescence measurements specific to the 3A
hydrophobic domain, we placed a Trp at position 69 within
the hydrophobic domain of 3A (F69W) and replaced a Trp

Experimental Procedures on cre(2C) template RNAs using proteo- 'esidue in the hydrophilic region of 3A with a Phe residue

liposomes containing 3 ng, 30 ng, 300 ng, ou® of 3AB, as
indicated on the figure. At each 3AB concentration proteolytically
active 3CDr° (cleavage site mutant to prevent cleavage between
3C and 30 (lanes 4-18) was included in the reactions at
concentrations of 0.35, 0.7, 1.4, or 248, from left to right in

(W42F). The effects of these mutations upon viral replication
are interesting. Although it has been reported that the
substitution of the well-conserved Trp at position 42 to Arg
resulted in a lethal phenotyp&5) and aberrant protein

each set of experiments. The reaction shown on lane 3 contained?rocessing, the Trp to Phe substitution yielded a viable virus

3AB (3 ug) and inactive proteinase (04g). As a control the
uridylylation of synthetic VPg was measured in the presence of
0.7 ug of inactive 3CD (lanes 2 and 20). (B) VPgpUpU synthesis
requires proteolytically active 3CD. Reactions were carried out
using 3ug of 3AB in proteoliposomes alone (lane 1) or with
different concentrations of proteolytically active or inactive 3CD
for 1 h [0.35, 0.7, 1.4, or 2.&g per reaction from left to right
(lanes 2-9)]. As a control, synthetic VPg peptide &) was used

as substrate in the uridylylation reaction with @ of active 3CDH™
(lane 14). Uridylylation reactions were also carried out with
preincubation of 3AB liposomes with active 3€Bfor 2 h (lanes
10—-13) or using purified 3AB in detergent (0.8% octyl glucoside)
(lanes 15-18), again with different concentrations of active 3CD
(0.35, 0.7, 1.4, or 2.8g per reaction, from left to right). Note the
loss of activity at very high 3CEP concentrations; the reason for
this is unclear, but we have also observed this in other experiments

(Table 2-B). Other previous studies have shown that a Phe69
to His substitution leads to a quasi-infectious virus, which
acquired a second site mutation at the adjacent amino acid
at position 70 to either Val or Th56). We found a similar
second site mutation at position 70 to Val in the virus
recovered from the W42F/F69W mutant. Furthermore, we
observed a suppressor mutation within the first hydrophobic
domain of 2B (147V) in the virus recovered from the W42F/
F69W clone. This result suggests that the hydrophobic
domains of 3A/3AB and 2B/2BC functionally interact during
poliovirus replication, in agreement with previous studies
by Towner et al.48). Interestingly, no second site reversions
were observed either in 3A or in 2B in the virus derived
‘from the W42F or F69W single mutants (Table 2-B and 2-C,
respectively). One possible explanation of this finding is that

Figure 6B shows that when the membrane-bound 3AB was the mutation in the N-terminal hydrophilic region of 3A

preincubated with active 3CGD in vitro, the yield of VPg-
pU was very small (lanes-9) compared to that obtained
with a synthetic VPg peptide (lane 14), even after prolonged
incubation of 3AB with 3CP"° (lanes 16-13). The reason
for this most likely is that 3AB is a relatively stable protein
in vivo and a poor substrate for 3€Din vitro (16).
Uridylylation reactions were also carried out using 3AB
in detergent-containing solutions (0.8% octyl glucoside).
However, we could not detect any VPg-pU even if 3AB was
preincubated with 3CE¥ for 2 h (Figure 6B, lanes 1518).

affects the structure of the C-terminal hydrophobic domain,
which results in inefficient interaction of the hydrophobic
domain of 3A with itself or with those of other viral proteins
(e.g., 2B). Interestingly, we found second site mutations
within the hydrophilic domain of 3A (T14K or P17A) when
we introduced a Trp mutation at position 72. These results
support the hypothesis that the hydrophilic and the hydro-
phobic domains of 3A structurally affect each other.

Topography and Membrane Interactions of the 3A Hy-
drophobic Anchor Domain in Intact 3A and 3AB Proteins.

This result supports previous observations that only membrane-On the basis of the information above, single Trp mutants

bound 3AB can be cleaved by 3€D(16).

were designed to test the configuration of membrane-



5196 Biochemistry, Vol. 46, No. 17, 2007 Fujita et al.

associated 3A and 3AB proteins. The model membrane hydrophobic anchor of 3A also has the ability to form a TM
interaction of the isolated hydrophobic sequence of 3A and helix.

that of 3A and 3AB proteins with single Trp were then used  ag discussed above, our results are in agreement with those
to evaluate the topography in membranes. The studies usingyt Towner et al. 48), in terms of suggesting that the
peptides containing the hydrophobic sequence within the 3A by qrophobic domains of 2B and 3A interact with each other

protein clearly demonstrated that it had the capacity to form qyring poliovirus replication. Because of the precursor/mature
a TM configuration, but that did not answer whether it does protein relationships multiple interacting partners are pos-

so in the intact protein. To do that, we devised a membrane- gjp|e: 3A/2B, 3A/2BC, 3AB/2BC, and 3AB/2B. In addition,
interaction protocol that would mimic the posttranslational it gne of the interacting partners is 3A, then two forms of

interaction of 3AB and 3A with membranes that occurs in the membrane-bound protein (TM and non-TM) are available
vivo. This method resulted in a membrane insertion that was o, these interactions. Whether one or more of these

about as efficient as that used to incorporate peptide intojieractions are required for creating the correct environment
membranes, as demonstrated by the observation that memeo, RNA replication is not known. It should be noted that
brane-bound 10-DN quenched peptide and intact protein oy gch effects could be exerted at different stages in the
fluorescence to similar degrees (compare Tables 3 and 4)gpjication process. Previous studies with the 2B(C) protein
Using this protocol we found that the hydrophobic anchor of enteroviruses indicated that its membrane binding ability
domain of 3A adopts a membrane-bound non-TM configu- affects RNA replication at two different stagek 63). One
ration in the context of the 3AB protein, wherein both the of these involves the induction of vesicles, which are required
3A and VPg domains of 3AB are cytosolic. A similar non- for RNA replication 64). The second step involves RNA
TM arrangement of a potentially TM sequence has been seernveplication more directly and requires an interaction with one
in other proteins such as cytochroimgand caveloin, under  or more viral or cellular proteinss@).
at least some condition§7, 58). The non-TM configuration Our studies using peptides containing the hydrophobic

is not a surprise, as formation of a TM configuration would - 44main of 3A and liposomes with different acyl chain lengths
have required either the large hydrophilic domain of 3A or 4icated that the hydrophobic domain of 3A behaves as a
that of 3B to translocate across the membrane. However,gp ot transmembrane helix consisting of approximately 16

although translocation of a large hydrophilic domain would g acids. On the basis of the putative hydrophobic domain
be very unusual, certain bacterial toxin proteins do catalyze sequence, Phe at position 69 was originally believed to be

self-translocation of hydrophilic domains, so this could not near the center of the TM segment. However, thg and

be ruled out a priorig9, 60). Q-ratio of the F6OW peptide (anchor peptide 1) was higher
In contrast to the behavior in the 3AB protein, the compared to the V72W peptide (anchor peptide 2), indicating
hydrophobic domain in 3A adopts both a TM and a non- that the Val at position 72 is closer to the center of the
TM structure. In order for a TM state to form, the sequence transmembrane helix than the Phe at position 69. Therefore,
flanking the C-terminal tail of the hydrophobic domains the TM segment is most likely to be formed by residues 65
(KLFAGHQ) must cross the bilayer, despite the presence 80, rather than by the entire hydrophobic sequence (residues
of several hydrophilic residues. It is possible that the residual 59—80), with Q64 forming the N-terminal boundary of the
non-TM configuration is an artifact of the use of model buried sequence (Figure 1B, shaded area of the hydrophobic
membrane liposomes that do not adequately mimic naturalsequence). This is further supported by our findings that GIn
membranes. The difference in hydrophobic anchor config- has a strong tendency to locate at the membrane surface

uration in 3A and 3AB proteins is interesting because it rather than being buried in the bilayer (S. Krishnakumar and
illustrates one physical mechanism by which precursor (3AB) E. London, unpublished data).

and mature (3A) proteins can have different structures that
might lead to different functions. In this context it is also

interesting to note that, on the basis of biochemical studies
Towner et al. 10) have suggested that the primary membrane

?hncrg: doma'ln 1%]‘ 3A_|n the_ dcon';e:r(]t Orf] 3(;6\8 (r:]ortw)t_alr(sz onl_y of the biochemical activities of the 3A(B) protein. We have
€ &-termina amino acids of the hydrophopic domain. previously shown that, in the presence of detergent, purified
It should also be noted that when we incorporated the 3AB, but not 3A, stimulates the activity of 38 about 50-

anchor peptides or the intact 3A or 3AB prOteinS into vesicles fold in the e|ongation of a dIE primer ona p0|y(A) temp|ate

composed of 70 mol % DOPC/30 mol % DOPG, we obtained (14, 16). In the present study, we found that the membrane-

Trp Amaxand gquenching data that were very similar to those pound forms of the 3A(B) proteins behave the same way.

obtained in DOPC, indicating that the presence of the anionic The |ack of stimulation by 3A is not surprising since 3AB

DOPG did not affect the topography of the hydrophobic and 3pe! interact primarily via the VPg domain of 3AB),

sequence (data not shown). We did not observe any inhibition or stimulation of the
It is plausible that a fraction of the 3A hydrophobic anchors elongating activity of 3P” in the presence of different

form TM helices once 3A is cleaved off from 3AB by 8€ concentrations of empty liposomes (data not shown), an
or 3CD™. It has been previously reported that the hydro- observation indicating that the membrane itself has no effect
phobic domain of the RNA polymerase (NS5B) of HCV on polymerase activity. The mechanism by which the
forms a TM helix 61), and we have recently shown that elongating activity of 3P is stimulated by 3AB is not fully
this hydrophobic domain of NS5B can be replaced with that understood. However, it has been suggested that the role of
of poliovirus 3A without abrogating replication of an HCV ~ 3AB is to make the primer-template/8Hcomplex more

replicon ©2). This result can be easily rationalized if the stable {8).

Effect of 3AB Membrane Binding upon 3AB Function.
Having determined that in our synthetic vesicles 3AB forms
'a membrane-bound structure, albeit non-TM, we were
interested to find out whether 3A(B) insertion affects some
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Using an in vitro reconstituted system, we also showed /\y\/\\
that VPg derived from membrane-bound 3AB by proteolytic
cleavage with 3€9¥3CDP™ can be uridylylated by 3®' on
a cre(2C) template. When we used 3®0with an active
site mutation or used 3AB in the presence of detergent, we
could not detect any 3AB-specific signal. The fact that the
active site mutation in 3CE» abolished uridylylation sug-
gests that 3AB itself is not uridylylated. However, once 3AB
is cleaved, VPg becomes a substrate for uridylylation. When § §
membrane-bound 3AB was used in the uridylylation reaction,
the vyield of VPg-pU was poor presumably because of

Hydrophobic domain

inefficient processing by 3C/3CDP®. Processing in vitro Cleqage by
may be inefficient because other proteins that normally vrp m
enhance digestion are not present, because the normal @
substrate is a precursor to 3AB, or because the artificial ®@
membranes do not exactly mimic natural membranes due to I

a difference in lipid composition.

The functionality of VPg derived from 3AB is in agree-

ment with the results of Cao and Wimmer, who have _ !l

previously shown that a lethal mutation in VPg (Y3F/T4A) \ — §
could be complemented, albeit very inefficiently, by 3AB, —
which was expressed from a different cistron in the same g

genome 65). In that study, heterologous VPg nucleotide
sequences were used in the complementing 3AB to eliminateFicure 7: Proposed model for the structures of 3AB and 3A on
the possibility of genetic recombination. Viable virus was membranesdagd i“iti‘t”ﬂi,on of %‘g&VirU,s {gpsl*i,ggﬂond-re?(e:gf? Arecursor
p s e . is processe roteinase 0 yie an :

recovered, but the progeny was qua}SI-m_fe_ctlous ! S_UQQeStlngintgracts with r)r/ugmbranes formingya non-TM configuration, and
that complementation by 3AB was inefficient. We interpret ;s \vpg domain binds 3®' to the membranes. Protein 3€D

the ability to rescue replication to mean that the comple- cleaves off VPg releasing the 3A protein, which then assumes both
menting 3AB protein was cleaved to 3A and VPg, which a TM and a non-TM form. 3B, complexed with VPg, then
was subsequently uridylylated and used for RNA synthesis. interacts with the 3€° domain of 3CDB". Through its RNA binding

. LT . . . domain 3CD hinds the entire complex to the cre(2C) RNA
In this context it is interesting to note that even if 3AB is ¢ \~ture where the uridylylation of VPg takes place yielding

the direct precursor of VPg in vivo, experiments in vitro ypgpupu. The 3A(B) interaction with 2B(C) is not indicated on
suggest that it has to be delivered to the replication complex the model because we do not yet know whether this interaction is

in the form of a large precursor such as P3. In the in vitro required during the initiation of RNA replication.
translation/RNA replication system the 3A F69H mutations
in the PV template RNA could be complemented only by
P3 and not by 3ABg6). It is also possible that in vivo the
VPg used for uridylylation is derived primarily from other
precursor proteins such 3BC, 3BCD, or 3ABC or, alterna-
tively, that these precursors themselves are the true substratea
for uridylylation. This latter possibility is supported by the
observation that in vitro 3BC and 3BCD are not only as goo
substrates for 3B' as VPg but also work at about 50-fold
lower concentration than VPg (Pathak and Cameron, un-
published observations; Paul and Wimmer, unpublished
observations).

Proposed Model for Association of 3A/3AB with Mem-
branes and Initiation of PV RNA SynthesiBhe major
cleavage products originating from the P3 region are 3AB
and 3CD', which are slowly processed to the final mature
proteins (Figure 7). The 3AB protein associates with intra- AckNOWLEDGMENT
cellular membranes via the hydrophobic domain of 3A and
adopts a non-TM structure. Its soluble, cytosolic VPg domain ~ We thank H. Pathak and C. Cameron for providing us with
then interacts with 3B and recruits it to the membranes. the cleavage site mutant of 3€®and D. W. Kim for
Once 3AB is cleaved into 3A and VPg by BZ3CD"©, the plasmid pRibof-) PVM.
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