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vaccinia vìrus, a Dlq-,4 virus of vertebrate hosts, is cha¡acterized by its complex
morphology, cy'toplasmic site of replication and large genome size. The approximately lBl-kb
linear, double-stranded DN.A genome is bounded by incompletely base-paired, A-T rich,
teminal hairpins. During ÐNA replication, these genomes are converted into high molecular
weight øoncatemers with unit length genomes joined together by the replicáted inverted
repeat configuration of the terminal haþin, R.egeneration of the monomeric, mature genomes
fiom these replicative intennediates can be viewed as a site-specific recombinafion event and
is refen'ed to as telomere resolution. A.lthough the cis-acting elements required for this
process are well defined, no specifìc trans-acting factors have been identified to date. A
detailed study oftv,/o temperature-sensitive (ts) mutants defective in telome¡e resofution (res-
rnutants tsc63 ard ts9383) was undertaken in an attempt to identifi, elements involved in the
resolution process.

Mutant tsC63 was previously cha¡acterized as a res- mutant defective in the sy'nthesis
of some but not all postreplicative (i.e. post-onset of DNA sy'nthesis) proteini at the
nonpermissive temperature (40"c), using a combination of marker rescue and DNA
sequencing techniques, the defect was localized to open reading frame (oRF) A1 s1 nuclease
analysis demonstrated that at the nonpermissive temperature, oRF -A1 was transcribed
normally whereas other prototype late genes were not. This observation supports previous
evidence for the existence of two classes of postreplicative genes in vaccinia, now termed
intermediate and late based upon their temporal appearance. Furthermore, it demonstrates
that oRF Al is a required factor in the production of stable late mRNAs in an in vivo
situation. whereas previous studies had demonstrated the need for postreplicative gene
expression in telomere resolution, this mutant has shown that the intermediate clais is
insuficient fo¡ the resolution process. Therefore, the res- phenotype is likely a consequence
ofthe defect in late gene expression.

Mutant ts9383 also exhibits a res- phenotype, and is ofparticular interest because all
levels ofgene expression appear normal. The defect in fhis mutant was determined to reside
in ûRF D12, a gene previously shown to encode the small subunit of the viral heterodimeric
mRNA capping enzyme. Intuitively, one might have expected a mutant like this to have a
defect early in the infèction c5,cle and to affect gene expression. An examination of RNA ald
protein production in thìs mutant suggests that this is not so. Both the small and large subunit
of the mutant virus were found to be stable during infections. However, as determined by
co-immunoprecipitation of D12 with a D1 antiì:ody, the mutant Dl2 protein failed to interait
with the Dl subLrnit at the nonpennissive temperature. Thís suggests that a physically normal
subunit association ofthe capping enzyme is essential for telomere resolution a¡d the final
stages of virion morphogenesis but not fo¡ transcription and t¡anslation during virus
infections
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Tice pre&lenes ¡víttrz liøeøy llNA

Notwithstanding ihe nomai insults to the genome b)' spontaneous and induced

mutagenesis, the faithful replication and reproducible t¡ansmission ofthe genetic material to

progeny is a critical facet of life for any organism, Ferhaps most critical to this statement is

that genetic infonnation not be lost during each subsequent replication phase.

Linear genomes pose special problems for this process. Fìrst, all known DNA

polymerases require a 3'hydroq'l primer from which to initiate synthesis (Watson, 1972).

often this function is performed by an RN.A primer which is ultimately excised at the end of

the replication phase. Therefore, each time a linear DNA molecule is replicated, gaps are

generated at the 5' ends ofthe de not r.¡ synlhesized strands resulting in the production of

progressively shorter daughter molecules. Second, fi-ee DNA ends have a tendency to fuse

or recombine $4cClintock, 1941;1942) a¡d therefore, structures must be in place to suppress

inappropriate interactions at the er.rds of the DNA molecule. Finalþ, p'i1¡6u1 appropriate

protection, free ends may be susceptible to attack by exonucleases. The ends oflinear DNA

are forrnally known as telomeres, and the mechanísms employed to replicate and segregate

thsse structures are complex and varied.

Ã{ecfusníswas to repÍicale entl segregule líneør ÐN,A genomæs

T'here a¡e several basic mechanisrns by which iinear..qenomic molecuies are

reproduced, Bacteriophage lambda eliminates the problem of replicating a linear Ðhr.A
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genome aitogeiher by eliminating ends duriûg its replication phase. Eecause ír.s 12base cos

eads have complementary sequenres, tlrey can base pail to fonn a circle (varmolinsky, i971).

Eacterioplrages T2 andrT úlrize a second method. Each i' end of the línear Dlri.A molecule

is a duplicate sequence of the 5' end. During DN.A replication, small 5, end-gaps are fbrmed

in the replicated genomes, but as the sequences at the ends ofthe molecule are ideltical, the

3' ends of the ciromosomes canjoi* end-to-end to form dimers (or larger concatemers). The

missing genomic segments at the 5' end are then filled in by a DNd polymerase activity and

the resulting structures ligated. Subsequentl¡r, si1ç-50""i¡c cleavage regenerates monomeric

dzughter genomes (stratling et al.. 1973). The mammalian adenovírus and bacteriophage s29

utilize a protein to which a deoxyribonucleotide is covalently bound. when the protein binds

at the eKreme end of the chromosome, the attached nucleotide serves as a primer ar.rd thus,

this mechanism ensures that no information is lost from the 5' ends (Rekosh et al., 197'.,,Lichv

et al , l98l; Wimmer, 1982).

In a number ofeukaryotic cells, the telomere replication problem is solved by adding

a non-coding reíterated DNA sequence to the er.rds ofthe genome (Blackburn and szostack,

1984; Zakian, 1989) In eukaryotes from yeast to mammals, the rnechanism appears tû

operate in the same rnanner; an enzyme termed the telomerase adds repeats to the ends of

iinea¡ DN'As in a'on-specific ilanner. trn ma-ny respects the process is akin to a complex

terrninal transferase activity (Greider and Blackburn, 1985). In the yeas: s. cerettisiae, rhe

approxímately 300-bp telomere consists of repeats of 5' C.,_rA(CA),_. (Shampay et al,, 1984).

Another method of dealin-q with the telomere replication problem is to ¡na.intain the

ends ofthe moieeule in a hairpin stiuctu¡e. Haírpin ends have been observed in c¡eatures as
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diverse as Pt¿t qmecitffit (mitochondria.l DNA, Fritchard and Cummìngs, l9&1), yeast

(plasmids; Kikuchi et â.1., i985), bacteria (plasmids aî l). Í:urgtlorJi::rt; Barbour and Garon,

7987), Tetrohyte'a (ribosoma.l DN.A; Blackbum and Gall, 1978), panordruses @erns, 1990)

and poxviruses (Baroudy et al., 1982). Replication problems are obviated by the ability to

perform synthesis tfuough the hairpins and thereby replicate the linear DNA molecule in a

dime¡ic, double-stranded circular form. Another mechanism is to nick one strand of the

molecule and use the ability ofthe hairpins to fold back on one another (and thereby act as

primers). In many cases, this latter process can lead to the generation of multimeric replication

intermediates. once the DNA is faithfully replicated, proper segregation of the genetic

material to progeny must be ensured by resolution ofthe multimers..

Foxviruses, of which vaccinia is the prototypal member, are eukaryotic viruses which

represent excellent model systems for studying the nuances ofreplication and segregation of

hairpin tenninated DNA chromosomes. In these viruses, DNA replication generates long

concatemeric structures and the process of converting these replication intermediates into

progeny daughter molecules is know'n as telomere resolution. while concatemerization is

generalÌy accepted as the method by which vaccinia DNA replicates, the process of telomere

resolution is not well understood. An understanding ofthis process is further complicated by

the fact that there is an obvious and dramatic intsrplay of DNA replication and telomere

resolution with gene expression and possibl), with vi¡ion rnorphogenesis. To fully comprehend

the process of telomere resolutíon in vaccinia, it is necessa¡l' fo have a thorough

understandin-q ofhow telome¡e resoiution fits into the vi¡us life evcle.
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Vaceiniæ vÂrws as â amûdeå systerrx

Fox¡iruses comprise a family ol eukaryotic viruses characterized by their large size,

complex morphology, and cytoplasmic site of repiícation (Moss, 1990a). Àfembers of this

family have been identified which are capable of infecting insects (Entemopoxvirida.e) as weli

as birds and mammals (Chordopoxviridae). Vaccinia virus, the prototypal member of the

onhopoxvit'us genus, maintains its genetic infonnation in the form of an approximately lB5-

kb linear, double-stranded DNA molecule, It has proven to be an exceptionally intriguing

model for the study of DNA replication, recombination and transcription for a number of

reasons. First, because ofits c¡oplasmic site ofreplication, factors normally provided by the

host nucleus must now be syntl.resized by the virus. For exarnple, vaccinia encodes its own

DNA and RNA pol),merases, Second, the virus can be grown to a relatively high titre in tissue

culture thus simplifting biochemical analysis of the encoded polj,?eptides, Fufihermore, the

virus rapidly shuts-down host metabolism, a feature w'hich greatly facilitates study of viral

functions. Finally, methods for the genetic rnanipulation of the virus are available such that

essentia.lly any gene (virus-derived or not) may be placed downstream of an inducible

promoter and expressed to high levels. The life cycle for vaccinia as it is currently understood

appears in Fig, 1 and is described in the following sections.

Vaccinia gene expression

Vaccinia exhibits a surprisingly complex cascade of gene expression (Moss, 1990b).

The c1'toplasmic replication site. while freeing the virus fi-om host cell-c1,cle progression,

iorces it to encode its own transcriptional machinery thereby allowÌng the production of5'



Figure 1. Vaccinia virus life cycle. Shaded arrows indicaie general temporal order of
progression, open airolws indicate poorly understood aspects ofthe life cycle. Time periods
post infection in hours are indicated for DNA replication and virion morphogenesis.
-Abbreviations: VETF, I'ITF, \ILTF, vaccinia early, intermediate and late transcription
factors; p4a, p4b, precursor polypeptides 4a and 4b; N, cell nucleus. Elements not drawn to
scale. (tr4odi{ied from Moss, 1990a),
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oapped and 3' polyadenylated o:R.)dA '[he temporai regulation aî vaccinia gene expression

has, until recently, been subdii,ided into two phases: expressicn wliich occurs prior to the

onset of DNA replication (eariy) and expression which occurs following the onset ofDNd

replication (post-replicative). The latter class has traditionally been tenned late. Flowever, the

recent finding ofan intennediate class oftranscription has necessitated a reclassification (Vos

and Stunnenberg, 1988). A cuñent ilodel for the temporai regulation of vaccínia gene

expression is outlined in Fig. 2. In this model, each class of expressed genes is responsible for

tl.re activation ofa subsequent class ofgenes. Viral genes have a high packaging density made

so, in part, by the absence of introns. Separation of only a few nucleotides between

transcription initiation and termination sites of different genes is not uncommon! nor is it

uncommon to have regions with small overlaps. Because ofthis genome organization, the

virus is capable of expressing an estimated 150-200 genes. In the case of vaccinia virus strain

Copenhagen which has been sequenced in its entirety, 198 major and 65 minor overlapping

open reading fi'ames have been identified (Goebel et at., 1990; Johnson et al., 1993).

i) tirus encoded transcriptional nwckinery

Vaccinia's genome encodes a complex multi-subunit, DNA-dependent RN.A

polymerase with a moiecula¡ trass of approximately 500-kDa (Baroudy and Moss, l9B0),

Currently, 8 poþeptides of 147 , 732,35,30, 22, 19, 1B and 7-kDa a¡e believed to cornprise

the enzyme, a.nd the genes w-hich encode these polypeptides have been identified (see &{oss,

1.990b; Moss et al.. 1991; Johnson et al., 1993). The two largest prcteins contâjn siÍilarities

to both prokaryotic and eukaryotic RNA polymerase subunits_ The enzyme is present in
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Figure 2. Vaccinia virus gene expression cycle. Tlin a¡rows indicate open reading frarnes,
thick a¡rows i¡dicate order of progressioq ovals indicate proteins. AbLrrer,'iaiions: EF, F, LF,
earl1,, intermediate and late promoters; EILF, earl_v/late tanden.L promoter. \ETF. VITF.
VLTF vaccinia early, intermediate and late transcription factors, RN-A pol, RNA polymerase;
DNA pol, DN-,A. polymerase. (À{odified from Moss, 1990b).
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purified virions a:iri the proinoters for the polymerase subunits a¡e of the early tyle, aithouglr

sonre have a cornpound eatlyllate promoter (Fig. 2).

trn addition to the RNA polymerase, the vaccinia genome aiso encodes a number of

othe¡ en-q¡mes involved in mRN.d sl,nthesis. These include: a 127-kDa multifunctionatr mRhlA

capping enzyme composed of 95 a¡d 3 1-kDa subunits (Martin et aL, 197 S), a 3 B-kDa

RN,4(nucleoside-2)methl'ltiansferase (Bæbosa and Moss, 1978a,ìr), an 80-kDa heterodimeric

poly(A) polymerase (Moss et æ1., f975), two nucleoside triphosphate phosphohydrolases; one

of which likely has a role in postreplìcative gene expression (I{unzi and Traktman, l9S9) and

a type I DNA topoisomerase (Shaffer and Traktman, 1987; Shuman and Moss, 1987).

Transcription factors critical for the activation ofthe different gene classes will be discussed

in the relevant sections below

ii) eørly geme transcription

Earþ gene expression occurs immediateiy after virus entry into the host cell taking

place concomitantly with, or immediately follorving, the first virus uncoating stage. The

synthesis of virus early transcripts is dependent on the viral RNA polymerase and a

heterociime¡ic eariy tlanscription factor (\G.TF) which are packaged info the virion during the

previous replication cycie (reviewed in Moss, 1990b).

RNA-DNA hybridization studies have suggested that approxiinateiy one-half oftlie

genome is transcribed during the early gene expression phase (Pa.oletti and Grady, 1977;

Boone and l\4oss, 1978) and the poll¡peptides encoded b}' the earl¡r gene class inclurle

elements invoived in ÐNA replication (e.g, DNA polymerase) and RNA transcription (e_g.
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theRJ.l.4 polymerase, nrRN.{ capping enzyrne, etc.). Transcription fäctors requireci ior

intennediate phase ofgene expression are also thought tc be produced at this time.

The early promoter is found approxinutely 30-bp upstreanr of the transcriptiorr

iritiation site (Weir and Moss, 1987). Detailed murational analysis of one early gene

(encoding a 7.5-kDa poþeptide) identified a regíon at -13 ro -28 relative to the mRNA staii

site (+1) which was critical for function @avison and Moss, 1989a). The sequence af tho 7 .5,

kDa polypeptide gene promoter is indicated below with the critical region underlined:

5' TA¿JqAGTAGAATq.ATATATTCTA.{TTT,{TTG(+1)

Most of the adenosine residues within the critical region are of significant importance

for activity as virtually any nucleotide substitution in this region decreases expression ofa

reporter gene. lnterestingl¡ the 7.5-kDa poþpeptide gene promoter sequence detailed above

is not optimal for promoter strengfh as substitution ofan adenylate with a guanylate residue

at -22 results in a 3-fold increase in promoter strength. Variations within the critical region

are likely responsible, in part, for the significant variation seen in fhe quantities of diffe¡ent

early transcripts (Kaverin et aL, 1975; Faoletti and Grady,7977; Boone a¡d Moss, 1978).

Purified vaccinía RNA polymerase is incapable of tr anscribing a double-stranded DNA

template unless supplemented with vaccinia early transcription factor (VETF). \GTF is a

heterodimeric protein (Broyles et a1 , 1988) whose subunits are expressed late in infection and

then packaged into virions for use during the subsequent infection cycle (Gershon and Ådoss,

1990). The tw'o components of \{ETF are 82 and 77-kDa in size with the 77-kDa subunit

contair.ring an ATF bínding/ATPase motif This observation is consistent with the fact that

ATP hydrolysis is a requirernent for earþ gene transcription (Broyles and Moss, l98B)_
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.¿J[ virus eariy mRNAs examined to date har¡e a discrete length ancl tl-re sequence

TTT?TI\-T (l{ a:ry nucleotide), whicir appears apprcxim ately 20-50 nucleotides upstrealil of

the poly(d) addition site, is essentia.l for efücient termination (Yuen and hdoss, l9&7).

XnTerestingly, it is the nascently produced RldA sequence U-NU and not the DNA template

sequence that is recognized by the tianscription ternination activity (Rohflrann et al., l986;

Shuman and Moss, 1988). Even more intriguing is the facT that the ternination activity, as

measured in an in vitro complementation assay, is conferred by the viral mRf-I.{ capping

enzyme (Shuman et al., 1987). trt appears that termination is a separate activity ofthe viral

capping enzyme as in vitro produced nascent transcripts need not be capped for termination

to take place (Shuman et al., 1987; I-uo et al., 1991).

iä) interþflediüte gene trcnscríption

Nonnally, when vaccinia infections are performed in ihe presence of a DNA

replication inhibitor such as hydro4,urea, postreplicative gene expression is suppiessed

(Cochran et al., 1985). lt is fo¡ this reason that DNA replication has been considered the

demarcation point between early and postreplicative classes ofgene expression. The existence

of two different classes of postreplicative genes was suggested at an early stage in virus

research. This suggestion w'as based on the temporal appeâra¡ce ofpolypeptides during the

later stages of the virus infection cycle (Moss and Salzinan, 1968; FenningtorL, 1974;

Opperman and l{och, 1976). Vos a¡d Stunnenberg ( 1988), used a novel plasmid transfection

assay to provide definitive evidence fo¡ the existence of these two postreplicative classes

termed intermediate and late
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Vos and Stunnenberg {1988) assumed that factors requíred fû. ìntermedíate gene

erpression would belong to the early gene class and w-ould thereiore be synthesized prior to

DNA replication (see Fig. 2). For their experiment, they examined four genes whose

promoters were initially classified as post-replicativ e. llK,,7.5K,IB and 13. Of these, both

the I 1I( and 7.5I{ genes contained the typical late piomoter consensus sequence TAAAT, but

neither the tr3 nor tr8 genes had such a sequence present at the transcription initiation site

(Schmitt and Stunnenberg, 1988; Vos and Stunnenberg, 1988). trnfections performed in the

presence of the DNA replication inhibitor hydroxynrea did not express any of the four

transcripts. In contlast, when plasmids containing the IB, 13, 1lK or 7.5K genes were

transfected into vaccinia-infected, hydroxlurea-blocked cells, the plasmid-borne 18 and tr3

genes were expressed whereas the 11I( and 7.5I( genes were not. This demonstrated that. i)

the factors essential for transcription from I8 and 13 promoters were present prior to DN.A

replication, ii) a naked DNA template was essential for expression since transfected but not

genomic DNA was transcribed, and iii) the 13 and I8 genes belonged to a different regulatory

class than the 1lK and 7.5I{ genes. Subsequent to Vos and Stunnenberg identifying 13 and

I8 as intermediate genes, I(eck et al. (1990) identified three other genes belonging to this

intennediate class: .41, A2 and GI(1/G8.

Determìnaiion of a consensus promoter sequence fur intermediate genes has remained

somew'hat tenuous considering that only five intermediate genes have been identified to date.

Three of these promoters, Al, A2 ard G8 have a long polypyrimidine tract adjacent to a

TNAAAT sequence (where N is any nucleotide) This TN.{AAT sequence bears similarity

fo the late promoter sequence TAAAT @avison and Moss, 1989b) and has se¡ved to confuse
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the issue of intennediaie/late prûmoter structures. Two other inter¡nediate genes, 13 and rg

do not have the Tl{aA,4T sequenre further bringi'g intô question the nature of the

recognition mechanism. Linker-scanning !¡utagenesis of the 13 promûter identified two

critical regions in intennediate promoters at positions -20 to -g and +1 to +9 relative to the

transcription initiation site (Hìrschmann et ai., ig90). h,{ore specific single-base mutational

of intermediate promoters .A1, A2 and GB defined an AT-¡ich element at -26 to -13 and a

T,4AA sequence at -1 to +3 on the non-template strand (relative to the mRNA start site)

which were critical for expression @aldick eI ú., 1992).

The intermediate gene transcription factor is composed ofat least two elements, one

of which is required for promoter melting (vos and stunnenberg, 1991). The second element

is the viral mRNA capping enzyme (vos et ai., 1991). capping activity is not a prerequisite

for intermediate transcription factor activity since in vitro, intermediate transcripts are not

capped until reaching >15 nucleotides in length (Hanis et al., 1993). This observation

suggests that the transcription facto¡ activity rsp¡gse¡1s yet another function ofthe capping

en4rme. At this point, the actual number and functions of intermediate genes is r.rnclear but

a recent estimate from one dimensior]al polyacrylamíde gel electrophoresis places the number

at likely greater than thirteen (zhang eT aL., 1992). The function ofthe intermediate ciass of

genes is currently not understood. .4t least sorne ofthe factors are responsible for activating

the late class ofgenes, wlile other intermediate gene products such as Ig appear ¿o have an

involvement in virion assembly (Fathi and Condit, 1991).
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iv) iøte geøe trawseríptiow

Late genes expressed by the virus likely Êncode elements inr¡olved in virion assembly

and in the production offactors involved in the transcription ofearly genes during the next

infection cycie. The promoter sequence fur late genes has been well cha¡acterized due to a

comprehensive mutational analysis of one late gene (28IÇ promoter (Davison and Moss,

1989b). Theie is a conserued TA.A AT motif present downstream of a run of ,4 or T residues

in the non-template strand. In many cases, a G iminediately follows the T A.,4.AT sequence and

dictates the translation start site. The 28K late gene promoter upon which the single site

mutagenesis was performed is A.\TAAAT ûne construct containing a run of T residues

(TrÄf6TAAAT) was over 100-times stronger for expression than the 2B-kDa promoter

(Davison and Moss, 1989). In fact, T-runs, in the non-template DNA strand, generally

produce higher expression than -A-runs suggesting that these sequences contribute to more

thanjust a region with a low melting ternperature.

I{eck et ai. (1990), using a similar transfection assay to that described by Vos and

Stunnenberg (1988), identified three factors necessary and sufficient to activate transo¡iption

from a reporter gene containing a late promoter. The results matched previously obtained

biochemical observations suggesting the need for th¡ee distinet intermediate factors in late

gene transcription transactivation (Wriglrt and Moss, 1989; Wright et al., 1991). The three

elements identified were the virus-encoded proteins .41, A2 and G8 (GKl); a full

understalding of thei¡ role in transactivation ¡emains to be elucidated.

There are two sisnificant structural alterafions present in lale and infermediate

transcripts. First, most iate transcripts are noi specücally terminated; rather, heterogeneous
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lengtir mRÌd,4s are produced, Second, each transcript contains a cha.racteristic 5' capped

poly(,A.) tract of approximately 30-40 nt (Berlholet et al., 1987; Baldick and Moss, i993).

This poly(A) head is not encoded by the genome and is believed to arise through a siippage

mechanism at the T,{.{AT (,{ETT,4 in the template stra¡d) sequence within the promoter

(Schwer eT aL , 1987j.

R.ecently it has becorne clear that not all postreplicative transcripts have

heterogeneous 3' ends. Several genes have been characterized as containing discrete 3,

terminí. These include the cowpox a:rd vaccinia virus equivalent A-type inclusion (ATI) body

protein @atel and Fickup, 1987; Fatel et al,, 1988; Amegadzie et al., 1990) and non-coding

transcripts present at the teiomere (Parsons and Pickup, 1990). ,{t least in the case ofthe

cowpox ATI protein, the discrete termini appear to be produced through the actions of an

endoribonuclease, This en-4'rne cleaves primary RNAs near a cis-sequence designated the AX

elernent (which includes the sequence 5'-ULfL'IJAU-3'). The newly derived 3'end is then

polyadenylated (Antczak et al., 1992). \44rether the telomeric transcripts are processed in the

same fashion is unknown.

Vacainia ÐN,A stnuctune

?he complex nature ofgene expression discussed above is retlected in the size ofthe

genome and the fact that the virus is responsible for its ow-n transcription and DNA

replication. The mature vaccinia ch¡omosome size is 185-200-kb (l-2 x 10j kDa). The

Copenhagen strain. recentl]¡ sequenced in its entirety, has a. size of 192-kb (Gcebel et al.,

1990). The genome is a double-stranded, cova.lently-ciosed, continuous DNA structu¡e w-ith
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the telome¡çs cûntaíning hairpin eirds ?hele is a relatively high AT ¡:ichness associated with

the genome (64%), althougli this value varies greatly among othe¡ genera of the poxvirus

family (I4oss, 199û). trn genera-l, the physical/genetic structure of the viral DN.a can be broken

down into th¡ee components: a conserved central region, an im¡erted tern-rinal repeat region,

and the telomeric sequences w-hich include the hairpin termìni (Fig. 3).

i) ceníraÍ regiøn

Although no clea¡ demarcation point eists, the central poúion ofthe vaccinia genome

maintains a high level of similarity with many other poxvirus genomes examined to date, and

it appears that the majority of genes essential for virus propagation in tissue culture a¡e

located in this region (lr4ackett and Archa¡d, 1979; Esposito and Knight, 1985; Earl and

Moss, i989). Many ofthe genes located closer to the telomeres are believed to play roles in

host-rærge/tropism/species-specificity determination (see Tumer and Moyer, 1990).

ii) iøverted terneinal repeøts

The inverted terminal repeats are identical but oppositely oriented sequences which

occur at the telomeric ends ofthe poxvirus genome (Garon et al., 1979; \4/ittek et al., 197S)

(Fig. 3). In vaccinia, the repeat is usually 10-12-kb in length and itselfhas some interesting

properties; in particulaq a series oftandem repeats found w'ithin the most extreme 3-4-kb of

the molecule. There a¡e two sets ofrepeats separated by a unique 325-bp region (wittek and

Moss, 1980). Analysis ofone plaque purified isolafe showed a series of 13 x 70-bp repeats

sepæated by the aforernentioned 325-bp fragment and followed by another 18 x 70-bp repeat
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Figure 3. Vaccinia virus ÐNA structure. Upper portion of figure shows the approximately
185-kb hairpin+erminateci mature DNA chromosome. Lower portion of figure shows an
enlargement ofthe 9 kilobases closest to the hairpin terminus which includes the inverted
repeat region. Blocks of tandem repeats a¡e indicated as are the locations and names of
Ëranscripts which have been detected near the terminal regions. The loca-tioo ofthe te.lomere
resolution target (TRT) sequence which is required in telomere ¡esolution is also indicated.
(Modified fiom Moss, 1990a and Farsons and Fickup, 1990).
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seÍ., 2 x 125-bp rcptats âûd f,rna. 5r ¿ ssriss of I x 54-bp repeâts (Fig. 3) (Earoudy and Moss.

i982b; Baroudy et a¡., 1982). Based upon sequence information, it appears that the 125 and

70-bp repeats evolved fi-om the 54-bp repeats (Bæoudy er. al., I9BZa,b; Earcudy and Moss,

1982). Even though the signilicance ofthe inverted te¡minal repeat is not yet clear, lindings

by Esposito and Knight (1 985) that 37 of 3 8 Orf.hopr.xvirus st¡aíns show cross-hybridization

with the vaccinia 70-bp repeat, suggest a conselTecl and sígnificant role for this region. Clnly

raccoonpox did ûot show a hybridization signal, although subsequent analysis ofthis region

identified other repeat units whose genera-l conceptual make-up is simila¡ to that of the

vaccinia repeat. Interestingly, the inverted terminal repeat ofvariola virus, the causative agent

of smallpox, is very short and may not contain any tandem repeats at its end (Archard and

Mackett, 1979; Esposito and Ituight, 1985).

The number ofrepeats which exist in a given vaccinia purified plaque isolate varies

dramatically. It is presumed that the va¡iation occu¡s through incomplete crossing-over as the

vi¡us is known to exhibit significant levels ofintra- and infergenic recombination (see Condit

and Niles, 1990). Intriguingly, Shope Fibroma virus, a member of The Lepori¡:owfzs genus,

shows little lenEh heierogeneity in its repeat region possibly because its genome contains only

a low number of related repeat units; i.e. each repetition unit is a unique (but related)

in-rpefect pal.indi orne (Upton et aI.,1.987).

A number ofpostreplicative mRN-d species are produced within the repetitive region

although their functions remain unknown (Wittek et al., 1980; Wittek et al., 1981; Cooper

et al., 198l) (e.g. 7.5Id transcript in Fig. 3). It also appears that non-coding transcripts are

produced in this region. Pa¡sons and Fickup (1990) have noted several non-coding telomeric
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transcripts, one of which originates fi-om a region betr¡,-een the tandem repeats and another

from a sequence known as the teiomere ¡esolution larget sequence (TRT) ad.jacent to the

hairpin terminus (Hu and Fickup, i99i) (Fig 3)

íii) the wccí.nèa \ei¿¡meye

Vaccinia telomeres contain an unintemupted co\¡alently-closed linear hairpin structurô.

That the DNA strands at the telomeres are terminally cross-linked was demonsirated at an

early stage both by denaturation of the DNA ch¡ornosome followed by neutral gradient

sedimentation (Szybalski et al,, 1963;Junwirth and Dawid, 1967) and by a failure ofvaccinia

DlrL4 stra¡ds to denature during alkaline gradient sedimentation (Berns and Silverman, 1970).

Definitive evidence for the existence of crossJinked ends was provided by electron

microscopy ofdenatured and partially denatured viral DNA and the site ofthis crossJinking

w-as localized to the ends of the DNA molecule (Geshelin and Bems, 1974). Terminal cross-

links have since been seen in every poxvirus examined to date (see Delange and McFadden,

i 990 for a revierv).

The telomeric nucleotide sequence of vaccinia virus strain WR DNA was determined

by Baroudy et al. (1982) who showed conclusively that the crossJinked structures

conesponded to hairpin tennini (Fig.  ). The hairpin is 104-bp in vaccinia and exhibits tfu-ee

signifcant features: i) a high AT richness ofthe re gion (92%); ii) the presence of a nunber

ofincompletely base-paired nucleotides; and üi) the fact that the hairpins f¡om either end exist

in two confonnations rvhich are inverted and cornplementary to one another and are often

¡efer¡ed to as "flip" and "flop" configurations (Fig. 4). ,å similar siructuie exists for Shope
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Figure 4, Nucieotide sequence of the hairpin loops of vaccinia \¡irus DNA telomeres, The
sequences represent the two altemate inverted and complementary forms of the hairpin
termini known as flip and flop. The teminâl loops are shown to inaximize base-pairing.
Ita-licized lette¡s indicate a nonion nlihe ç¡4¡!o¡¡¡s identical sequence. The ¡11ost pr"**ãl
portion of the telomere resolution target region (T'RT) is boxed in. (Modified frorn Baroudy
et al., 1982a)
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ñbroraa virus (Ðel-a.nge et al., 1986). Any model fbr replication must be able to acconurodate

these featu¡es.

Cloning of the poxvirus telomeric i'egion was a difficuit process since it is in the form

of a hairpin structure. Th¡ee distinct strategies have been employed to clone the vi¡us

telomere Delange et al, (1984) used the facf that linear yeast plasmids can be propagated

when the plasrnid telomere sequences are replaced with telomeres fiom ¿nother source

(Szostak and Blackbunl 1982). Gel-purified telorneric fragments from Shope Fibroma virus

(SFV) and vaccinia were ligated to yeast linea¡ plasmids and the constructs used to transform

yeast. Interestingly, the replicated form ofthe plasmid was not linear, but circular in nature

such that synthesis through the telomere resulted in an inverted repeat (telomere fusion)

configuration ofthe haþin sequence (Fig. 5). The viral DNA termini in the double-stra¡ded

inverted repeat form were subsequently sub-cloned into recombination-deficient bacteria

(Delange et al., 1986). A second strategy was used by Winters et al. (1985). This group

generated a fusion element by annealing the complementary strands of denatured liaírpins and

then cloning these artificia.lly-derived telomere fusions into bacterial plasmids. A third strategy

made use of the observation that restriction enzyme analysis of replicating poxvirus DNA

showed palindromic fo¡rns of the terminal sequence (i.e. a fusion element). Merchlinsky and

Moss (1986) isolated this restriction lragment directly from replicating DN,A and insefted the

sequence into bacteriai vectors. The sequence ofthe vaccinia telomere fusioniconcatemer

junction clone is seen in Fig. 5.
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Figure 5. Schematic representation and nucleotide sequence of the vaccinia virus telomere
fusion (concaterner junction). The upper schematic depicts the structure of the telomere
fusion after DNA synthesis has proceeded through the terminal hairpin, The lower portion
depicts the nucleotide sequence. Nucleotides within the shaded box correspond to the double-
stranded form of the terminal hairpin loop. This sequence forms an imperlect palindrome with
the axis of s)n¡metry indicated by a vertical dashed line. Nucleotides which contribute to the
i¡rperlect palindrome and which are normally not base-paired in the mature hairpin termini
are indicated with an asterisk (+). Arrows in the upper schematic represent the palindrome
formed by the telomere fusion. The minimal telomere resolution target (TR.T) seqìrence
required for telomere resolution is bounded by an unshaded box. (r\4odified from Merchlinsþ
and Moss, 1989b).
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V aeeiwia Ðl{.å nep}ËcaÉåom

DN.{ replìcation marks a signìfrcant point ín ihs.¡itus life cycle. Not only does it

represent a commitment by the virus to the production of progeny genomes, but it is also

essential for the transition from early to postreplicative gene expression. Furthemore, it is

genera.lly accepted that eukaryotic DNA viruses tend to utilize elements of the host nucleus

when replicating their genomes. In contrast, the cytoplasmic site of replication seen in

vaccinia i¡fections is significant since the vi¡us must either encode the elements required for

synthesis ofits own genome or it must actively recruit these factors from the host nucleus to

the cytoplasm. There is some debate regarding the extent to which the latter process is

employed (see Dales, 1990), however it is generally accepted that most of the proteins

required for viral replication are, in fact, virus-encoded. One consequence ofthe fact that

vaçcinia encodes its own replication machinery is that it allows the virus to replicate

independent of the host S-phase. Further proof of vaccinia's autonomy from fhe host cell

nucleus comes from the observation that vaccinia can undergo DNA replication ín mouse L-

cells enucleated with the drug cltochalasin B (Frescott et al., 1971; Pennington and Follet,

1974). trntriguingly, while DNA replìcation and all levels of gene expression appear

unaffected, mature infectious progeny are not produced (Pennington and Follet, i974)_

F{owever, an a -amanitin resistant mutaüt has been identified whích can replicate in enucleated

BSC40 cells and produce infectious virus particles (Villarreal et at., 1984).

Vaccinia DN-A replication occurs in specific sites in the cl,toplasm known as viral

factories or virosomes (Caims, 1960; Dales and Siminor¡itch. 1961), In a s-vnckonous (i.e,

high muitipiícitl infection, DNA replication can take place as early as 2-3 h postinfection
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(p i ) and increase ia intracellula¡ viral progeny tr)l'JA ¿ontinues at a rapið rate until

approximately 12 h p i .4t this ¡roint, vi¡a-l DNA synthesis slcw's and ultimateiy platÕa.ß-

Estirnates have placed productive infections ai generating about 10,000 genome copies,

although only about one-third cfthese sequences are packaged (Salzman, 1960; Joklik and

Becker, 1964).

A number ofdifferent models have been proposed to explain the nrechalism by which

poxviruses, including vaccinia, replicate thei¡ DNA_ ûne cu¡rent model based on an

hypothesis proposed by cavalier-smith (1974) and Bateman (1975) explains essentially all

ofthe current data (Moyer and Graves, 1981;McFadden and Dales, l9S2). This model, the

self-priming replication rnodel, is illustrated in Fig. 6. In order to examine the process in

greater detail, each aspect of DNA replication will be covered in a separate section below.

i) imitintiorz of ÐlYA replication

Based on the altered sedimentation properties ofviral DNA (pogo, 1977), it was

postulated that DNd replication is initiated by the introduction ofa síte-specific nick at, or

near, one of the terminal hairpins (Esteban and Holowczak, l977a,b; Fogo et al., 19g1,

1984). The nick would then allow access by a DNA polynerase to a 3' ûH end, which could

be used as a primer for DNA synthesis (self-priming) That replication begins at the ends of

the genome seems likely based on the fart that puiseJabelling with [3H] labelied precursors

results in incorporation at the ends ofthe genome first (pogo et al., 19g4).

The sequence specificitl' of this hypothesized nea¡-terminal nicking is currently

unknown. [4oreove¡ an actual odgin ofreplication as seen in virtually attr other prokaryotic,
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from Traktman, 1990).
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eukaryotic and viral genomes has thus far eiuded icientification. Interestingiy, any circular

plasmid, irrespective of sequence, when transfected into vaccinia or sFV-inÍbcted cells, is

repiicated into high molecula¡ w'eight complexes (Delange and McFadden, 19g6,

Merchlinsky and Moss, 1988)

ü) eløngøtiort

The fust step in elongation is to synthesize a small stretch of DNd corresponding to

the hairpin region (see Fig. 6, step 2) by displacing the complementary si¡and, Because the

newly synthesized region contains a self-complernentary inverted repeat, the 3' end can fold

back upon itself and again a[ow priming @ig 6, step 3). Synthesis continues past the

opposite hairpin thereby producing a dimeric concatemer in a head-to-head conformation.

Likewise, further Dhl-A synthesis can generate large, multimeric structures (Moyer and

Graves, 1981, Delange, 1989; Merchlinsþ and Moss, 1989a), Because concatemers are

seen, it suggests that during the initiation ofDN-A replication, nicks are not always introduced

at both ends ofthe genome. Ifnicks were introduced at both te¡mini, only dimeric replication

intennediates would be produced. Importantly, the self-priming rnodel can account fo¡ the

regeneration of incompletely base-paired loops and the retention ofthe flip/flop sequenÇes

present at either end of the DN-A molecuie (see section on teiomere resolution),

Other models have been proposed to explain vaccinia DNA replication including the

de novr¡ synthesis model, which suggests that replication begins with the s]¡nthesís of an

intenral RNA prìmer (Esteban et aL.,7977;Pogo and O'Shea. 1978; Baroudy et aI., !9BZb;
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al..h4oss et al., 1983), and ar¡other model which invokes lagging sirand synthesis (Esteba.n et

1977). llowever, such models have nôt received suppoú recently.

iií) cømc ate wøe r farmøtio m.

The predominant form of vaccinia,/poxvirus DN,A replication involves the production

of concatemeric structures (Delange et a1., 1986; Delange, 1989; Merchiinsþ a¡rd Mcss,

1986; Merchlinsþ et al., 1988, 1989a). Early in the sh.rdy of poxr,'irus DNA replication, it was

detennined that rapidly sediinenting fonns of intracellula¡ concatemeric DNA existed (Moyei.

and Graves, 1981). Later, actual visualization ofthese DNA species was achieved by using

pulsed-field gel electrophoresis (Merchlinsþ and Moss, 1989a; Delange, l9B9).

Concatemers obtained from sucrose gradient fractionation of replìcating rabbitpox

ÐNA. contained head-to-head and tail{o-tail arrays ofgenomes (}.4oyer and Graves, 1981).

However, more ¡ecerrt evidence derived ftom an examination ofresolution defective mutants

suggests the presence ofhead-to-tal fusions as well (Delange, 1989; Merchlinsþ and Moss,

1989a). These forms likely arise as a result of recoinbination.

it) vuccireiø genes with y¿¡Íes íw Ì)N,4 replicaÍíow

Genetic analysis has identified four conditional-lethal DN,A mutants (for review see

T¡akman, 199û; Xrfllns et al, in press). These include mutants with defects in. the vir-al DNd

polymerase (Traktrnan et at., 1989), the gene produci of ORF D5 (Roseman and t{ruby,
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7987 Evans and Trakiman, 1987), a geËÕ pr.oduct encoded by BiR (a known serine-

threonine proÉein kinase) (Rempel et al., 1990; R.empel and Traktrna¡, 1992) and rhe gene

product of oRF D4 which has uracil DllA glycosylase activity S4iilns et al., in press; stuart

et al., 1993; Upton et al., 1993). An attempt to inserlionally inaciivate a tïre I DNA

topoisomerase was unsuccessful suggesting an essential rote for this protein, possibly in DN-A

replication (Shuman et al., 1989).

The DNA replication mechanism is also posfulated to require a nuclease which

initiates DN,{ replication via a nicking activity, an activity which separates concatemeric

intermediates into monomeric forms, and a ligase to seal the products of this reaction.

Interestingly, Kem and smith (1989) have demonstrated that a virus-encoded DNA ligase is

not essential for virus viabilig in BSC40 cell cultu¡es. Whether there is another ligase activíty,

perhaps host-provided, or whether cleavage and ligase activity are both components of a

multi-functional enz.r.,rne (such as a DNA topoisomerase), awaits further study. Moreover, the

recent observation that a ts mutant defective in DNA replication has a iesion in a gene

encoding a uracil DN-A glycosylase suggests that a role fcrr DNA repair enzymes coupled to

the replication process is plausible (Millns et al., in press).

Tetro¡ne¡'e s'esoh¡ôior¡

The process of converting viral concatemeric structures to monomedc, mature,

haþin+erminated genomes is relerred to as telomere resolution and the mechanism by which

thís process occurs has been one ofthe most elusive goals ofrecent poxvirus studies. The

tools ofgenetics, biochemisiry a.nd molecular biology have all combined to provide a basic
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ûanework fo¡ understanding this process. In general, the essential cis-acting sequences are

already knorm; the cha-llenge remains to identifl; the tíans-acting iacto¡s and their roles in the

process.

â) ite vivo resolwtiøm af cloned pox¡,íyws te!ønø.e¡.e fwsiøws

The observation by Del-ange and McFadden (1986) that transfected plasmid DN-A

could be replicated by the viral replication machinery, but in a sequence non-specific manner,

was an importani step in the development of a telomere resolution assay. In this assay,

circular plasmids when transfected into virus-infected cells are replicated into high molecular

weight concatemeric structures. Fiasmids which contaín the cloned viral telomere fusion

element are also replicated but are then resolved into linear hairpin-terminated

minichromosomes (Delange et al., 1986; Merchlinsky and Moss, 1986) (Fig. 7), Uninfected

ceils are neither able to replicate or resolve plasmids transfected into the cj,toplasrn and

therefore it is likely that the factors responsíble for this a¡e virus-encoded. hnportantly, thís

resolution machinery must be highly consen ed among the poxviruses since the telomere

resolution fusion element f¡om SFV can be resolved by vaccinia-infecied cells; likewise, the

cloned vaccinia fusion element can be resolved in SFV-infected cells (Delange et al., 1986,

I,4erclilinsþ, 1990b)

ii) idantífication aJ'the teÍoøaere resolufíon tørget {TRT} regian

The assay desc¡'ibed above has allowed a means of detennining the sequence ancf

positional organization ofthe cis-elements necessary for ielome¡e resolution, In an attempt
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Fþre 7. Flasmid transfection assay for telomere resolution. Bacterial plasmids containing the
telomere resolution target sequence, when transfected into poxvirus-infected cells, are
replicated into high molecular weight concatenters and subsequently resolved into hairpin-
terminated minichromosomes. The TRT sequence is indícated, as is the obligatory
palindromic repeat (indicated by inverted arrows).
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to delineate tire sequenre rÊquired, plasmids containing telomere fusion elemenf s flom SFV

a¡d vaccfuúa were subjected to unidi¡ectional deletions at both ends ofthe inverted repeat, as

well as bidi¡ectional deletions ilom the .AflE site at the axis of symmetry (Delange et al.,

1986; Delange et aI-, 1987j. The resulting staggered-deletion constructs were transfected

into virus-infected cells and the conversion to monomeric hairpins monitored by harvesting

The DN,A- and examining its structure following agarose gel electrophoresis. trn the SFV

construct, a complete domain of58-76-bp (corresponding to region IÆ,{, II, fiI) present just

downstream from the non-palindromic nucleotides in the viral hairpin was found to be

essential for optimal resolution (Fig. B). White a 20-bp sequence (regions VtrA) is sufficient

to direct some telome¡e resolution, the efficiency ofthe process is increased by the adjacent

regions II and IIi. It was also found that the resolution sequence had to be present as two

copies on either side ofthe axis of symmetry in an inverted repeat confìguration (e.g. Fig. 5)

as deletion of any part of either of the sequences resulted in a decrease or abrogation of

¡esolution Likewise in vaccini4 copies of a 20-bp sequence proximal to the hairpin loop must

be present in ar inverted repeat confrguration for resolution (Merchtinsþ and Moss, 1989b;

Merchlinsþ, i990a). The minimal core and compiete cis-acting sequence have been

designafed TR.T (telomere resolution target) and correspond to regions VIÄ and I/LA-III,

respectively, in Fig. B (Delange et al., 1986, Delange and McFadden, i9B7; &{erchlinsky and

Moss, i989b; Merchlinsþ, 1990a). For now-, the requirement for regions lI and Itr of the

vaccinia TRT in the resolution process remains an un¡esolved issue.

The copies ofthe TRT in an inverted repeat confrguration are subject to three other

const¡aints: i) the TRTs must be within 20O-nucleotides ofeach othe¡ in the case ofvaccinia
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Complete TRT
Telomere fusion junction

Figure 8. ûrganization ofthe telomere resolution target (TRT) region. Upper portion of
figure represents the conÍguration of the vaccinia virus telomere fusion following DNA
replication through the hairpin. The axis of symmetry is indicated by a dashed vertica.l iine.
The regions making up the complete and minìmal telomere resolution sequences a¡e indicated
by shaded boxes (regions VL{, ru, trI). Low-er portion of figure shows the nucleotide
sequences ofthe telomere resolution domain from a nurnber ofpoxviruses including vaccinia
(VAC), Shope Fibroma (SFg, cowpox (CFV) and raccoonpox (RCN). The boxed in regions
indicate a¡eas of sequence conservation. Nucleotìdes wluch dc not aatch the vaccinia
sequence wjthin these conserved regions are underli¡ed. (Modified from Delange and
McFadden, 1990).
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VAc E'crcTFæ.ffilAcAGT
SFV s' CITCTAÁ/AACTCCTCI CATA ...

ccv s' crcrinoeãrrrcc-]-ncE or
RCN 5' TTAGIAGAGTTCTCTI-ACA GT
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atd within approxirnateiy IOû-nucïeotides in SFV, as cûnstructs with larger separatíons are

not resonved (MeFadden et al., 1988; &{erchlinsky and Moss, i989b}; ii} the TR-Ts a¡e

¡esolved more efiìcìently when the two TRTs are similar in sequence and the dista¡ce tcwards

the axís Èom each TR-T'is simiiar (l4erchlinsþ and Moss, 1989b), and iii) the TRTs must lie

on either side of a palindromic sequence, as attempts to insert non-palindromic DNd while

having no effect on DN,A replication, completely eliminate resolution. {ntei'estingly, inser-tion

ofany palindromic sequence between the TRTs can be resolved @4cFadden et al., 1988).

The fact that SFV-infected cells a¡e able to resolve vaccinia containing telomere

fusions and vice versa, coupled with the high degree of sequence similarity in the TRT,

suggested that the resofution process is conserved. In fact, representatives from maûy ofthe

poxvirus genera share a sequence similar in composition to the vaccinia TRT. Plasmids

contaìning the cloned telomere fusion from cowpoxvirus and fowlpoxvirus, as well as SFV,

are resolved in vaccinia-infected cells (ì4erchlinsþ, 1990b). However, in keeping with

constraint (ü) above, constructs containing heterologous TR.Ts (e.g. one from SFV and one

from vaccinia in the same construct) are not resolved efficiently. ,Apparently, one cannot mix

and match sequences whích would otherwise work well in the resolution assay (Merchlinsþ,

1990a)

A rnutational analysis oithe core vaccinia TRT (region 7L4) determined that the

sequence ,{'E?TAGTGTCTAG.d, could only be altered marginally without affecting

resolution. The critical consensus sequence is (A/T)TTT(A/G)N'_'A', where N is any

nucleotide (Merchlinsky, 1990b). Furthennore, the evidence by Merchlinsþ (1990a)

demonstrating that the resolution sequences must be essentially identical for resolution to
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ûccur, suggests that processing of each resolulion site does not ocÇur iri an autonûmous

mannei, rather it suggests conse¡vative strand exchange/processing is invoh¡ed.

The TR.T contains a motif which bears similarity to a vaccinia irostrepücative promoter

(Ðavison and Moss, 1989b) in fact, the core sequence of tlie TRT corresponds to a very

active postreplicative promoter (Stuaft et a1., 1991). llowever, the correlation between

resolution and prornoter activity does xro! appear to be absolute. Merchlinsky (1990b)

suggested that many sequences which serve as late promofers are incapable of telomere

resolution. Using constructs generated by Davison and Moss (1gS9b) to test late gene

promoter strengtll Merchlinsþ identified one sequence which was a strong late promoter but

possessed weak resolution, and one weak promoter which exhibited excellent resolution

(Merchlinsky, I990b).

îä) weutanls defecti't'e ítz telomere resolwtíon (res-)

In an attempt to identiry trâns-acting fa.cÍors which function in telomere resolution,

screening of ternperature-sensitive (ts) mutants was undertaken. Delange (1989), using

pulsed-field gel electrophoresis @FGE) as an assay, and Merchlinsky and ft,tross (1989a) using

predominantly the rir vlrro plasmid transfectionL/resolution assay, identified a total of six ts res-

mutants. Of these, five (tsc7, tsC2I, fsC22, tsC53 and tsC63) were obtained from the

collection of Dr. R. Condit (Thompson and Condit, 1986) w-hile another (ts9383) was

obtained frorn the collection ofDr. S. Dales (Dales et al., 1978).

From the results ofthis screen, Delange (1989) proposed three grûups based on the

protein synthesis patterns :
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i) tsc7, tsc2'l and tsc53 wÐre all defective in the production of intermediate and late

proteins. Subsequent analysis has determiired that each clthese nrutants has a lesion in a

subunit of the multi-protein virai RJriA polymerase complex. Mutant tsCT has a defect in the

rpo22-kDa suburit, mutant tsc21 a defect in the rpo2I-kDa subunit and tsc53 a lesion in the

rpo147-kDa subunit (Flooda-Dhingra et a1., 1989; Thompson et al,, 1989).

2) Mutant tsC22 had a nonnal switch from early to postreplicative gene expression,

However, at later times in infectior¡ late gene expression abruptly ceased. This "abortive late"

phenot)?e is due to the rapid degradation ofail RNA species at late times during the virus

infection @acha and Condit, 1985), ard appears to be due to activation ofthe 2-54 pathway

(Cohrs et al , 1989). The mutant gene has been identified as ûRF 418 @acha et a.1., 1990).

Furthermore, it has now been shown that activation ofthe 2-5'A degradation pathway was due

to an increase in the amount of double-stra¡ded RN-A @ayliss and Condit, 1993).

What all ofthe res- mutants in groups 1 and 2 share is the inability to either produce

o¡ maintain the production of ìntermediate or late proteins. In agreement with these

obsenrations, addition of the antivi¡al drug isatin-þ +hiosemicarbazone, which blocks

intermediate and late protein synthesis (Pennington, 1971), To a wild+ype infection also

results in the production of concatemeric replication intermediates with no resolution

(Merchlinsþ and Moss, 1989a). These results strcngly implicate one or more postreplicative

gene products in telomere resolution (Del-ange, 1989; Merchlinsky and Moss, 1989a).

Interestingly, treatment with the drug rifampicin, which interferes with morphogenesis af the

level ofenvelope fonnatíon (Moss et al,. 1969), does not interfere with telomere ¡esolution

(Merchlinsky and Moss. 1989a). Although thís has been taken to suggest that packaging is
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not t iticai for resolution, vi¡ion moryhogenesis is complex a-nd the block seen with rifampicin

may represent a fater stage of the process. It is not clear ä a very early stage in

packaging/morphogenesis is a prerequisite for telomere resolution.

3) The last category ofres- mutants consists oftsc63 and ts93g3. These inutants a¡e

unique in that ihey do not show â complete delect in postreplicative gene expressìon. The

functional characterization ofthese mutarTs constitutes the work perforrned in tlis thesis and

therefore, the background information on each offhese muta¡ts will be presented in detail

below.

iu) nzwtant tsC63

This mutant which was derived from the WR strain of vaccinia was generated via

mutagenesis with nitrosoguanidine (condit et al., 1983). Temperature-sensitive mutants wefe

then isolated by plaque enlargement. A total of 32 compfementation groups were isolated

with tsC63 being the only member of cornplementation group 14 (Condit and Motyczka,

1981; condit et aJ., 1983). very little was known about rsc63 prior to the studies described

in this work. It had a relatively high index of leakiness aÍ.6.5Yo lleaktness was determined by

performing a one-step growth experiment at both 40"C (sample 1) and 32"C (sample 2),

assessing the titre of both samples at 32"c to determine yield, then dividíng the yield for

sampie 1 by the yield fiom sample 2l and exhibited a high reversion index (6.lxl0-3)

[reversion is efficiency ofplating at 40"c/eflciency ofplating at 32"c].It was determined to

be DNA replication competent, but had a defect in postrenlicatir¡e 
-siene expression (condit
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ef ai., 1983). Data regæding the location of the gene responsible fuf the ts pi-renotype rvas not

availøhle prior to this work.

tt) wea$øwts tsg383

Mutant ts9383 was originally derived by mutagenesis of wild-type strain IHD-W

Daies et al. (1978) arranged 78 ts rnutants into 17 groups based on the virus phenotype at the

nonpermissive tempelature by electron microscopy. Group E rnutants, to w-hich ts9383 w-as

assigned, are cha¡acterized by the aberrant formation of virus er.rvelopes, specifically the

formation of viroplasmic foci (areas of concentrated virus DNA and proteins) which are

sunounded by an enveiope but which do not have spicules on the outer membra¡e (spicules

may be important in pror,'iding structural rigidity and curvature to the envelope). Furthermore,

large DNA paracrystals are apparent in the host cytoplasm. Four other ts rnutants were also

assigned to this group. ts1085, ts7743, ts9203 and rs9251.

Morphologicalty, the phenotype exhibited by these mutants appear similar to that seen

in wilcl+ype infections incubated with the drug rifampicin, In these types of infections, post-

translational cleavage ofa number ofviral polypeptides essential for propagation is inhibited

(Moss ard Rosenblum, 1973). Stern et aL (1977) showed that ts1085 had a similar type of

defect and suggested that group E mutants we¡e defective in proteol],.tic processing and

envelope formation.

A more detailed anaiysis ofthe group E mutants was performed by Lake et al. (1979)

rvho found a rafher r¡ariable phenotype. Fost-translati anal eleavage of the major core

poþeptides p94 -->p62 and p65->p60 was affected in all of the mutants except ts9383 and
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Ts925r. trn fact, an examination of the precursorþroduct reiafionships of proteins with

nrolecular masses of94, 65, 62, 6t,23, 18.5 and 18 kDa showed ts9z51 to have no defect

whereas ts9383 appeared to ha.¡e a slight decrease only in the lB.5- and ig.O-kDa proteins,

All other mutants showed more dramatic defects. trt is clear therefore that the group E

mutants have a rather heterogeneous phenotype in nonpermissive temperature infections, and

that ín mutant ts9383, processing olproteins is not affected at a gross level.

Modetrs for tetromere resolution

There are essentially three models which could explain the mechanism by w-hich

concatemeric replicative intermediates are converted to monomeric genomes containing flip

and flop terminated hairpins (Fig. 9).

i) flit'king ønd refoklìng

The fìrst model (Fig, 9, left) is a variation of ihe terminal palindrome model of

cavalier-sndth (1974), as modified for hairpin telomeres by Bateman (1975). sequence-

specific nicks are introduced in opposite strands of the replication intermediate molecule

telomeres, strands are separated, paired with the complementary stra¡rd and a DNA ligase

reseals the nícks thereby generating the rnal product. one significant drawback to this model

is that it assumes the resolution sites a¡e processed independently ofone another. Findings

by McFadden et al. (1988) and Merchlinsþ (1990) demonstrating that a close similarity

between TRTs on the sa¡ne substrate rs rinportant fcr resoluti+n, have w-eakenec supporr for
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Figure 9. Proposed models for telomere resolution. Upper porlion ofthe figure indicates the
telomere fusior/concatemer junction of vaccinia virus DN.A following DNA replication. Each
of the DNÀ strands is represented by either a thick or thin strand. Symbols ,t B, X, B', D
(4b,x,b',d for the complementary strand) represent sequences near the hairpin terminus. The
telomere resolution sequence is indicated by a striped box, the double-stranded copy ofthe
hairpin loop is indicated by a stipple pattem-filled box. The middle portion of the figure
indicates three possible mechanisms for telomere resolution (from Ieft to riglrt): l.nicking and
refolding; 2, nicking/strand exchange,&ranch migration; and 3. cruciform extrusion. Nicking
nr cl,-evaoe citcc are inr{i¡qied rrith cmall a-n'.,. l'h^ ln,r;or nn¡i^- ^€ri"- Ê^,,.- i-,..1;^-+-"yv¡ !rvr¡ v¡

the resulting products produced afier the resolution event. (Modified from Merchlinsþ,
1990a).
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this model. Rather, the fincings al'e rlrore conrpatible -¿,'ith ttre concept ol symrnetric strand

exchange as proposed in the foliowing two r¡odels.

íi) Nic itín"¿/st:rø red escckangelbrunch waigration

In the second model (Fig. 9, centerj, an initial symrnetrical nicking event occurs on

each strand in the telomere fusion nea¡ the axis of symmetry but distaf to the flip and flop

sequence. trt is likely that this event is in some w'ay mediated by the presence ofthe TRT

sequence. conservative strand exchange is then followed by branch migration to regenerate

the two forms of the hairpin termini (McFadden et al , 19BB). Two important requirements

that a¡ise from this model are: the necessity for topoisomerases to segregate the two strands

during branch migration and the requirement for symmetrical nicking near the TR.T.

iií) Cruciforw ætrusion nrc¡lel

This modei @ig. 9, right) requires that initial helix unwinding at the axis of symmetry

is followed by extrusion of a cruciform (McFadden and Morgan, 1982; McFadden et al.,

1988). This process is made possible by the virtually identical inverted repeat structure ofthe

fusion. The cruciform structure which, at its base, also looks like a Holliday junction, could

then be converted to hairpin termini by the action of an enzyme similar to a Holliday junction

endonuclease. such a¡ endonuclease is capable of cleaving the Dl'i.{ strands then exchanging

them and finally reJigating the substrates. Proteins har¡e been identified fiom a number of

sources rvhich appear to recognize crucifo¡m structures. These sources include mammalian

cells @ianchi, 1988; Elborough and ïVesr, 1988; Bianchi øt d., ße\, bacreriophage
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(Ìv4izuuolri et aL., l9&2; Kempei et aJ , 1984-. Dickie et al., 19e7), yeast (S¡.mington and

Kolodner, 1985; Evans a:id ldolodner, 1988; Farsons aud Wesf, 1988) and po::viruses (Stuart

et aL ,l992j.

ø) Ancf-,-sís øf, crueiform strztct¿¿re ín ¡'itrø

Because of some of the appealing aspecTs of the cruciîorm resolution model, a detaiied

analysis of the mechanism by which cruciforms arise has been undertaken using the SFV

telomere fusion as a representative cruciform-capable structure. Using tw'o dimensional

agarose gel electrophoresis, Dickie et al. (1987a) have shown that cruciformation ofthe SFV

fusion requires a relatively high energy of formation (Gr - 44 kcaVmol), provided by the

torsional energy ofsupercoiling, and a low energy of activation. If adequate torsional energy

is supplied by negative supercoiling in the individual topoisomers, extrusion occurs relatively

easily. In essence, once the cruciform bubble is initiated, e)ftrusion is likely to proceed.

Merchlinsþ et al (i988) have examined the kinetics of cruciformation in vaccinia and have

found similar resulfs, specificatly that the initial event in cruciformation is the rate-limiting

step.

While these experiments prorre that cruciformation is not an impossible event from

etther energetic or kinetíc standpoints, whether or not cruciformation actually occurs i¡¡ rrlvo

is unknown However, there is precedence for Holliday junctionJike enzymes which act on

"¡ecombination intermediates" such as bacteriophage T4 endonuclease VII (tr4izuuchi et al.,

1982; Kemper et al., 1984; Lílfey and l(emper, 1984). bacteriophage T7 endonuclease I

fanayotatos and Wells, 1981; deMassey et aL, 1984; Dickie et al,, 1987b) and activities from
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variûus marnmafian cells (Waldman and l-iskay, 1988; Efborough and West, 1990) thât can

oieave at The base ofa cruciforrr and converl the subst¡aie elements to linefonns_

iv} trans-aclieag factors ree¡wíø"eti.før leî awere resaÍwtiott

As already mentioned, a search for the elements involved in-trans in telomere

resolution has aiready been undefiaken Êom two different approaches. The genetic approach,

isolation ofmuta¡ts with a res- phenotype under nonpermissive conditions, has already been

discussed. A second approach involves the in útra recreation ofthe resolution event using

protein extracts,

Lakritz et â1. (1985), using exrtracts prepared from purified vaccinia virions, identified

an activif which was able to perform three sequentia.l reactions on supercoiled target plasmid

DNA: introduce nicks, linearize the plasmid, and finally cross-link one of the termini. The

reactions occurred in a concerted fashion in that intermediates, such as the linearized DNA

fo¡m, are not substrates for conversion to a cross-linked hairpin terminated product in the

presence ofmore protein (I-akaritz et al., 1985). The activity had a pH optimum of 6.5 a¡d

did not require ATF as an energy cofactor. Sedimentation anal),sis suggested that the activity

sedimented with an apparent molecula¡ mass of 105 kJla (Lakaritz et ai., 1985). However,

subsequent purification has shown the enzyme to be a 50-kDa species now termecl the

nicking-.ioining (N-J) enzyme (Reddy and Bauer, 1989)_ \&¡trether the 105-kDa protein's

activity represents a different (but similar) activity, or whether a horno- o¡ hefe¡odimer

involving tbe 50-kDa p¡otein makes up the 105-kDa form ¡emains unclear.
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In the first two stages oiihe reactioq the substrate plasmid is nicked and subsequently

bnearízed thus generating an intennediate r¡¡ith 3' F and 5' ûF{ ends. In man1, rpays, the

enzyme behaves iike a type I DNA topoisomerase. Type I topoisornerases form covalent

bonds with target sites and cleave the DN.{ in the absence ofATP also generating 3' P anci

5' ûH termini before resealing the DNA prior to release. It would not be unlikely, based on

the kinetic data and on the concerted nature ofthe reaction, to assume that the full reaction

proceeds via a DNA-protein covalent step.

The N-J activity has low- cross-linking activity in vitra with incubation conditions

typically requiring high temperature and prolonged incubations (up to 12 h) to generate a

maximal ratio of 1:5 crosslinked to linea¡ products (Lakaritz et ai_, 1985). F{owever,

generation of crossJinked products is dramatically increased following treatment of the

enzirane with trypsin, resulting in the conversion of input plasmid to crosslinked product of

I5To at 37"C and 50% at 50"C (compared with a maimum of 15yo à150"C for the non-

digested form of the enzyme). This trypsinization coresponds to proteolysis of the N-J

enzlme from a 50-kDa to a 44-kDa form. trn the 44-kDa form, the salt optimum was shifted

&om 0 to 50 mM NaCl and the pH optimum was slifted frorn 6.5 to 7.5. This has raised the

possibility that the N-J enzyme is produced ìn a pronuclear form and that activation requires

proteolysis. It has been suggested that other components are likely missing from the purified

preparation rvhich would sen'e to increase efficiency (Reddy and Bauer, 1989).

Interestingly, since the en4rne is packaged into vi¡ions, it is present in the inítíal phase

of infection. As ielornere resolution is a late event, it is curious that such an enzl'rne, if

involved in telome¡e resolution, would be packaged. One explanation mighi be that the
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enzyme sen/es lnore that one function, for example it n'ray play a role in the initi¿i ¡rea¡-

terminal DN.4 nicking event postulated for the initiation of DNA ieplication. In this ma¡ner,

the 50-kDa fon¡ of the N-.I enzyrne w-ouid be responsible for stages in the initiation of DNA

replication whereas the proteolltically processed form (44-kDa) would be responsible for

telomere resolution. That late gene expression is required could reflect a need for production

of a protease ol regulatory subunit with activity directed towards the 5O-kÐa N-J enzyme.

Of course one would then have io explain how a 50-kDa l'{-J enzyme rather than a processed

form ofthe N-J enzyme would be packaged into progeny virion. An alternate possibility is

that contact with another protein might also increase the efticiency of the cross-linking

activity and thal The in vllro proteolysìs merely serves to expose the active síte.

The N-J activity is capable of generating crosslinked products in a number of

substrate molecules (I-akaritz et al,, 1985). In the presence ofa plasmid containing the cloned

vaccinia telomere fusion, the activity is capable of cleaving within a¡ S1 nuclease sensitive

region near the axìs of symmetry (N4erchlinsþ et al,, 1988). This region likely corresponds

to the apex ofan ext¡uded cruciform. For it to be concluded that this enzyme is involved in

resolution, either alone or in combination w-ith other factors, a more specific interaction with

the TRT and the hairpin structures will need to I¡e shown.

Further attempts to isolate relevant factors for telomere ¡esolution using crude lysates

i¡t titro have been hampered by the fact thaf cleavage ar.rd subsequent cross-linking of plasmid

substrates occur in a sequence non-specific (i.e. non-TRT dependant) fashion. It appears that

the reaction is solelv dependent on the capacit¡' ofthe substrafe to form a branched F{cltrirlay

struofure, such as ìs seen in a cruciform (Stuart eL al., J.992).
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Goaüs of researafu prøje&.

The primary focus of this wo¡k w-as ail'aed at identiflring trans,acting elements

required in ihe telomere resoiution event. A preliminary identification by Delange (19g9) of

two ts mutants which are defective in telomere resolution, but not entirely defective in post-

replicative gene expression, allowed a genetic window of opportunity. A thorough analysis

ofmutants tsC63 and ts93 83 was undertaken with the intent ûl

1) Characterizing the biological phenotype.

2) Identifying the gene(s) responsible for the ts effect.

3) characterizing the mutant gene products and detennining their role in telomere

resolution.

This work attempts to address each ofthese objectives. The results section ofthis

work is composed of three parts. In the first, telomere resolution defective (res-) mutant

ts9383 was charactenzed. This muta¡t did not exhibit a typical defect in late gene expression

at the nonpermissi\¡e temperature; in fact, at a gross ievel, postreplicative gene expression was

present as evidenced by pulseJabelling ofproteins. However at the DNA level, concatemeric

DNA replication intennedíates rapidly built-up. The mutant gene was identified as D12 which

encodes ttie small subunit of the viral heterodimeric mRNA capping enzyme. As no

pleiotropic defect in postreplicative gene expression w'as observed, D12 represents the second

candidate protein, aiong with the N-J enzyme, for a role in the resolution event.

In the second section, mutant tsC63, which is also a res- mutant, was shown to have

a partial defect in postreplicative gene expression; in pa¡ticular. at the nonpermissirre

temperature, while inte¡mediate genes were expressed, late genes we¡e not. The defect in
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tsC63 was found to contain a mutation in f-)RF,4.1 which is now believed to encode a

lranscription factor responsible for late gene expression. This worli conli¡ms that resolutiofl

requires late gene expression and that eariy a'11d intermediate gene expression alone is

insufficient for the process.

In the third section, a more detaiied analysis ofmutant ts93g3 was undertaken. Fi¡st

using the less invasive method of RN.4 isolation, it was confirmed that iate gene expression

at the RN-Alevel was normal in the mutant. Furthennore, one non-coding telorneric transcript

wæ generated in a similar fashion at both permissive and nonpermissive temperatures, At the

protein level, newly-synthesized ts9383 Dl.2 and Dl subunits appeared essentially stable.

More significantly, co-immunoprecipitatio' experiments demonstrated that subunít

association ofthe capping enzyme was affected in ts9383 infections at 40"C but not d.t.32oC.

These data are compatible with the notion that the capping enzyme or the small subunit on

its own plays a direct role in telomere resolution.

The contents of chapter 2 have been published as. Carpenter, M.S. and Delange,

A.M. i991. A temperaturc sensitive lesion in the small subunit of the vaccinia virus encoded

nRN-A capping eûzyme 
"uur., 

a defect in telomere resolution. J Virol. 65:4042-4050.

The contents of chapter 3 have been published as: Carpenter, M.S. and Delange,

A.M. 1992. Identification of a temperature sensitive mutant of vaccinia virus defective in late

but not intermediate gene expression. Virology i.E&:233 -244.
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The conients of chapter 4 arc being prepared for submission: Carpenter, N.{,S., E.G.

Niles and .4.1.4, Del-ange. ,Altered vaccinia virus mrtrl^ ñA npping enzyme in a telomere

resolution defective mutant. (Iû preparation).
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CÍ{-4}I?ER &: .e T]E&æERAT'{JRE-SÐ¡{$1Tå\¡E {,EgtûN 6q T{ffi, SMéC-å_, SETBUISIT
ûF'TME i/ACCtr{lé, WRLrg EI{Cû&EÐ ¡nRI{.& C.{PPtr{G Ð¡{ZVft6E C,qriSES.4
ÞÐ9.ÐÐT' W VãRAã- TÐ}-ÛMERE R.E,SÛLUT'ITN.

.4[¡sÉnact

Using pulsecÍ-field gel electrophoresis, we have demonstrated that the ternperature-

sensitive (ts) conditional-lethal mutånt ts9383 is, at the nonpermissive temperature, defective

in the resolution of concatemeric replicative intermediate DNA to linear 185-kilobase (kb)

monomeric DN.{ genomes. The resolution defect was shown to be the result of a partial

failure of the mutant virus to convert the replicated fonn of the viral telomere to hairpin

termûri. In cont¡ast to othei mutants of this phenotype, pulse-labelling of viral proteins at

va¡ious times postinfection reveaied no obvious difference in the quantity or temporal

appearance ofmembers ofthe late class ofpolypeptides. Using the marke¡ rescue technique,

we have loca.lized the ts lesion in ts9383 to an approximately 1-kb region within the HindIII

D fragment. Both the ts phenotlpe and the resolution defect were shown to be caused by a

single base C-T point mutation ¡esulting in the conversion of the amino acid proline to serine

in the 23rd codon of open reading frame D12. This gene encodes a 33-kDa polypeptide which

is known to be the small subunit of the virus-encoded mRNA capping enz¡.me @. G, Ililes,

G. I Lee-Cheq S. Shuman, B. Moss, and S, S- Broyles, Virology î'72:513'522, 1989), The

datà ffie consistent with a role for this capping enzyme subunit during poxviral teiomere

resolution.
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ã¡¡ÉrøducÉioxr

The linear DNA genomes of at least t,"vo families of eukaryotic DNA virusec, namely

pawoviruses and poxviruses, contain characteristic hairpín terrnini (reviewed in: Eems, 1990,

Moss, 1990a). The structures of these genomic termini are apparent adaptations to allow

faíth-ful replication of the termini using a DNA polymerase which requires a free 3' hydroxl,l

end as a primer. Vaccinia r,.irus, the prototypal member of the ponrirus family, is a large and

complex virus which replicates entirely within the c¡'toplasm of infected cells (reviewed in

Moss, I990a). The l85-kilobase (kb) linear double-stranded DNA genome of vaccinia virus

is terminaily erossJinked by hairpin loops, which are AT-rich, incompletely base-paired and

exist in two inverted and mutually complementary configurations (Geshelin and Berns, 1974;

Baroudy et al., 1982). These features ofthe terminal hairpin are characteristic of all poxvirus

telomeres whose sequence is known (reviewed in Delange and McFadden, 1990). During

viral DNA replication, the hairpin tennini are transiently conveded into an inverted repeat

configuration. This conÍguration has been referred to as a "concatemer junction" because

at least the great majority of them lint genomiclength units into high molecular weight

replicative intermediate concatemers (Delange, 1989; Merchlinsþ and Moss, 1989a; Moss

et al., 1983, Moyer and Graves, 1981). The term "telomere fusion" has been used to avoid

inferring the stâtus of any one particular genomic milieu (Delange and McFadden, 1990)_

The hairpin terrníni are regenerated from these telomere fusion elements in a post-replicative

proeess called telcrnere resolufion. CloneC telomere fusion elearenïs r'rom vaccinia vir.¿s or

from the leporipoxvirus Shope fibroma virus (SF\) are, after their transfectìon into poxvirus-



50

i¡Íbctød cells, resoived to hairpin termini (Ðel-ange and &4cFadden, 1986; Merchlinsky and

Moss, 1986). This i¿r vivo transfection assay has allowed the identification ofa shor1, highly

conserved Dl.{A sequence, the telomere resoluticn iarget or TRT, which is located

ímmediately adjacent to the incompletely base-paired hairpin and is required in cis as two

invefted copies to facilitate telomere resolution @el-aoge and McFadden, i9&7; Merchlinksy,

1990; Merchlinsþ and Moss, 1989b).

BoTh in vitro and in vito studies aimed at identifying proteins that act in trans to

promote telomere resolution have met with difüculties. ln an attempt to reconstruct the

resolution event l¡¡ vlfo, R-eddy and Bauer (1989) demonstrâted that a viral 50-kDa nuclease

has the ability to c.osslink the telomere fusion element, although with low efficiency and

under conditions that facilitate melting of the DNA duplex. Significantly, this enzyme cleaves

preferentially within an S l-sensitive region of the TR-T region @4erchlinsþ et al., i 988), and

the crossJinking activity was stimulated by partial trypsin treatment (Reddy and Bauer,

l9B9), suggesting thai the nuclease may be part ofthe putative telomere resolvase complex.

The rir wvo genetic approach involved screening oftemperature-sensitive (ts) lethal mutants

for a defèct in telomere resolution (res-). Using this approach, a total of seven non-

complementing res- mutants have been identifìed (Delange, 1989; Merclfinsþ and Moss,

1989a), Fulsed-field gel electrophoresis of DN-A f¡om res- rnutants showed that the DNA

replicated at the nonpermissive temperatu¡e existed largely ¿s high molecular weight

concatemers rather than as mature hairpin-terminated genomes. It was, however, soon

realized that the ts lesions in most ofthese mutants may not affect the resolution process

directly. At the onset of DNA replication in wild type infections, early gene expression is
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tunred offa¡d lw{l teÊìporal cl¿sses of late genes, now klow'n as intermediate and la:t e, are

activated Ln succession (I-ake et al., 1979; Vos md Stunnenberg, 1988). The majority ofres-

mutants are defective in the sw'itch Èom early to late gene expression, and hence, only

produce ai best very small amounts oflate proteins. This class includes four mutants that have

lesions in various subunits of the virus-encoded RN.d polymerase (rpo), namely rpo147,

rpo22, rpo18 {,Ahn et al., 1990; Delange, 1989, I{ooda-Ðhingra et al., 1989; Merchlinsky

et at., 1988), and rpo132 (IIooda-Dhingra et al., 1990; Ðelange, unpublished results).

Another res- mutant, tsC22, while not defective in the switch from early to late gene

expression, displays a defect in the stability ofRNA at late times resulting in abortion oflate

protein synthesis (Pacha and Condit, 1985) The drug isatin- p +hiosemicarbazone (IBT)

similarly causes RNA instabilþ, abortion of late protein synthesis and a subsequent defect

in telomere resolution. It thus appears that a defect in late gene expression may be responsible

for the observed defect in telomere resolution, and hence, efficient telomere resolution may

have a requirement for late gene expression (Delange and McFadden, 1986; Merchlinsky and

Moss, 1989a). T'his requirement for late gene expressìon may reflect synthesis of one or mo¡e

late protein(s), that function(s) in trans to promote or regulate telomere resolution. However,

late gene expression could in principle also affect the resolution event directly, either tkough

synthesis ofnoncoding late transcript(si, or through binding of the R.NA polymerase and/or

other proteins to the teiomere fusion element. such a role ofthe transcriptional apparatus is

given credence by two recent observations: (i) the TRT region can function as an efficient

transcriptional promoter (Merchlinsk¡ 1990b; Stuart et a1., 1991); and (ii) noncoding

telomeric RNA transcripts are synthestzed in l,n.'o at late times when telomere resolution takes
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piace (Farscns and Fickup, 1990).

The presenT study reports thÉ chamc|erLzatîan afa conditional lethal temperature,sensitive

nes- irutant, ts9383. The mutatio¡r responsible for this ts, res phenotype is located in opeir

reading frame (ORF) D12, which encodes the srnall subunit of the virus-encoded mRI.l-.A

capping enzyme (Niles et al., 1989). This mutant differs from all other previou sly anùyzed

res mutants in that it has no apparent defect in the expression of intermediate and iate genes.

ûur findings suggest a more direct role for this enzyme in the telornere resolution event.

ft{aúenials amd Methods

Ceíls end Øi¡'øs. A continuous line of African green monkey kidney cells (BSC40)

was grown as a monolayer culture in Dulbecco's Modified Eagle (DME) medium

supplemented with 5o/o fetal calf serum. Wild type strain IHD-W ald temperature-sensitive

mutant ts9383 were kindly provided by G. McFadden a¡d S. Dales, respectively. Mutânt

ts9383 was three times plaque-purified in our laboratory before being used in experirnents

Crude virus stocks were obtained as described previously (Delange, 1939). The permissive

temperature fur mutant ts9383 was 32'C, the nonpermissive temperature w-as 40"C, A cosmid

library of vaccinia strain lVR (Thompson and Condit, 1986) was generously donated by R..

Condit.

FwÍse¿i-Field Getr Eiectro¡thoresis {PFGE}" PFGE was performed as described by

Delange (i989). Monolayers of BSC40 cells were infected at a. multiplieit], of 25

pfi./cell and at various times posthfectioq cells were harvested and embedded in 0.lTo Incert
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agarose (x4ædel scientífìc co.) plugs. Plugs were loaded onto L-Syo agærase gels and

electrophoresed in û.1 \4 TtsE ín a u'ifor¡n field of 5 v/crn fo¡ 45 minutes and rhen

puised for 20 h at i00 sec intervals using a hexagonal attachment.

southem blotting and detectiorr of vi¡ai DNA with 32p-labelled terminal-repeat viral DNA

probe pVT-1 were performed as described previously (Delange, 1989). pVT-i DNA was

labelled w'ith 32F by the random hexa¡ucleotide primer methoci (Feinberg a:rd vogeistein,

ie83)

Frotein x'abelling. Pulse-labelling ofproteins from infected cells, sodium dodecyl

sulfate-polyacrylamide gel electrophoresis and autoradiography of labelled proteins were

performed as described previously (Condit and Motyczka, I98l; Del-ange, 1989), except that

electrophoresis was done in the P¡otean-trI system from Bio-Rad- cells were infected at a

multiplicity oî 25 pful cell.

F|aswíd aanstrucÍiaw anã ÐNA Furificøtioø viral DNA was purified as

described by Esposito et aI. (1981) The large scale isolation of cosmid DNA was ca¡ried

out as described by Thompson and condit (1986). cloning of specific restriction fragments

invoived digestion ofvi¡al or plasmid DNd electrophoresis, electro-elution, and ligation into

the multiple cloning site of phagemíd vector pTZl Su or pTZ18R (obtained from us

Biochemicals) by staldard methods @4aniatis et aL, l9B2). Recombinant plasmids were used

to transform bacterial strains DH5 ø o¡ Jldl 01. Flasmid ÐN.Á. was prepared by the alkaline

lysis method ofBimboim and Doly (1979) Plasmids pC6-1, pC6-3, and pC6-4 were de¡ived
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by doubie digestion of cosmid pÉR93- 130 (Thompson and Condit, 1986) v,iith either

Xhon+Kpnl or Sactr+Kpnl, followed by ligation of tliø purified fragments into p?2188-.

Plasmid pC6-43 was obtained by digestion of pC6-4 with BamHI foilowed by ligation; pC6-

45 was generated by double digestion of pc6-4 with EamFil, to cleave rhe multiple cloning

site in the vector, and xhol, followed by treatment with Klenow enzyrne and blunt-end

ligation. To obtain plasrnids pc6-448x and pc6-44E{ pc6-43 was digested with either

BamHl+Xtrol (BX) or EcoRl+XhoI (EX), and rhe 1 . &-kb BarnHl-Xhol and 1 .O-kb EcoRI-

)ihol fragnents were cloned in pTZl8R digested with BamHI+SalI or EcoRi+Sa[. The pC6-

44BX-equivalent clones from wild+ype IHD-W and mutant ts93g3 were obtained by

digesting the relevant viral DNA with BamI{X+XhoI and ligation of the purified fragments

into (BanHl+sall)-digested pTZlBR. The correspondi-ng EX clones were then constructed

by digestion with EcoRI and re-ligation. These clones were designated pCB)ß{1 and

pCEXNI (the IHD-W equivalents of pC6-448X and pC6-448X, respectively), a,ncl

pCEXTI and pCE)O 1 (the ts9383 equivalents).

Mavker Rescwe' The marker rescue procedure used in this study was a modification

ofthe method described by Delange and McFadden (1986). For each rescue, 10 pgof cloned

viral insert ÐNA was ¡eleased f¡oin the plasmid vector by digestion with appropriate

restriction enzymes- The digested DNA was extracted once with phenovchlorofonr¡ once

with chloroform, and then dialyzed for 30 minutes against an excess of2 x NNH (50 mM

Heoes [pl1 7.1], 280 mM NaCl, 1 5 mf,i Nart{Pû*). One hour prior to t¡ansfection, the DNA

in 2xhl.{H was mixed with agitation into an equal volume of 250 mÌr{ CaCl, and the DNA-
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ûalrium phûsphate üa-preÇipital.e was allûv;ed to fûffi ât rûom temperature. Cûnilueût

monolayers oiBSC4O ceils in T25 tissue culture flasks (Oorning) were infected l¡,,ith t$9383

(in Hanks balanced salt solution + 0.1% bovine serum albumìn) at a muitiplicity of 0.05

pfii/cell. After a 1.5 h adsorption period at 37'C, the inoculum w¿s aspirated and the calcium

phosphate precipitated DNA added to fhe cells. After another 30 min at room temperature,

10 volumes of,Íiesh medium w-as added, and the flasks placed in a 40oC incubator. At 5.5 h

postinfection, the medium was replaced with fresh DME + 5% fetal calf serum, and the flasks

retumed to the 40"C incubator. Aft.er 72 h incubation, the infected monolayers were fixed

with neutral buffered formalin (Sigma) and stained with 0.I9,o crysfal violet. \Ã¡hen testing

rescue of the resolution-defective phenotype, the monolayers were scraped ofl and the

resulting virus was either used as an inoculum for FFGE analysis, or it was passaged once in

BSC40 cells prior to such analysis.

ÐNA Seqwewcireg, To facilitate sequencing of,both strands of the 1.O-kb insert in

plasmids pC6-448X, pCÐSJ1, and pCEXDl, rve made use of a single functional XbaI site

(at position 454-459 in Fig. 13) within this 1.O-kb fragmenr; Xbat-Xtrol and XbaI-EcoRI

fragments were subcloned into both pTZIBU and pTZ18R. Strain JM101 was used as the

bacterial host for these plasmids, and single-stranded plasmid DNA was produced, packaged,

and exlruded into the growth medium after infection with helper phage Ml3Kû7 (obtained

from US Biochemicals). Single stranded template was prepared according to Dente et al_

(1983) and Messing (1983). Sequencing ofthese single-stranded templates was performed

by the Sanger dideoxynucleotide chain termination method (Sanger et al., 1977), using
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extension &om a 17-¡ner universal primer or reverse primer with Klenow rnzyme, and [ris]

deoryadenosine triphosphate as the labelled nucleotide. The gels were fixed, transiemed to

blotting paper. dried under vacuum, and exposed to X-Omat AR X-¡av frlm.

Í{wcíeotide seqwence ,.{ccessiotz l{wwaber, The GenBank accession number for the

ÐN.4 søquence presented here is M64430.

R.esutrts

fs9-38i is deþctit e iw concafewæ¡' resolwtiaw. Muta¡t ts93g3 is a heat-sensitive

derivative of vaccinia virus strain ltlD-w. sy'hen grown at the nonpermissive temperature

(39 5"C) in mouse L cells, it incorporates a wild type level of [3H]thymidine into newly

replicated DN,A and is therefore DNA replication positive @ales et al., i978). Electron

rnicroscopic observation revealed characteristic DNA paracrystal structures in the c¡,toplasm

ofinfected cells (Dales et al., 1.978 silver and Ðales, 1982). lve have adapted the technique

ofpulsed-field gel electrophoresis as a convenient and rapid method to evaluate not only the

quantitl' but also the quality ofreplicated DNA. This method has facilitated the identification

of a class of mutants that is deficient in the process ihat convefts high molecular weight

concatemeric replicative intermediates to the iB5-kb monomeric DNA genome (Delange,

1989; Merchlinsþ and Moss, 1989a). These mutants are referred to as resolution-negative

or res . Mutant ts9383 was one of the res mutants identified in this ¡nanne¡ (Delange, 19&9)

This study presents a cletailed analysis of mutant ts93&3 in BSC40 cells. Ily'e have rouïiçely

used 40"o as the nonpermissive temperature, since it was found that a temperature as high
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as 3 9'C w'as permissive fo¡ this mutant.

To deiermine whether tlie resolution defect of tsg3g3 was a genera-l defect expressed

at all times of DN-A repücation, we infected monolayers of ESC40 cells with wild-type IF{D-

W o¡mutant ts9383 at a multiptcity af 25 and, aft.er 0,2,4,6, B, IZ, and 24 h postinfection,

analyzed the replicated DNA by FFGE (Fig. 10). The patterns of DN,Á. replication exhibited

by ts9383 at the permissive and the nonpermissive temperature during the first tkee time

points (up to 4 h postinfection) were essentia.lly identical, and parallelled the results seen with

wild+ype at the two temperatures. ,{t 2 h postinfection, a faint band can be seen to migrate

in the 185-kb range which corresponds to input viral DNA. At 4 h postinfection, a strong

hybridization signa.l coresponding to replicating viral DNA appeared in the well-DNA

(origin) fraction. Therefore, replication at the nonpermissive temperature is not delayed in

comparison with replication at the permissive temperature, nor is it delayed in comparison

with wild-type DNA replication at either temperature.

Commencing with the appearance ofÐNA fractions which are capable of entering the

agarose gel matrix (here at 6 h postinfection), the mutant showed dramatic differences when

comparing replication at the two temperatures, At the permissive temperature, beginning

with 6 h, fuli length I85-kb monomeric genomes were produced with production continuing

to a point somewhere betw een 72 and 24 h postinfection, after whích the maj ority of the well-

DNA fraction had entered the gel. In contrast, replication at the nonpermissive temperature

was cha¡acterízed by the appearance ofboth monomers and oligomers, typical of mutants of

the res- ohenotype @elange, 1989), even at the earliest time (6 h postinfecrion) that

replicated DNA entered the get (Fig 108; lane 6 at 40"c). To confirm that u¡¡esolved end-
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Figure 10. Fulsed-field gel electrophoresis of vaccinia virus DN..{ from cells infected with
wrld-type strain IHD-W (A) or the temperatu¡e-sensitive mutant ts9383 (B) at the either the
permíssir,e (32"c) or the nonpermissive (40"c) temperature. Monolayers of BSC40 ceils were
i¡fected at a multiplicity of 25 pfi-r./cell and incubated at 32"c or 40"c. At times 0, z. 4, ó. B.
12 and 24 h postinfection, monolal'ers were harvested and embedded in agar.ose plugs and
treated with sarkosyl and proteinase K to digest protein. The plugs were equilibratËd against
electrophoresis bune¡ inserted into pre-formed wells in a. 1.50% agarose gei and subjected to
FFGE. The DNA was then transferred to nitroceliulose and hybridized with 32P-labelled

terminal probe pvr-1. The migration of the 185-kb monomeric genome size is indicated. To
emphasize the concatemers at 6 h postinfection, we show an overexposure ofthe blot in (B).

m
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io-end telornere fusion was responsibie for the pnesenre ol the slow-migratil.tg oligomers

obserr,'ed wjth this mutâ-nt, we digested Ðh',4 (in piugsi with XhoI and examined the resulting

¡estriction fragments by agarose electrophoresis and Southem blottíng. Both the 6.2-kb

hairpin fragment and a high proportion of 12.4-kb telomere fusion fragmenf were observed

{not shown), indicating that ts9383 is defeøive in telomere resolution, and that the resolution

defect ofthis mutant is expressed at all times during the DIìA replication cycle.

fuoteíru syrztkesis iø wiful-lype IÍ{Ð-W øred mwtamt ts93ï3. The res- phenotype has

been seen in a number of other mutants, including tsC21, tsC53, tsC63, tsC7, and tsc22.

representing at least five complementation groups (Del.ange, 1989; Merchlinsþ and Moss,

1989a) and ts29, ts32, and ts47 representing a sixth complementation group (Ilooda-Dhingra

et a1.,l99t; A.M. Delange, unpublished data). \,Vhat all ofthese mutants share is some defect

in late gene expression, To determine whether ts9383 is similarly defective in late gene

expression, we infected BSC40 cells with either IHD-W or ts9383, and pulseJabelled the

proteins for 15 minutes with l35Sl methionine at 0,2" 4,6, B, 10, and i2 h postinfection. The

proteins were then analyzed an l2.5o/o SDS-poþacrylamide gets (Fig 11). The results oftotal

protein synthesis for IHD-W a¡e similar at both temperatures. At the permissive temperature,

ts9383 displayed a pattem ofproteins which is essentially indistinguishable from that of wild-

type. Interestingly, protein synthesis in ts9383-infected cells grown at the nonpermíssive

temperature was also indistinguishable from that of wild-6,pe-infected cells. Late polypeptides

were produced at the correÇt times and in comparable quantitative amounts compared n'ith

wiid-type. Since the analysis of protein synthesis was performed in parallel with the DN,{
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anaiysis described in the previcus section, these data suggest that the clefect in telomere

resoiution in fs9383 is not caused by a general defect in the synthøsis oflaïe Þroteins.

fuføppiwg af tfue rs9383 nesit¡¡t h1s twttrker rescwe ûur nexf goal was to determine the

map position ofthe mutation in ts9383 on the viral genome, and assign it to a specific opeü

reading frame (oRr). For this purpose, w'e employed the technique of marker ¡escue. The

HindITi restriction fragment map of vaccinia virus as well as the va¡ious cloned fragments are

detailed in Fig. 12. The results of the marker ¡escue experiment are given in Table 1. In ari

ìnitial attempt to narÍow dorvn the region of the genome, we used a set of overlapping

cosmíds which together contain rnost of the !\G. wild-type vaccinia genome (Thompson and

condit, 1986). we were thus able to determine that the lesion lay within an approximately 3 7-

kb fragment of cosmid pWR93-130 which spans the HindIII D/A junction.

This cosmid was used to derive va¡ious subclones: pc6-4 contains a 13-kb Kpnr-sacl

fragment, pc6-1 a 12.5-kb XhoI-Kpn{ fiagment and pc6-3 a 12-kb Idpnl-sacI fragment. of

these subclones, only pc6-4 rescued ts9383 (T'able l). By using ma¡ker ¡escue with several

subclones ofpc6-4, we identified a single 1.0-kb fragment still able to rescue the ts phenotype

of ts9383. This clone, pc6-44EX, conrains regions of borh oRI D12 and oRF D13 (N1les

et al., 1986; weinrich and Hruby, 1986) Further attempts ro locaiize the mutation to a

speci{ic open reading fiame by marker rescue were unsuccessful. Fositive complementation

with a mutant (tsc33), known to have a conditional lethal mutation in oRF D13 Q{iles et al.,

1986), strongly suggested that the ts lesion of mutant ts93g3 lay within ORF D12.
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Figure i2- Marker rescue anaiysis of mutant ts9383. Monolayers of BSC40 cells were
infected with ts9383 at a multiplicity of 0.05. For each rescue, 10 ¡rg of tinear viral DN.{
obtained from various subclones of cosmid pwR93-130 were added to the infected
monolayers, after which the cells were incubated fbr 72 h a¡d rescued plaques visualized by
staining w-ith crysfal violet. The letters A to o represent the Hindltr ûagments of vaccinia
strain WR- The pC6 series of clones were derived f¡om cosmid pWR93-130. Only those
restriction sites relevant to the anafysis are indicated in the diagram. The iocation ofgenes
Dl2 and D13 and the direction of Ëranscription are as indicated. The ¡esults ofthe rescue
experiment are given in Table L
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Table 1. Marker rescue'ofmutant ts9383

DNA clone

pC6-4
pC6-1
pC6-3
pC6-43
pC6-45
pC6-448X
pC6-448X
no DNA

DNA size (kb)b

r 3.0
12.5

1.2.0

4.9
3.1

1.8

t0

plaques/l0 pg DNA

> 500
0

0

26J
0

229
49
0

u Marker rescue was perlormed as desc¡ibed in Materials and Methods and Fig. 12. The
locations of the DNA clones on the viral DN.A. are presented in Fig i2
b The size of the vaccinia r,irus DN.A insert is indicated in kilobases.
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ÐÌti'A set¡wemcíwg aJ'liæ tsgSES îrwêfu¿tiúls" h,{arker rescue analysis indicated that the

ts lesion in mutant ts9383 was contained within a 1 .O-kb xhol-EcoR.I fragment in either ûRF

D12 or ORF D13 near the right hand-side of the F{ind{Il Ð fragrnent. To determine the

rnolecula¡ basis for this ts phenotype and assign the mutation to a single gene, we sequenced

this 1.O-kb DNA ûagnent using the sanger dideoxy chain tennination method, since ts9383

was de¡ived Êom wild-t1pe strain IÌÐ-W, rather than strain \ÅIR- fiom which the ÐNA used

in the above-described ma¡ker rescue experiments was derived, we cloned the appropriate

restriction Êagments from both IHD-W and ts9383 in pTZ vectors, as described in Materials

and Methods. The resulting clones were checked in a marker rescue assay to ensure that the

correct fragments had been cloned. It was found that pCE)Õ{l (the IIID-W equivalent of

pC6-44EX) was able to rescue the mutant to the same level as was achieved with the

conesponding WR-derived clone pC 6-44E){. As expected, the 1s9383 EcoRi-XhoI fragment

(called pCEXDI) was unable to rescue ts9383. The sequence ofthis fragment is depicted in

Figure 13. In the 1035 bases sequenced, only a single alteration was seen in comparing the

mutant with the wild-type IHD-W at position 379 in our figure (position 14283 in Niles et al.,

7986;3419 in lveinrich and Hruby, 1986). This alteration is a c-T substitution resulting in

the conversion of proline to serine at amino acid position 23 in ORF Dl2.

We have also determined the DNA sequence of the insert in the \ÅlR-derived clone pC6-

44EX and found it to be identical to that reported by Niles et aL (1986). Iir comparing the

sequences of this 1035-bp ûagment from w-ild-type strains \ÁG- and IHD-W we defected three

differences. Two ofthese differences are due to single base changes that do not alter the

coiresponding alrino acids: a C in strain IIID-W ve¡sus a T' in sffain \&G. at position 105, and
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XhoI

TAÀ1GGÀÀCÀÀG¿1ÀCCCTÀÀCTTTlÀ4CTTlACACCåÀAG ?5

ATAîTClIlA.GGCCGÀCÀÀCTÃTTACGGCCAÀÎGTÄ1Cî¡,GGGGGÀÀJI.GATÀÀÀCTÀTCTGTTCGAGTÀG?TTÀT 150

rCCÀCCåîGGÀÎGTC.åIlCCAlCCÀÀTC1À1îÅl]GTÀCÀ.ÀÀÀÀCÀÀTTGGlÀGTTGTÀTGTÀÀTGÀCCIGTÀTÀÀG 225

GÎÀTCT Tå.CGå TÀÀTÀ.ACTÀÀTÀÀTÀåÎÀÀTGÀÀÀÀCÀÀÀCT 3OO

ÀTAGÄGlTGTåå.ATGGÀ1GÀJå,JATTGlÀÀååÀÀ.1ÀlCCGGG¡.GGGÀ.ÄCGC¡,TGlCClTCTTCCåTTTTÄ1GÀ.ÀÀCA 3?5
_ ¡{etÀspcIulLeVaILysÀsnllêÀrgclucIyThrglsVè1Leuf-eup!oph€Ty!cluÎhr
T

TlGCC.ÈGÀÀCTÎÀÀtClcTClCTÀcGÎÀ¡ÀÀcCCCå.ÎÎÀCCÎÀGTCTGG.AÀTÀCGGÀcCTAÀTÎÀCr1TC11CÀG 450
LeuProGIuLêuÀsnl,euSerLeuclyLysSe!ProLeüpEoSerLeucluTyrGIyÀIaÀsnTyrpheLeuGIn

Sêr

AllTCTÀGåGT1åÀTGåÎCTÀÀÀTAGÀåÎGCCGÀCCGÀCÀTGlTÀÀ)q,ÀCTTTTlÀCÀCÀTGÀ1ÀTCÀTG1?ÀCCÀ 525
I leSerÀEgvalÀsnÀspLeuÀsn å,rgMetP EoThrÀspMeCLeuLysLeùpheTh EHI sAspI l"eMe ELeupro

GåÀÀGCGÀ1CîÀGÀTÀ.AÀGTCTÀTGÀåÀTTlTå.åÀGÀ1TÀÀTÀGCGTÀÀÀGIÀTTÃTGGGÀGGÀGÎÀCÎÀÀÀGCG 6OO
Gl.uSerÀspLeuÃspLysV¿llyrcIuIl.eLeuLyslleÀsûServalLysTyrTyEGlyÀlgsêrThrLysÀla

GÀCGCCGTÀGTlGCCGÀCCTCAGCGCÀCGCÀÀÎÀ.àÀCTGTTCÀJ{ÀCGTGÀÀCGÀGÀTGCTÀ1TÀàÀTCTÀÀTÀÀT 675
å.spÀIÀValVèlÂl¿ÀspLeuSe!ÀlàÄr9Asn¡ysLeupbeLysÀr9c1uÄrgÀspÀ]afIeLysSe¡ÀsnÀsn

CÀTCTCÀCTGÀ.ÀÀIICÀÀÎCÎÀ!ÀCÀITAGCGÀTTÀTÀÀGÀÎG1ÎÀÀCClTCGÀCGTGT{TCGÀCCÀT1ÀIrlGÀT ?50
Hj.sLeuîhrGIu-Êsnåsnf,euTyrIIeSerAsptyrLysuetLeuTh!pheÀspvalpheÀ¡gpEoLeupheÀsp

llTGTÀÀÀCGÀÀÀÀ.åTÀlTGTÀTTÀTÎÀÀÀCTTCCå.ACfllATTCGGlÀGÀGGTGTÀÀICGÀÎÀ,CfAÎGÀGå.A1À 825Ph€VaLAsôclul-ysiyrCysllelLeLysLeuproThrleupheGlyÀrgcIyVå.LIIeAspThEMeeÀlgIlê

1ÀlTGTÀGfClCTlTÀÀÀ.AÀTGTlÀGÀClGCTàåÀÀlGCG?ÀÀGCGÀTÀGClGGTTGÀÀÀGÀÎÀGCGCCÀTÎATG 9OO
TyrcysSell,eu.PheLysÀsnvatÀrgI-euLeuLysCysvalSerÀspSerfrpLeEf,ysÀspSerÀl¿.Il-eMet

GTGGCTAGTGÀTG11ÎGTÀÀÀÀÀÀÀÀÎ?IGGÀTTTÀTT1ÀTGTClC.ÀTGTTÃÂGlCCGTCÀCÎÀÀGÎCTIClTCT 9?5
Va1ÀIaSerÀspVaLCysLysLysÀsnLeuÀspI,euPheMetSerHtsVàlLysSerVâlThrLysSeESe!Ser

TGGÀ¡,GGÀÎGÎGÀÀCÀGTGTTCÀÀTTTÀGÎÀITTTÀ.åÀCÀåÎCCÀGTGGÀÎÀCGGÀÀÎ1C 1035
TrpLysÀspValÀsnSerVaIGlnPheSerIlel.eùÀsnÀsnprovalÀspThrcluphe

EcoRl

Figure 13. The DN.{ sequence of the 1035-bp XhoI-EcoRi IIID-W-derived fragment
capable ofrescuing ts9383. open reading frame D12 begins at nucleotide 313 in the diagram
and extends 141-bp beyond the EcoRI site. This sequence was determined for three individuat
clones, the WR derivative pC6-44EX, the IF{D-W derivative pCE)ß-l and the is93g3
derivative pcE)o 1 (see text). The single difference between IHD-W and tsgjg3 is indicated
by a star (+)- The changes observed betw-een lrID-\¡//ts9383 and \&G. are underlined. None
ofthese lead to a change in the coresponding amino acid (see tert).
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a G in strain IFÐ-w versus an .A in lvR at positiû 882. The thircJ cliffe¡ence at position

277-279 tvas a TA-A stop codon, The wR sequenre has four successir¡e stop codons in ûRF

Ð13, whereas both IllD-W afld ts9383 have five stop codons.

.4 siwgtre poinr wwt*tiow reswlÉs íw lt¿¡tk tt ts awd res pkewø$r¡te l{aving show-n that

the singÉe transition mutation in the gene encoding the small subunit of the niRN.A capping

enzyme is responsible for the ts defect, we next wished to determine whether the same

mutation is also responsible for the observed telomere resolution defect. That this might

indeed be so was suggested by the observation that both virus lethality and resolution defect

were only expressed above the cut-of temperature of approximately 39'c. we set out to test

the hypothesis directly by replacing the mutation in ts93&3 with the wild-type sequence and

testing its effect on viral telomere resolution. To this end, BSC40 cell monolayers were

infected wìth ts9383 at a multiplicity of 0.05 and transfected with plasmid DNA containing

either tlie wild type or the mutated sequence. The infections were allowed to proceed for 72

h prior to harvesting. Rescued virus was used directly (Fig. la; lanes 1-5), o¡ after a

subsequent 48 h passage at 40"c (Fig. 14, lanes 8-12), as inoculum for pFGE analysis. Fig.

14 shows that ¡escue with pC6-448X (containing a 1.8-kb wTd+ype sequence) or pC6-44EX

(co.taining a 1.0-kb wild-type sequence) produced virus that generates predominantly

¡noiromeric Dl¡{A, which is characteristic of wild-type infections (Tig. 1a; compare lanes l.

2,3,8,9 and 10 w'ith lane 7). In contrast, infection with ts93g3 resulted in a ladder of

concatemeric DNA molecules, characteristic of res- mutants (Fig. i4; lane 6). Rescue w-ith

pcBl(Dl (containing a 1.8-kb mutated sequence), was essentially identical to the no-DNA
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Figure 14. FFGE analysis of, viral DNA obtained from marker rescue of ts9383. Mutant
ts9383 was rescued by transfecting infected BSC40 cells with 5 ¡rg of plasmid DN,{, from
which the viral inserts were released. Followíng a 72 h incubation period at 40"C, cell
monolayers were harvested and the rescued virus was passaged for an additional 48 h period
at 40'C . Virus obtained after the iûlTial 12 h period (fanes 1-5) or after the additional 48h
passage (lanes 8-12) was then used to infect BSC40 cells for 24 h at 40"C. The progeny DNA
was subjected to FFGE analysis as described in the legend of Fig. 10. Mutant ts9383 was
rescued with pC6-44EX þerFormed in duplicate, lanes 1,2,8,9), pC6-448X (lanes 3, 10),
pCB)Ði (lanes 4, i i), or no ÐNA (ianes 5,12). trnfections rvirh rs9383 (lane 6) and wíld+y¡re
G{D-W (lane 7) are included as controls.
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cûntrol: in eiihef case, neiiher rescued virus nor progeny Dld.{ were obserued (Fig. i4; lanes

4, 5, 11 and 12). The results unequivocall]' demonstrated that rescue with pCó-448X or pC6-

448X. but not with pcBlol or no-Dr-*l-.4 controls, had simulta¡eousþ repaired rhe ts and res-

phenotypes. we fherefu¡e conclude fhat the single point mutation in oRF D12 is responsibie

for both the ts and res- phenotypes of mutant ts 93 g3.

Ðiscussior¡

The resolution of the poxvirus telomere fusion con-figuration to hairpin termini can be

seen as a site-specific recombination event, in which a putative telomere resolvase interacts

with two identical inverted copies ofa short DNA recognítion sequence. The cis elements

required for this recombination event are now fairly well-defined, but the component(s) ofthe

putative telomere resolvase ¡emarn to be identified. The genetic approach to this problem has

met i¡/ith some diffrculty, largely because mutants that are defective in telomere resolution

have been found to be simultaneously defective in late gene expression. The defect i' such

mutants could be explained if one or mo¡e late protein(s) is/are required for efücient

resolution oftelomeres, This mechanism does not appear to be responsible fo¡ the resolution

defect ofmutant ts9383, since we have shown that late protein syr.rthesis ofthis res- mutant

appears unaffected up to at least 12 h postinfection. ûur results are compatibie with the view

that the protein that is âltcred in tsg383 normally acts in trans at the teiomere resolution target

region during the process of telomere ¡esolution. Interestingiy, we found this protein to be

equivafent to the 33-kDa small subunit of the *RNA capping enzlrne, whicl. is encoded by

OR¡'D12 firtriles et al., 1989).
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\4uta¡it ts9383 
"v- 

ãs iiritially classified as a repiication-positive mutarrt which, wiren

exarnined by electron nricroscopy, was shown to be blocked during virion morphogenesís at

a stage when replicated nucleoprotein becomes condensed and vfu al membranøs are beginning

to enclose the nucleoprotein. .4s a result, the vlrosomes forrned within ts9383-infected cells

at the nonpermissive temperature contain characteristically dense DN.a paracrystals a¡d

aberrantly-formed virus envelopes @ales et al., 1979), trt is of interest that treatrnent of

vaccinia-infected cells with rifampicin results in an essentially identical block in virion

morphogenesis (x4oss et a1., 1969; Nagayama et al., 1970). Rifampicin resista¡ce mutations

have been mapped to ORF D13 @aldick and Moss, 1987; Thompson and Condit, 1986)

Furthermore, we have recently found that ih¡ee mutants with the same terminal phenotype

(category E), ts1085, ts7743, and ts9203 (Lake et al., 1979; Silver and Dales, 1982), and a

ts mutant, tsC33, whose lesion has been mapped to O[tF Dl3 Qrliles et aI., l9Só), fail to

complement each other (4.M. Del-ange, unpublished data). Marker rescue analysis further

supporred the placement of the lesions within these four ts mutants in oRF D13 (data not

shown). clearly, oR¡'D13 is implicated to have a role during virion morphogenesis. clRF

Dl3 encodes a 65-kDa protein (weinrich et al., 1985), whích is thought to be involved in

proteolytic processing of core polypeptides (Katz and Moss, 1970). Despite the identical

rnorphologicai phenotype associated with ûRF D12 and oR.F Ð13 mutants, telomere

resolution is unaffected in the oRF Ð13 ts mutants @elange, 19g9; Merchlinsky and Moss"

1989a), or after treatment of wìld-t1pe virus with ¡ifampicin (r4erchlinsky and Moss, 19g9a).

trt is intriguing that mutations in these adjacent oRFs, D12 and Dl3, result in a block at the

same stage of virion morphogenesis and yet the gene products would appear to be quite
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un¡elâ16d in functicn or in the time at wlicl¡ they are expressed, ûR¡- Di2 being expressed

early (I-ee-Chen and Niies, 1988; Lee-Chen et al., 19S8) and ORF D13 late and probably

intennediate (çveinrich and r{ruby, 19s7). ln contrast ro oRF Ð13 mutan¿s, ts93g3 does nût

have a defect in cleavage of the rna.ior core pollpeptides (Lake et al., r919j could the

funciion of the small subunit of the mRNA capping enzyme during telomere resolution

somehow be required fo¡ both the resolution event a¡d virion morphogenesis or could proper

resolution even be a prerequisite to a specific stage in virion morphogenesis? such a role of

this capping enzyme subunit is plausible, especially since it is known to be a highly stable

protein present throughout the infection cycle and is packaged into virion particles flr{iles et

al , 1989)

our observation that protein synthesis in 1s9383-infected cells is unaffected at the

nonpennissive temperature under conditions whe¡e the res- phenotype is expressed, suggests

that this res- phenotype is not caused by a general defect in late protein synthesis. we have,

however, found that the res pheno{pe in time course experiments used to determine protein

synthesis is slightly less severe than that observed when a single time point is taken at 24 h

postinfection (compare Fig. 108, lane 24 at 40"c and Fig. 14, lane 6). This difference cannot

be ascribed to the multiplicity of infection, since essentially identical resolution defects were

observed at multiplicities of 1, 5 and 25 (data not shown). we have repeated the experíment

under very stringent conditions with essentially identicai results and, since the res- phenotype

is still ser¡ere under conditions where protein synthesis is essentially normal, we favour the

hlpothesis that this mutation does not cause a general defect in intennediate and late protein

s]nthesis. These obse¡vations pose two interesting questions. (i) since this gene is known to
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ire essenîial (ldiles et a1., 1989) â-ûd the gene produot is involved in mRr\A capping and

tra¡scription túnïination, why did we faii tû detect a defect in protein synthesis? (ii) Is there

er¡idence for an inte¡action of the mRN.A capping enzyme w-lth the telomere fusion eleroents,

and could this interaction somehow mediate or control their resolution to hairpin termini?

The functional mR]i,A capping enzyme of vaccinia vírus constitutes a heterodimeric

rnultifunctional enzyme complex composed of 97-kDa and 33-kDa subunits (reviewed in

h4oss, 1990a). Both subunits are expressed at eariy times prior to the onset ofviral DNA

synthesis. The puriñed enzrTme catalyzes the fust tlree reactions during the formation ofa cap

structure at the 5' ends ofRNA: polynucleotide 5' triphosphatase, nRNA guanylyltransferase

ard mRN,{ (guanine-7) methyltransÈrase (Martin ef al., I975; Venkatesan et al., 1980). The

phosphatase and guanylyltransferase activities are performed by the large subunit and the

methyltransferase by the small subunit of the mRNA capping enzyme (Shuman , I9g9; ß9Aa,

b). The multifunctional nature of this enzyme has been dramatically illustrated by the

observation that this enzyme is required in the process oftranscription termination (shuman

et al., 1987). The lesion in the small 33-kDa subunit in ts93 83 could potentiaily cause a defect

in any or all of the enzymatic activities of the 
'RNA 

capping enzyme and/or in some as yet

undefined activity of the enzyme subunit. dssuming all functions were abolished by the

mutation, one niight postulate that a. cellular counte.part ofthe capping enz},me substitutes

fo¡ the virus-encoded en4nne. Floweveq it is not clear how such a cellufar enzyme could also

be involved in t¡anscription terminatíon, and since prelimilary Northern blots of RN-A isolated

f¡or¡ ts9383-infected cells showed no¡mal quantities of discretelength ea.rly RN.A and

heterogeneousJength late RNA (data not shown) it appears that at löast the tralscription
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tetvr'¡nafian function ofthe mutant enzyme is unaffected. \&&ethe¡ the capping activities are

similarly unaffected awaits l¡¿ vi/r'o testing ofthe muiant enzyme. Even though transcription

termination appears normal, this might be attributed to tFie normal function of a virus-

encapsidated enzyme, ifts9383 is defective in the assembly ofa functional eÐzyrne zt tl.Ê

nonpermissive tempôrature, as has been shown for rnutants of RN.q polymerase subunits

(Hooda-Dhingra et al., 19&9). trn that case, early RNA would be synthesized and processed

normalfy with the I'irion-canied enzyrne complex, but these activities would be defective at

late times. since RNA transcribed from at least most late genes does not appear to utilize the

transcription termination function and the l¡z vlvo requirement of the capping function for

these transcripts is unknown, it is possible that an assembly mutânt ofthis type might have

the observed phenotype. Prelirninary experiments atmed at distinguishiirg betw'een an

assembly and a thennolabile defect in telomere resolution have thus fur been nonconclusive.

trt was recently shown that the noncoding regions at the ends of the genomes of

vaccinia virus and several othe¡ orthopoxviruses act as a template for the synthesis of late

RNAs @arsons and Fickup, 1990). since telomere resolution appea¡s to take place aiÌer the

completion of Ðl'JA synthesis at about the time that these late Rl,lA molecules are

synthesized, it is possible that one or more telomeric RNA molecule(s) a¡e somehow involved

in the process ofteiomere rosolution. Alternatively, binding ofthe transcriptional mactrinery

might have a role in the control ofthe resolution event- The RN.d capping enzyme could be

involved in this process, either through its tlanscription termìnation function or some othe¡

activity, Interestingly, this view could also imply a di¡ect roie fo¡ the virai RN.A polymerase

in the resolution p¡ocess. Such a role for RNA pol]'rnerase in telome¡e resolution is consistent
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"14/ith the observed resc,lution defect ol Rl{,4 poiymerase mutants. Future experimenis are

atmed al determining the function of the nR.}LA capping erzyme during tire process of

telomere resolution
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CãLAFTER ITT: EÊ)ÐNTIB'åC,åT{ûÌ{ ÕF å T'EefpERerLrRE-gENSrrtvE t${urÄt{T
ÛF'VACCtrüA V@EIS BEF'ECTffi€ ÌN {,.4T8 BUT NT?'{N"ERMtrÐLA?Ð GE¡{E,
EXPRÐSg{TÞ{

.4hsÉnaeÉ

The vaccinia virus conditionalJethal ternperature-sensitirre (ts) mutant tsc63 is

defective in the synthesis of some but not all postreplicative proteins. Sl¡nthesis of the

temporal 'intermediate' class ofproteins was unaffected, whereas'late' proteins were absent

at the nonpermissive temperature. At the DN.A level, DNA synthesis was unaffected, but

telomere resolution was severeþ inhibited. In order to identify the defective gene responsible

fo¡ this ts defect, we performed marker rescue and DNA sequencing experiments. we

localized the lesion to open reading frarne (clRF) dll-, which has recently been identified as

one of the three intennediate genes required for the transcription of late genes (J.G. Keclq

C.J. Baldick, Jr. and B. Moss, Cell 6t:801-809, 1990). S1 nuclease analysis of viral 
'RNA

demor.rstrated that the ts defect ín late protein sl,nthesis was caused by a defect in the

transcripfion ofstable mRN{ and therefore provides evidence for a role ofthe AlL gene

product during l¡i viÌ.'o transcriptionaf activation o¡ stabilization offhe late class ofvaccinia

genes. Furthermore, the kinetics of early protein synthesis in tsc63-infected cells suggests

that, in addition to its ¡oie in trans-activation of iate genes, interrnediate gene expression

mediates suppression of early protein synthesis. The telome¡e ¡esolution defect ofthis mutant

is presumably a secondary consequence ofthe defect in late gene expression.
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vaccinia virus repiicates its linear 185-kiiobase (kb) DNA genome in the c5toplasm

cfa wide range ofr;ertebrate cells. The apparent lack ofintrons in this genome enables the

r'irus to code up to about 200 polypeptides (for a review, see Moss, 1990a). ?ranscription

proceeds in a temporaliy controlled manner, and vi¡a.t DN-.A sl,nthesis plays a crucial part in

its regulation. In agreement with the long-standing beliefthat most or all factors required for

viral DN.A replication and transcription a¡e virus-encoded, many such enzymes have now been

identified and shown to be encoded by specific viral genes (Moss, 199ûb). The added

observation that these enzymes are often highly homologous to their cellular counterparts

makes a strong case for the use of this virus as a model to study mechanisms of DN-å

replication and transcription in higher eukaryotes,

The linear double-stranded DNA genome of vaccinia r¡irus is terminated by

incompletely base-paired hairpi's (Geshelin and Bems, 1974;Baroudy et al., 1982). upon

replícatioq the genome is converted to high molecular weight roncateme¡s, which consist of

unitJength genomes that arejoined together by the replicated, inverted repeat confguration

of the tenninal hairpin (Moyer and Graves, 1981; Moss et at., 19g3; Del-ange, 19g9;

Merchlinsþ and &4oss, I9B9a). This inverted repeat structure is resolved in a ppostreplicative

step tenned ieiomere resolution. The cís-acting DNA element required for this resolution

process, cailed the telomere resolution ta¡get or TR-T @eI-ange and McFadden, 1990), has

been identified (Delange et al., 1986; Merchlinsky and Moss, 1986; Merchlinsky, 1990).

Although some suggestive evidence indicates thai a 50-kDa nuclease may be invoh¡ed in the

resolution process @eddy and Bauer, 1989), no trans-acting resolvase factors have been
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trrositively identifi od to-date.

Powirus geues have traditionarly been separateci into tw'o crasses, those expressed

prior to (early or pre-replicative), and those expressed afcer (late or postreplicative) the onset

of viral DN-4 synthesis. Two classes of postreplicative genes have been recognized on the

basis oftire temporal appearance oftheir gene products- one class is expressed imnediately

aÍÌer the onset of viral Dl{,A synthesis, whereas the other is expressed after a slight delay

(Moss and Salzman, 1968, Fenningto n, 1974; Vos and Stunnenberg, l98B). While the

existence of two distinct temporal postreplicative classes had long been suspected, strong

supporting evidence has appeared only recently. vos and stunnenberg (19g8) used a novel

transfection assay in which vaccinia virus-infected cells that were blocked at the onset of

DN,{ replication were transfected with plasmid DNA. using flis in vírto assay, only a subset

of plasmid-borne, postreplicative genes were expressed. Interestingly, the same subset of

genes was selectively expressed from plasmid DNA under ¡¡i vltro conditions when cellular

eÉracis Èom hydroxyurea-treated, vaccinia-infected cells were used to dÕtect transcription.

This class of postreplicative genes is, based on the time of activation ofthese genes during

infectior\ known as intermediate. The second subclass of postreplicative genes. the true late

genes, failed to be expressed ûom plasmid DN.A under the same conditio¡rs. These

observations inspired a cascade model of gene expression, iir which some intermediate

proteins would be required to i'duce the expression of late genes. This hypothesis was

confirmed by I(eck et at. (1990), who demonstrated that expression ofth¡ee intermediate

genes from naked plasmìd ÐNA wa.s necessarv and sufficient to induce expression of a late

reporter gene. These three intermediate genes were identified as open reading frarnes (oRFs)
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GKi, "42, zurd 41, which have coding capacitie s af 3a,26. and 17 -kJla, respecTiveiy. The 3û-

kÐa protein comprises part or ali offhe biochemica-lly-purified late transcriprion factor vl-TF-

i (Wright et al., 1991)

We have recently chanú.enzed a class of conditionalleth¿l temperature-sensitive (ts)

mutants of vaccinia virus, which are competent for DNÂ syrthesis but defective in ielomere

resoiution (res) (Delange, 1989) it was found that most res-mutants are also defective in

some aspect of postreplicative gene expression (Delange, 1999; Merchiinsþ and Moss,

1989a). This suggested a cause-and-effect relationship between expression of postreplicative

genes and telomere resolution. This view was supported by the finding that RNA instability,

caused either by the conditionaf-lethal mutant tsc22 (pacha and condit, 1985) orbythe drug

isatin- B -thiosemícarbazone (Àderchlinsþ and Moss, tr9g9a), also causes a defect in telomere

resolution. A number ofres- mutants sharing the same phenotype of abnormal postreplicative

gene expression and defective telomere ¡esolution have been shown to contain lesions in

va¡ious subunits of the virus-encoded RN-A polymerase (rpo), namefy, rpo 147, rpo22, rpolg

(Delange, 1989; I{ooda-Dhingra et al., 1989; Mercfrlinsþ and Moss, 19g9a) A_hn et al.,

1990), a-nd rpol32 (Hooda-Dhingra et aI., ß9a; carpenter and Del-ange, 1991). However,

two res- rnutants, ts9383 and tsc63, did not appear to have the sarne dramatic defect in

postreplicative gene expression obsen ed in the other res- mutants. The lesion responsible for

the ts and res- phenotypes of tsg383 has been localized to fhe srnall subunit of the

hete¡odimeric virus-encoded mRNA capping enzl,rne (Carpenter and Delange, 1991). yet,

this mutant does not appear to be defective in protein synthesis. Given the fact fhat the mRN.A

capping en-z¡,me is a multi-functional enz,vme which, besides its ¡ole in *RNA cap formation
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(reviowed in Moss, 1990b), alsc acts as an early transcdption terminaticn {àctor {shumarr et

d ' 1987), a¡d a¡ intennediate gene transcription factor (vos et al., 1991), a di¡eet role ofthe

mRN.A. capping enzyme during telomere resolution has been postulated {carpenter and

Delange, 1991)

In this report, we describe the conditional-lethal res- niutart tsc63 which, at the

nonpermissive temperature, is partially defective in postreplicative gene expression. we show

That, whereas this mutant expresses intermediate genes with high efficiency, it expresses late

genes very poorly at the nonpermissive temperature. Marker rescue and ÐNA sequencing

have localized the mutation to clRF 41, which has previously been identified as one ofthe

three i'termediate genes required for expression ofa plasrnid-borne late gene (Keck et al_,

1990). our obsewations on this mutani provide evidence for a role ofthe ,41 protein during

in vit'o acfwatian of the late class of genes from the viral genome. This mutant should

facilítate the study ofvaccinia virus postreplicative transcriptiona-l regulation and telome¡e

resoiution.

&4aÉerials and MetFrods

Materials Restriction endonucleases, T4 DNA ligase and s 1 nuclease were obtained

from Boehringer l\4annheir¡ Biochemicals or pharuracia. Fhagemid vectûrs ¡lTZ1g{l/R and

pTZl9u,&- and helper phage M13Ko7 were obtained {ìom u.s. Eiochemicals. T7 RNA

polymerase and ribonucleotides were from promega. Deoxynucleoside triphosphates,

dideoxynucleoside triphosphates and Klenow enz]4ne ìvere obtained from Bio-R.ad

Labo¡atories- [3is]methioni'e, [ris]deoxyadenosine triphosphate and [3?]cytidine
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cells $nd virs¿s. A. conrinuous line of .African gree'monke.rr kidney cells (BSC40)

was grown as a monolayer culture i¡ Dulbecco's Modified Eagle (DÀÆ) medium

suppiemented with 5% fetal ca.lf serum. wild-t1.pe str ain wR and ts mutant tsc63 were kindly

provided by Dr. Richard condit. n{utant tsc63 was twice plaque purified in our laboratory

before being used in experiments. crude virus stocks wËre obtained as desc¡ibed previously

@elange, 1989). The pennissive temperature for mutant tsc63 was 32"c, tbe nonpermissive

temperature was 4OoC.

Maletwtar cloning ønd þfarker Resc¡¿¿. wR and tsc63 viral DNA were purified

as described by Esposito et al. (l9s1i. After appropriate restriction endonuclease digestion

and gel electrophoresis, DNA fragments weÍe purified from agarose gels by electro-elution

and ligated into the multiple cioning site ofthe Genescribe \¡ectoÍs, pTZlgR, pTZIgu or

pTZr9u by standard methods (Maniatis et al., i9g2)- const¡ucts were used to transfornr

DH5ø or iM101 bacierial st.ains. plasmid DNA fo¡ marker rescue or restriction enzyrne

analysis was prepared by the alkaline lysis method of Birnboim and Doly (1979). plasmid

pc64 was derir¡ed Êom cosmid pwR93-130 (Thompson and condit, 19g6) by digestio'with

KpnJ plus sacl and ligation into similarly digested pTZlBR. plasmids pc6-41, pc6-43, and

pc6-45 arc subclones of pc6-4 (carpenter and Del-arge, 1991). plasmíd pc6-41 was fu¡ther

subcloned by double digestio'with HindIII and NdeI (to generate pc6-41-NS) or NdeI and

sacl (pc6-41-lÐ$, followed by tr eatment with ldlenow'to generate blunt ends and selÊ
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Iigation in the presencâ of 14 DNA ligase. plasmid p{.6-41-Awas deri,¡ed by digestion i;i

pc6-41 v;ith.Accl, w-hich removes a 0.75-kb fragment containing most olûRF ,42, foliowed

by treatment with Klenû\Ã,'. to geneÍate blunt ends, and self-ligation. Flasmid pTS63-I{s was

obtained by ligating the 1.7-kb Hindlll-sacx fiagment from tsc63 viral DNA with simílarly

digested pTZlSR.vector. pTS63-HN w'as derived frorn pTS63-HS by <iouble digestion with

sacl a¡d NdeI, treatment with Klenow and self-ligatioa. To test which mutation caused the

ts pheno4¡pe oftsc63, four plasmids w-ere generated. Flasmids pTS63-F{N and pc6-41,HN

we¡e each digested with Hindl and AccI, a¡d the digested DN.{ was electrophoresed in a

5% nrni-acrylande gel. The 364-bp Hindrn-¡rç.J ¡agments thus generated were isolated by

gel elution and subjected to an AIutr partial digestion. The resulting fragments were

electrophoresed in an acrylamide gel and the 195-bp AccI-A1uI and 169-bp HindIiI-AluI

fragments were eluted (see Fig 19). Each mutant and wild+ype AccI-AluI fragment was then

combined with either the mutant or wild-t1pe Hind[I-AIuI fragment and ligated to the 3 . l -kb

Flindiltr-Accl fragment of the parent plasmid pTS63-rIN. Four plasmids were thus generated:

pTS63-HN[m1-,m2-] is identical to pTS63-HN and contains both the ml and m2 mutation;

pTS63-HN[m1',m2*] contains neithe¡ r.nutation; pTS63-HN[ml-,'rZ-j contains only the m1

mutation; and pTS63-Hhr[ml*,r'2-] contains oniy the m2 mutation (see Fig. 19). The

identities of the clones were con-firmed by DÌ'I.4 sequencing. Marke¡ rescue was performed

as described in Carpenter and Ðelange (1991).

Protein Í'abelÍing. FulseJabelling ofproteins from infected cells, sodium dodecyl

sulfate polyaorylamide gel electrophoresis and autoradiographl, o¡ tru6.¡1", proteins were
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pelfofmed as described previously (condit ancl Møtyczka, \g&l; carpenter and Del-angø,

1991). Cells were infected at a multipliciiy ofinfection oi25 FFU pe¡ cell.

ÐNA SeEweøci*g. Sequencing of Ðl{,{ ciones obtained from w-ild-type \4R and

mutant tsc63 was pedormed by the sanger dideoxynucieotide chain termination method

(sa-trger et al., 1977). single-strarded template was prepared according to llente et af. (19s3)

and Messing (1983) and has been described previously (carpenter and Delange, 1991). For

sequencing of double-stranded DNA, ternplates were prepared according to the method of

Hattori and Sakaki (1986)

Æl/ã fsoføft'o¡ø. RNA w'as isolated using the guæridinium isothiocyanate-cscl method

as desc¡ibed in ,Ausubel et al. (i987). Briefly, 100 mm tissue culture dishes containing

monolayers of BSC40 cells were infected at a multiplicity of l0 or 20- Following a 30 min

adso¡ption period at 37'c, the inoculum was removed and replaced with pre-warmed (32"c

or 40"c) mediurn. Flates were then incubated for various times at either the permissive or

nonpermissive temperature. At given times postinfection, plates were taken from the

incubators and placed on ice. The medium w-as removed, and the cells rinsed twice with ice

cold FBS before being lysed with the guanidinium solution (4 M guanidinium isothiocyanate,

20 mM sodium acetate, pH 5.2, 0.1 mI4 DT'T,05% NJaurol,isarcosine). The lysates were

passaged four times through a 21-G needle, transferred to fresh tubes and l,lash-frozen in a

dry ice ethanol bath prior to being stored at -7û"c ovemight. The following day, 3.5 ml of

the thawed lysate was layered onto 1.5 mi of 5.7 M cscl in silanized and autoclaved
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Beckrna.n hrbes. centrifugaticn 'ras in a BeckÍ!Ìan sw50. 1 ralor at 35,ût0 rpm i150,000 x

g) at 18"c for 15-20 h. The resuiting supernatant was then drawn off and the pelret

resuspendeci in TES (10 m&¡n rris-cl. prl 7.4, 5 nLM EDT4 1% sDs), extracted with

chlo¡oform/1-butanoi (4:1) and ethanol precipitated twice. The RN.a w-as resuspended in

v¡ater and stored at -70"c. concentration and purity were determined by reading the &* a¡d

A.*n values in a Glford spectrophotometer.

Riboprobe comstrwctíom and sn NucÍeøse ,aøa1ys¿s" In order to analyze the 5' ends

of vi'ai mRN.{, specific Ðl'{A fragments were cloned downstream of the T7 RNA polymerase

promoter in pTZl9u. clone pTS63-,41 w'as generared by digesting clone pTS63-HS with

HindIII and BglIr and ligating this fragment inro pTZrgrJ digested rvith HindIII and BamHI.

pJB307-44 was constructed by isolating an approximately 1,1-kb scal fragment from clone

pJB307, which was obtained from a partial MboI library from wild-type wR and conrains

oRFs A3-45, treating this fiagment with Klenow to generate blunt ends and ligating it into

pTZr9u digested with smal. pTS63-41 was linearized with EcoRI while pJB307--A4 was

linearized with MluI to give transcripts of discrete length (Fig. 20c). uniformly r2p-labelled

antisense Rl'{A was generated as described in the Fromega lite¡ature and purified on 5olo

polyacrylamide/7 hd urea denaturing mini-gels. The fi;ll length probes were excised and eiuted

(elution buffer was 2 M amrnonium a cetale, 7Ð/o sDS, 25 ¡-rg/ml yeast tRtrI-A.) as described by

.A.usubel et al. (1987) for 3 h aL 42'c followed by ethanol precipitatio'. sl nuclease analysis

of the 5' ends of viral 
''RNA 

was perfonned essentially as described by $/eir and Moss

(1984) except ihat unifonnly labelled antisense RNA probes were used, ÉIybridizations were
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cûnducted under" conditiûns of probe excess aûd contained 1û ¡rg of Total RNA in a 3û ¡rl

reactran voiume containing 80o% formamide, 40 mM FIpES, pH 4.6, 400 mM l,laCi and i

nLM EDTA. Reactions were heated to g5"c for 5 min, then incubated overnight at 37"c. l['he

R.NA duplexes were chüled on ice with 300 ¡rl s 1 digestion buffer (0.28 M Nacl, 0.05M lJa

acetate pF{ ó".6, 4.5 n}"4 Znsou} and digested with 500 lJ sx nuclease for t h at room

temperature followed by phenol./chloroform extraction and ethanol precipitation. Fellets we¡c

resuspended in loading buffer, heated for 3 min at B5"c and run on a denaturing (7 M urea)

5% polyacrylamide gel. Frotected fragments were detectÕd by autoradiography and

quantitated by densitometry.

Res¿¡lts

Froteím symti'aesis in tsc63-ímfecîed celis. Mutant tsc63 was initially identified as a

ts mutarìt defective in postreplicative protein sl.nthesis (condit and Motyczka, 19g1; condit

et at., 1983). subsequently, it was also found to belong to a class of mutants(res-) which,

while not defective in DNA synthesis, ís defective in the process of telomere resolution

(Del-ange, 1989; Merchlinsþ and Moss, 1989a). A closer analysis of protein synthesis at the

pennissive (32"c) and nonpermissive (40"c) teinperatures suggested that at least some late

proteins were expressed nornially at the nonpermissive temire.atuie (Delange, 19g9).

Following this initial anaiysis, frnn evidence was obtained for the existence oftwo cfasses of

postreplicative proteins: intermediate proteins, which are expressed immediately after the

onset of viral DN.A synthesis, and late proteins, which are expressed with a delay (vos and

Stunnenberg, 1988; Keck et al., 1990; Vos et ai_, 1991). Since at least one subclass of
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pcsi¡epücalive p¡ûteiris in tsc63 w'as expressed normally at The nonpernissive teffperâ.ture.

we hypothesized that these might be equivalent to thÕ intefmediate class and that a second

class ofprcteins which was expressed pooriy or nût at ali might represeni the iate class of

proteins. \4¡e thus reexamined in detaìl the paftern of prûtein sl,nthesis in both tsc63- and

parental strain WR-infected cells.

Ti¡ne course a'alysis of proteins produced during mutant infection conÍn-ned the

absence of some, but not all, postreplicative proteins at the nonpermissive temperature (Fig.

154). one ofthese classes ofproteins (labelled "inter" in Fig. 15) was produced beginning

at 4 h postinfection at the nonpermissive temperature and approximately t h later at the

permissive temperature (a short lag is usually obsewed in i¡fections performed at lower

temperatures). However, whereas the second class of postrepiicatìve proteins (labelled ',late',

in Fig. 15) appeared at approximately I h postinfection at the pennissive temperature, this

class ofpolypeptides was absent at the nonpermissive temperature (Fig. 15A). The a¡rows

on the right-hand side of Fig. 15 indicate representative examples of the th¡ee classes

of proteins based on their temporal appearance in the wR. infection (see below). we designate

the two classes of postrepficative proteins as intermecÍiate (inter) and late and will provide

further evidence in subsequent sections that the two temporal classes are indeed equiva.lent

1o inter¡nediate and late proteins.

A.t the same time as proteins were being harvested from the tsc63 infection, w'e also

examined ptoteins slnthesis from wild-type \4&.-infected cells (Fig 158). In addition to the

no¡inal harvesiing time-course, proteins were ha¡vested every 30 min between 2h and 5 h

postinfection since it is during this time that the temporal switch between the irfermediate and
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Figure 15. Frotei' syrthesis in ceils infected with vaccinia virus mutant tsc63 ({ B) and
wild-type st¡ain wR (B) infected cells. Monolayers of BSC40 cells we¡e infected' at a
multiplicity of 25 PFU per cell and incubated at 32"c or 40"c. .A.t various fimes postinfection,
cells were pulseJabelled with [3js]rnethionine. Addìtionaltime points were obtained for wB.
aT 2.5, 3 .5 and 4 5 h postinfection. samples were harvested and separated on an sDS- 12.5%
polyacr]'iamide gei and exposeci to X-ray fih¡. I,{olecular weight markers as well as
representative early, intemediate and late proteins are indicated.
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the late ciass of proteins takes place. ln keeping lvith the prer,.ious resulTs, one class of

poþpeptides (indicated às inter) appeared by 3.5 h posiirfection which is similar to the resulrs

obtained with the mutant infecfion at 40"c. A second class of postreplicatirre proteins (Fig.

158, inclicated as late) appeared shortlSi afts¡ 1þs internediate proteins and is evident by 4 h

postinfection in the wR infection- The short lag between the appearance ofthe two ciasses

of postreplicative proteins is characteristic of wild+ype infections. Er¡en at 32.c, the

temporal late class ofproteins invariably appears 4-5 h postinfection (not shown). The lag

period was rnuch extended in mutant infections at the permissive temperature (32"c), and late

proteins did not appear until I h postinfection. significantly, the late class ofproteins was

essentially absent in the mutant infection even by 10 h postinfection at the nonpermissive

temperature (Fig 158) These data a¡e consisteût with the interpretation that tsc63 is

defective in the synthesis oflate but not intermediate proteins.

When comparing the intensities of the ',inter', bands in mutant and wild+ype

infections, it appears that synthesis ofthis ciass ofproteins peaks at around 5 h postinfection

in wild-type infections a'd then levels off In contrast, this class ofproteins remains highly

expressed up to at least 10 h postinfection in tsC63-infected cells. lt is not clea¡ whether this

apparent partial turnoff of intemlediete protein synihesis at late times is the result of active

suppression by a la1.e gene product or reflects competition betr,veen the synthesis ol

intermediate and late proteins.

Manker rese*e af, rsc6î " r-titrtzøg croned vi¡al DNA from a cosmid library, Thompson

and condit (1986) roughly located the tsc63 mutation site to an approximately 1O-kb region
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spaniring the dght side of Hindxü D a¡d the leû side of Í{indffi . - hr a preliminary experinent

we deteruined that cosinid p1vR"93-130 and a 12.5-kIt subclone, pc6-4, rescued tsc6j with

high efficiency qFig. 16). pc6-4 was therefore further subcloned into tkee plasmids: pc6-43,

pc6-45 and pc6-41. ,4ll three subclones, including piasmid pc6-4r w-hich contains a 1.7-kb

Hindlll-sacl f,ragment derived from the extreme left end of the HindIII .4 fragment, stiil

rescued with high efficiencS', The pC6-41 fragment contains three complete ORF's, ,{1, ,42,

and 43, and part of oRF A4 (weinrich and llruby, 1986). To localize the mutation to a

specinic oRF, va¡ious subclones of pc6-41 were obtained and tested in marker rescue

experiments. Positive rescue with plasmids pc6-41-HN and pc6-41-Ä, but not with plasmid

pC6-41-NS, indicated that the ts lesion was located in ORF ,{1 (Fig 16)

tsc63 cont$iies gtþû p¿iiwt tîa*t{ttiotns in {}RF Af. To detennine the mutation(s) in

clR-F A1 that cause(s) the ts phenotype, we cloned the 1.7-kb Hindlrl-sacl fragment from

tsc63 DNA T'he resulting clone pTS63-HS (the mutant equivalenr of the wild+ype pc6-41

clone) and its HindIII-l.ideI derived subclone, pTS63-riì\- (the murant equivalent ofpc6-41-

rlhr) were tested for their ability to rescue the ts phenob/pe, -As expected, plasmids containing

the mutant DNA were not able to rescue tlie Ts phenotype of tsc63, we nexl dete¡mined the

DNA sequence of the Hindill-hrdel fragments of both wild+ype wR and mutant tsc63. This

566-bp Èagment was found to contain two nucleotide substitutions, a G,A transition causing

a change som valine to methionine at amino acicl position 41, a¡d a c-A transversion causinq

a change fi'om proline to giutamine at position 100 (Fig. l7). For convenience, we termed

these mutations mI and m2, respectivel]¡. The sequence of the wild+ype clone was found to
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Figure 16. Ma¡ker ¡escue of mutant tsc63. confluent monolayers of ESC40 cells were
infected at a rnultiplicity of 0.05 PFU per cell. Each .es"u" *ui peiformed w-ith 10 pg of
trinear wild-type viral DNA obtained from subclones of cosmid p\ÃR93-130 ci"iu,n
phosphate-precipitated DNA was added to the infected monolayers as described in Materials
and Methods and the infections were allowed to proceed for 72 h prior to visualizing plaque
formation by staining with crystal violet. The vaccinia ge'ome islndicated at the top^ofihe
figure with the letters A to P representing HindIII restriction fragments. The locatìon and
di¡ection cftranscription ofgenes A1 to A4 is indicated as are relevant restriction sites a¡d
positive ol negative marke¡ rescue ¡esults (*) in 
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Figure 17. DNA sequence ofthe 573-bp Ndef-Hindm v/ild-tlpe fragment capable ofrescuing
tsc63 at 40"c and the location of the mutations in the tsc6i rnutant DNA. The twã
ciiffe¡ences wirich exist between the wild-type and nrutant DN.4 are indicated by an-ows along
with the predicted change in amino acid sequence.



matoh exactly the sâquence described b.r, lVefuuich and È{ruby (19S6}. 
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nt has been previously ieported that the 35_amìno acid sequence 51,

KCWFCNQD{-\TKPISEETFKGGEVGYIìCSKICRNS-85 within rhe 17_kDa protein

encoded by ûRF Ar resernbres a zinc fnget of the c4 type (Keck et a.r., 1990). The two

amino acid changes i' tsc63 are both located outside this putafive zinc finger dornain, one

10 arnino acids to the left a'd the second 15 amino acids to the right. In an attempt to furthef

elucidate the effects of each ofthe amino acid substitutions on the structure ofthe .a1 protein,

u/e constructed hydropathic plots ofthe relevant region according to the procedure described

by rlopp and woods (1981) (Fig 1s). only the m2 mutation was seen to alter the

hydrophlicity profile ofthe A1 protein. while the extent ofchange is marginal, the fact that

the m2 mutation (Fig, 18; arrow) is located immediately adjacent to the most hydrophobic

region of the protein may have important implications for its function.

A c-A &ase ekømge i,e {}w Ar eønfers tewperøture-seøsitit,ity. To determine

which of the two mutatiÕns was responsible for the ts phenotype, we constructed prasmids

that contained either one or the othe¡ mutation. This was achieved by substituting either a

194-bp .AccI--AluI fragment (containing mutation m1) or a 169-bp HindIIr-AtuI fragment

(containing nr2) from tsC63 with corresponding fragments from witd-type IVR. (see Fig. i 9).

These plasmids we¡e then used to rescue the ts phenotype oftsc63. using this approach we

demonstrated that DNA containing only mutation m1 rescued with high effrcienc1,,

comparable to that of wild-type DN-A, whereas sequences contaìning the m2 mutation failed

to rescue lTig 19) Thus it is the C-^A mutation at position +299 in ûRF.Al, eausing a
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Fþre 18. Hydrophilicity plot of the wild-type and mutant A1 gene product using the Hopp
and woods algorithni (r{opp and \Å/oods, l9g1). Fositive values lndicate regúns witd ä
tendency for hldrophilicity while negative r¡alues indicare regions of hydrophobicity. the
a¡'ow incìicates the iocation ofthe m2 (ts) lesion in mutant tsc63. nashàd nnes corespond
to the predicted hydrophilicity change the rnutant sequenoe rry-ould have on the.41 p.oiein _
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Fþre 19. h{arker rescue of tsc63 with plasmids containìng single mutations in the Al open
reading frame. Farental plasmid pTs63-HN and the location and direction oftranscription of
open reading frame (oRF) A1 a¡e indicated at the top ofthe figure. Relevant restriction sites
are H, HindltrI; A, AluI; Ac, AccI and N, NdeI. The mutant DNA of plasmíd pTS63_FÐ{
(thick stippled bar) was replaced with eirher a 169-bp HindIrI-AIuI fragment, a tl+-bp atul-
AccI fragment or both derived from wÊ. DNA cione pc6-41-llN (thin soiid bar). iofarker
¡escue was perfonned with 10 ¡rg of linearized plasmid DNA as described in Materials and
Methods and resuits are indicated as positive or negative rescue wjth the number ofplaques
per 10 ¡rg DN.{ indicated in brackets (*).
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change fron'r proiine to ghrtarríne at a-qni¡ro acid position 100, tha.t is responsible fbr the ts

phenotype of mutani TsC63.

Mutant tsc63 produces distinct small plaques aT the permissive tempe¡a¿ure. To

dete¡mine whether The ml mutation had any effect on phenotype, we examined the srnall-

plaque phenofpe of virus that had been rescued with either mi-,mz* or rnl',m2*. Both tlpcs

ofrescued virus produced plaques which were significantly larger at both32,c and 40"c tha¡

those produced by mutant tsc63 (data not shown). we conclude that the ml mutation ís

neutral, and that both ts and smail-plaque phenotypes are caused by the m2 rnutation. These

data suggest that the 17-kDa protein containin gfhe rn2lesion, while nonfunctional at the

nonpermissive temperature, is only partially active at the permissive temperature.

Trørzscriptíoze im Ésc63-ínfecÉed celÍs. Marker rescue and ÐNA seque.ci'g

experiments described in the previous sections localized the ts lesion in tsc63 to oRF .{1

The A1 gene product has recently been shown to be involved in the trans-activation of a

plasmid-borne late gene (Keck et at., 1990). {}ur in tivo analysis of protein synthesis in

tsc63-infected cells is consistent with such a function, since it appears that only the early and

intermediate proteiüs are synihesized at the nonpermisssive temirerature. To determine

whether the absence oflate proteins w'as caused by a defect in transcription ofiate genesJ we

exami¡ed the ¡n v¡vo expression ofintermediate and late RNA in tsC63-inJbcted cells. For this

experiment we seleøed the ,41 gene as the intermediate, and the A4 gene as a representative

late probe (weir and Moss, 1984; wein¡ich and F{ruby, 19g6). we chose oRF A4 as a late

representative for trvo reasons: i) it has been well-characterized and has been shown to
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eontain a tytricai late promoter rnotif ?AAAT (Daviscn and Ìr4oss, i9g9) &cm v,,hich

transcription proceecls (Rosel ancl Moss, 1985)- ii) it is known to encocle rhe strongly

expressed late major core polypeptide 4b {vt'ittek et a[ , I 984; R.osel and Moss, 19g5) wfuch

is readily distinguishabie on a poþacrylamide gel at late but not intermediate times (Fig. 15ts,

late arrow). From the protein analysis, we anticipated that the.41 intermediate mRN.A would

be expressed in an approximately normaf fashion at either temperature, whereas the late .44

nRN-.A would be expressed only at the perrnissive temperature.

In order to test this hypothesis, we isolated Íotat RNA from tsc63- a¡d \4R-infected

cells at 7.5 h and 9-5 h postinfection and assayed for the presence of Al and A4 transcripts

by the s1 nuclease p¡otection assay. In order to exclude the possibility of loading errors,

differences in RNA samples or hybridization conditions, we assayed each RNA sample with

an Êxcess of both antisense probes concomitantly. probe A1 ís 557 nt in length and is

expected to protect an RNA fragment of460 nt following sl nuclease treatment. probe A4

is 614 nt in length and is expected to protect a fragment of50B nt (Fig. 20c). The RNA

protection experiment demonstrated that the intermediate (A1) transcript was present at both

temperatures in both trÅR.- ard tsc63-infected cells (Fig z0A). Because vaccinia intermediate

and late transcripts lack defi¡ed 3' ends, the observed full length protection ofprobes in RN-.4

protection experiments is the expected result ofread-through from upstream genes (review-ed

in }4oss, 1990b). In agreement with our hypothesis, the expression ofthe late gene A4 in

Ílutant infections was much reduced at the nonpermissive temperature even as late as 9.5 h

postinfection. Âi the permissive temperature, accumulation ofthe A4 transcript in mutant

i¡fections w'as also lower than witd-type cont¡ols, though not reduced to the same extent as
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Figure 20. Transcriptional anall,sis of tsC63 and \&R r,i¡us at j2"C and 40"C. (A) BSC40 cells
were infected at a multiplicitl' of 20 FFU/cell with either wild+ype WR or mutant tsc63.
Following 7.5 and 9.5 h of incubation, RNA was isolated ren ug of totar RN.A was
hybridÞed to 3?-labelled 

antisense RN-A probes containing oRF A1 (iniermediate) and ûRF
A4 (late) sequences. The RNA hybrids were then digested with s1 nuclease and run on a 5%
polyacrylamide, 7 M urea gel, which was dried and exposed to X-ray firm. A1 and A4 arrows
indicate the specific protected t¡anscripts initiated from the A1 and A4 promoters while Alfl
and A4fl refer to the fult iength protected probes derived from u¡st.eam read-through
transcription. sizes in DNA nucleotides w'ere detemined by running an M13 phalge
sequencìng ladder a.longside. @) densitometric scan of the autoradiograph in (A). Gels weie
scanned and the areas under the cun'e determined. The values A¿ to Aj (A4lAi ) ratios are
shown. (c) restriction rnaps ofDNA templates used to prepare antisense probeÁ. Relevant
restriction sites are H, HindIII; B, BamHI; Bg, BglII, E, EcoRI; S, Sall, Sc, ScaI; and M,
MuI. DNA fragment sizes (between brackets) are indicated in base pairs. The T7 poþmerase
prornoter is indicated as a large open anow, and the vaccinia transcrþtion initiation sites a¡e
shorvn as solid a¡rows.
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at the nonpermissir¡e temperature. To ol:tain a quantítztive measure cfthe defect in tscó3,

we scanned each sample iane and deterirriired the ratiG af A4 and.Al transc{ipts at tile

permissive and nonpermissive tempe¡atures (Fig. z0B). while ihere appears to be a small

amount of expression of the Iate A4 gene in tsc63 at 40"c, the ¡atio of A4 to A1 is fully 6-

fold lower than the cornparabie ratia at 3z'c and is almost 2û-fold lower than that seen in

wild-type infections. we have rcpeaî.ed this experiment using an antisense probe to the

adjacent oRF ,{3 late gene and have found similar results to rhose documented here.

specifically, foliowing infection with tsc63, the A1 transcript accumulated to significant

levefs at both temperatures. In contrast, the ,43 transcript was absent or present at very low

ievels at the nonpermissive temperature (data not shown). The observation that tsc63

produced reduced levels ofthe late mRNA even at the permissive temperature might explain

the small-plaque phenotype observed with tsc63 infections at 32"c. ûur data support the

hypothesis that the defect in mutant tsc63 initially obsewed by the absence of late-appearing

proteins at the nonpermissive temperature is caused by a defect in transcription oflate but not

intermediate genes.

Texøporc.Í *ppearawce af trønscriprs irz tscí3-irafected cef/s. we next determined the

temporal appeatanc,e of Al and A4 mRN,4 in cells infected with eithe¡ wild+ype \,1R or

mutart tsc63 (Fig 21) At 40"c, both wild-type and mutant virus produced detectabie

quantities ofthe intermediate Al transcript as early as 3 h postinlÞction. In tsc63-infected

cells at32"c, this transcript w'as produced by 4 h postinfection. The temporal appearance of

the intennedìate tra.nscript AI (Fig, 21) and intermediate proteins (Fig. 15) a¡e in excellent
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ts Có3, 32'C ts Có3. 40"C WR,4Ot

Figure 21. Time course analysis of A1 and,44 transcripts for tsc63 and \4R.. T'otal R.lrlA was
ha¡vested at various times, i'dicated in hours (h) postinfection, at both 32oc and 40oc. Ten
¡ig oí totai RN.{ was hybridizeci rvith 32p-iabelled antise'se A1 a¡d d4 tianscrþts and
analyzed as desc¡ibed in Fig 20.



99

agreement. compared lo The ini.erwediate gene .41, the iate gene ,44 vras expressed with a

delay. Thus, during inr'ection with wild+ype \Å.Tt at 40"c, the .å4 transcri¡rt rl,as fi¡st detected

at 4 lr postinfection. Simila-rly, i¡fection with rsc63 at erther 32,c ar 40"c generated

detectable amounts ofthe .44 tra-nscript by 6 h and 5 h postinfection, respedively. In the case

of \4R. at 40"c a¡d tsc63 aT.32oc, the amount of mRNA inereased rapidly as a function of

time postinfection, ln conirast, when tsc63-infected cells were incubated at 40"c, the level

of ,44 mRNA remained very low at all times. we conclude that the pattein of intermediate

and late proteins shown in Fig. 15 is an accurate reflection of the temporal appearance of

inte¡mediate (41) and late (A4) mRNA transcripts. These data therefore provide strong

evidence for a function ofthe intemrediate Al protein during the transcriptional activation of

iate genes.

&isa¡rssio¡e

Expression ofa large proportion ofvaccinia virus genes is dependent on viral DNA

synthesis. one subclass of these postreplicative genes can overcome this DN,4 synthesis

dependence when a plasmid-borne gene is transfected into virus-infected cells in which DNA

synthesis is blocked- This observation has inspired a cascade model ofgene expression in

which some ea.rly gene products activate tfanscription of ìntennediate genes, intermediate

proteins activate late gene expressioq and several late proteins activaie transçrjption of early

genes during the subsequent infection cycle (Vos and stunnenberg, 19gB). This transfection

assay was subsequently used to identift three inter¡nediate genes, Ai, A2, and GKl, whose

gene products ar-e required fo¡ t¡ans-activation ofa plasmid-borne late reporter gene (Keck
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et al., 1990). we have now'shcwn that ruutant tsc63 contains a ts lesion in ûRF,À.1 whlch,

at the nonperrnissíve temperature, causes a defçct in the synthesis ofthe temporal class oflate

but not intermediate prcteins. Transcriptional analysis of one intermediate gene (A1) and two

late genes (.43 and A4) demonstrated that the defect occumed at the rtN,A ievel. These data

provide strong evidence that this l7-kDa intennediate A1 prûtein is not onll, required for

expression ofplasmid-borne late genes under conditions where DNA s5,nthesis is blocked, but

it also stimulates gene expression oflate genes from the viral genome under n armal in vivo

infection conditions. Available evidence is compatible with the notion that the -41 protein

serves as a transcription initiation factor. However, we can not as yet rule out the possibility

that this protein might be needed during elongation or stabilization of RNA in a late gene

specific manner. In either case, the conditional lethality of mutant tsc63 implies that the Al

protein performs an essentiai function during the viral replication cycle.

when comparing the effciency of transcrþtion and protein synthesis in witd+ype wR

and rnutant tsc63, we obsewed wild-type levels of intermediate gene expression in tsc63-

infected cells at both the pennissive and nonpermissive temperature. In contrast, synthesis of

late R¡l'{ and late proteins w-as defective at both temperatures, although the defect was much

more extreme at the nonpermissive temperaûJre. In this respect it is ofinterest that tsc63 has

a small-plaque phenotype at the permissive temperature. our finding that this plaque

phenotype is corrected by rescue ofthe ts phenotype indicates that the single mutation in ûRF

AlL, which we have shown to be the cause of the observed defect in the expression of the

late class of genes, ¡esults in lethatity at the nonpermissive temperature and a small-plaque

phenotlpe at the permissive tÐmperature. These dafa also suggest that a. productive infection
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îr\ay teqrúre a tÕrtaiÞ thrÊshoid level oflate gene erpression. Temperature-sensirl-"'ity !ì1ighi

at least in part be explained if the value of this th¡eshold level r¡¡ere to vary at different

temperatures,

The obseivation that mutant tsc63 is defective in iate but not intermediate gene

expression should ¡nake it a useful tool in the study of several aspects of ihe vaccinia virurs

replication cycle. trt offers a means to study pre- and postreplicative control of gene

expression in an m vrvo setting, without the need to block DNA synthesis. For example, lt is

known tlìat early protein synthesis, which is normally suppressed after the onset of viral DNA

replicatioq continues for an exlended time if either DNA replication or postreplicative gene

expression is inhibited at a gross level (condit et al., l9B3). our finding that early protein

synthesis is suppressed under conditions where viral DNA synthesis and intermediate gene

expression a¡e unaffected but late gene expression is inlibited, suggests that, in addition to

a role in the trans-activation of late genes, intermediate gene expression may medíate the

suppression ofearly gene expression, simfarþ, using tsc63 and specific antibodies, it should

be possible to determine whether the production of intermediate proteins is suppressed by late

gene expression. with regards to the switch from ea¡ly to intermediate gene expression it rnay

be significant that the 
'RN-A 

capping enzyme, which is required during transcriptional

tennination ofearly genes, functions as an iniermediate transcripticn factor. sequestering of

the mRN.A capping enzyme oi another eleme't of the transcription comprex might be

sufficient to account for the obsewed switch in gene expression. Atternafiveiy, and possibility

in combination wjth transcriptional suppression, one o¡ more intermediate protein(s) might

stimulate mRNA degradation.
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xn addition to provicing a means cf studying sÌÀ¡itching urechanisms d.orng viral gere

expression, tscó3 should provide a rapid and definitir¡e neans of assigning genes as

intermediate or late, thereby ãcilitating definition of controi elements used during

intermediate and late gene expression. our obsewation that both the A,4 gene transcript and

its gene product, the major virion core polypeptide 4b, are late rather than intermediate

suggests that late gene expression is controlled at the transcriptional rather than the

translational level, Fuñ¿hermore, definition ofcis-acting sequences used by intermediate and

late genes, and the derivation of consensus sequences should be greatly facilitated by this

mutant. From the limited number ofgenes assigned on the basis ofthe transfection assay, and

using linker scanner mutagenesis, stunnenberg and co-wo¡kers have identified a shot

promoter element containing two regions that appear to be required in cis for transcription

of an intermediate gene (IJirschrnann et al., 1990), ûne essential region required for

expression ofgene 13 was found at -20 fo -9, the other at +1 to +9 relative to the mRNA start

site. Eoth are highÌy .{-rich, with the second region having the sequence TC.A,A,AT which is

sirnilar to the protospal late promoter sequence T,A-{AT (Roset and Moss, 19g5; Hanggi et

al., 1986; Davison and À4oss, 1989). Keck et ai. (1990) noted that fou¡ ofthe five curently

desc¡ibed intermediate genes have a sequence TNAAAT (where I'{: may be d r or c) with

the exception being l8trt which has the sequence TAGAAT. There are several examples of

postreplicative promoteis having the TNAA-ar morif including N1L (I{otwai et al., 19g9}

IlL, H5L, D13L, AlL, A2L, and A3L (Da'ison and Moss, i989). However, the linker

scanning experiments ofFlirschmann et al. (1990) suggest that this is not suffrcient to dictate

an intermediate promoter. our finding that oRF ,43, which contains the TN,A,AAT rnotif near
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tlie RN.A sta¡-c site, is a late gene suppûrËs this view (this study).

We have recentiy identified a subclass of ts mutants that is defective in telome¡e

resolution (res). It was found ïhat most ofthese res- nrutants arã simultaneously defective in

postreplicative gene expression (Delange, 1989; MerchlinskS, and Moss, 19g9a), suggesting

that either intennediate or late gene expression, or both, a¡e required for øfficient telomere

resolution. ûur observation that only late gene expression is severely defþcti'e in íhe ¡es-

mutant tscó3 indicates that the late postreplicative class ofgene expression is essential for.

resolution. These data do not as yet allow us to distinguish whether a late protein is required

or iftelomere resolution involves some essential function ofthe transcription apparatus at the

telomere' such as the synthesis of specific teromeric noncoding transcripts (parsons and

Pickup, 1990; Hu and Fickup, 199I). ,{t least one ofthe teromeric transcripts initiates at a

conserv'ed sequence required for telome¡e resolution which is known as the telomere

resolution target (reviewed in Delange and McFadden, 1990) and which has been shown to

fi¡nction as a late promûter (Stuaft et al , 199I ). These transcripts, which appear after DNA

replication has initiated, have as yet not been ascribed a function. It has, however, been

postulated that they may play a role in telomere resolution, perhaps by eliciting a

conformational change essential for this process @arsons and Fickup, 1990]. we are currently

addressing the fi.rnction and temporal appearance ofïhese teiomeric transcripts by examining

tsC63 and other res- rnutants.
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CFå,Aå)?ER åV: ,{{,TÐF{E& VÁCCãI{ã_4 tltrRLrS a¡rRN.¿_ CåFFE\G ENØYME Ð{.q
TEã,TMERE. RÐST{,LTT{TN EEFECT{\,B &{LIT.,AI{T

-4hsÉFaeË

Vaccinia virus conditional lethal temperature-sensitive mutant ts93 83 is currentiy the

only known telomere resolution defectir¡e mutant r','hich does not exhibit a defect in late gene

expression The protein (D12) responsible for this defect, the small subunit of The virus-

encoded hete¡odimeric mRNA capping enzyme, is stably produced in mutant infections at

both permissive and nonpermissive temperatures- rntriguingly, at the nonpermissive

iemperature, the ability of this protein to form a physical association with the large subunit

ofthe cappi'g enzyrne is drastically reduced as shown by antibody co-immunoprecipitatio'

experiments. Association of the two subunits is believed to be important for 5'mRN-A cap

methyltransferase activity. However, RliA species produced in mutant infections were

comparable in quantity, temporal appearance and size to thaf seen in wild-type infections

although, there w-as a slight difference in the migration pattern of one discrete sized late

telomeric RNA. This diffe¡ence in migration is not temperature-sensitive, collecti'el],, the

data suggest that while this physically altered Dl2 protein ca¡ be tole¡ated with regard to

acti'ities normally associated with the viral mRlilA capping enzyme, the physical alteration

is deleterious fur telomere resolution.
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{¡rÉnoda¡cÉion

vaccinia vi-¡us, a siluctu¡any and deveiopmentairy complex virus of ve¡tebrate hosts,

replicates its genoine in the cytoplasm of infected host celis. Because of its high level of

autonomy from host nucreus activities, the virus is berieved to encode essentia y all ofthe

factors required for the transcription and replication of its genome (À,{oss, 1990a).

The virus replication cycle can be summarized as fo[ows: ui]on Ðntry into the host cerl

cytoplasm and an initial uncoating phase, earry genes are expressed inside the virus core by

the actions of a numbe¡ of virar factors including a murtisubunit RNA porymerase, *RNA

capping enzl'me, poly(.A) polymerase a¡d \BTF, an earþ gene specific transcription factor

(Moss, 1990b). A second uncoating step releases the viral genome which is repricated by a

virus-e'coded DN,A. polymerase. The onsef ofviral DN-{ replicatio' results in the expression

of intermediate genes, some of w'hose products are responsible for the activation of a rate

class ofgenes. Factors essential for virus propagatioq incruding the transcriptionar machinery,

are packaged into progeny virions for the next infection cycre. In this manner, virus gene

expression can be viewed as a cascade pathway in which the previous temporal class is

responsible for activation ofa subsequent temporal class (vos and stunnenberg, 19gg; Keck

et a1., 1990).

DNA replication piays an impo*ant ¡ore in the vira.r life cycre since brocking DN.A.

synthesis also blocks the expression of intermediate genes (Keck et al., 1990). The vaccinia

185-kb linear, double-stranded DNA genome is bounded by hairpin teloineres which a¡e

incompletely base-paired and exist in two inverted but complementaq, configu¡ations

(Geshelin and Bems, I97 4; Baroud¡, et al., I9B2). Replication is believed to initiate with rhe
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introduction ofa nlqk at ar neaÍ the haiîpln terminus. Tlus nickeci hairpin end could. serv¿ as

a primer for DN.A replication and synthesis w-ould proceed through the opposite hairpin.

continued rounds ofsy¡¿þssis can generate large concatemeric arrays ofgencmes linked by

the telomere fusion (reviewed in Traktman, 1990).

Regeneration of monomeric geno'res w-ith haiipin teimini fiom these concatemers can

be viewed as a site-specífic recombinafion event and is temed telomere resolution (for reyierv

see Delange and McFadden, 1990) The cis-acting elements required fur resolution have been

well cha¡acterized through the use of cloned plasmid copies of the telomere fusion junction

which, when transfected into powirus-infected cells, are converted to linear

minichromosomes with hairpin termini (Delange et al., 1996; l\4erchlinsþ and Moss, 19g6)

The telomere resolution target (TRT) sequence represents the cis-element required for this

event. The rninimal core sequence is a highly conserved, 20 base-pair A-T rich sequence

present near the hairpin termini, For resolution in the piasmid assay, this sequence must be

present as two copies in an inverted repeat orientation at the telomere fusion (Delange and

McFadden, 1987; Merchlinsky and Moss, 1989a). The physical distance between the rw-o

TRT regions and the degree ofsequence similarity between each rRT is also imporËant for

efficient resolution (À.{cFadden et aJ., 1988; Merchlinsky and Moss, l989a), Furthermore, the

TRT sequence bears strong similarity to typicatr poxvirus late prcmoter sequenres (Ðavison

and Moss, 1989b). In iact, this seque'ce, w'hen placed upstream of a cAT (chloramphenicol-

acetyl transferase) reporler gene and then transfected into virus,infected celis, directs efficient

gene expression late in an infection (Stuart et al., 1991)

Both biochemical and molecular genetic approaches har¡e been utilized in an attempt
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to charactettze the trans-acting elements invclved i¡r ielome¡e resolution bur. have enjayerJ

oniy limited success. .& 5O-kÐa nuciease present in the infecting virions is believed to play a

role in ihe resolution event, however the gene encoding the nuclease has not been identised.

Fo¡ thís reason, and because ofa lack ofa:rtibodies to the 50-kDa protein, it has been difticult

lo determine if this enzyme has an actua.l role in telomere resolution in an ln vlvo setting

@4erchlinsþ et a1., 1988; Reddy and Bauer, l9B9). Genetic analysis has been harnpered by

the fact that virtually all conditionallyJethal, ¡esolution defective mutants (res- are a]so

defective in either intermediate and late, or late gene expression. This has suggested a

requirement for some late gene product(s) in the resorution event @elange, r9g9;

Merchlinsþ and Moss, 1989b; Carpenrer and Delange , 1992; Zhang et aI., IggZ).

.4,-lternatively, or possibly in addition, some aspect oflate gene expression aside from a late

protein may be directly involved in telomere resolution- such an hypothesis could account fur

the presence ofno'-coding transcripts in this regíon ofthe viral genome @arsons and pickup,

1ee0)

R.ecently, we identified a temperatu¡e-sensitive (ts) nrutant, ts93g3, which is unique

from all othe¡ res- mutants in that neither intermediate nor late gene expression appeared

significantly affected during infection under nonpermíssive conditions (cæpenter and

Delange, 1991), The lesion was mapped to the small sur:unit of the r¡irar heterodimeric

mRN.4 capping enz],'me. Since generaf late protein synthesis appeared normai, we

hlpothesized that the entire capping enzyme or the small subunit itselfplays a more direct role

in telomere ¡esolution.

The L27-kDavaccinia virus inRNA capping en_4,r:ne is composed of two poþeptides:
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a large, 9í-l:Jla subunit and a small, 31-kDa subunìt (Mamin ei a1., l97ij. ?he genes

encoding these proteins, ûRFs Di md Diz, res¡:ectively, have been shown to contain typical

virus eariy promoters and indeed, transcription cfthese genes has been sFrown to occur at

eariy times during the viius life cycle (Lee-chen et al., 1988). ?hree activities required for 5'

'RNA cap lormation are perlormed by this enzyme: RNA triphosphatase, Rlrt-,{

guanylyltransferase and RNA (guanine-7)-methyltransferase. .Along with its role in 5, end

processing, the capping enzyme also acts as a transcription termination factor for virus early

transcripts (shumar et al., 1987), and as a transcription initiation factor for the expression of

intermediate genes (Vos et al., 1991).

A specific structure/function analysis of the mRNA capping enzyme has only been

underta-lien with respect to the capping reaction. The 60-kDa amino-terminal region ofthe

large subunit contains the triphosphatase and guanylyltransferase functions (Guo and Moss,

1990; Shuman, 1990a; Shuman and Morharn, 1990, Higman et aJ., I99Z). The 35_kDa

carboqrl terminal end of the Dl protein furms a physical association with the D1z subunit and

this association appears to be essential for methyltransferase activity (cong and shuman,

1992; Higman et a1., 1992) No function has been ascribed to the purified Ð12 polypeptide

in the absence ofany Dl prorein.

In this paper, we have continr¡ed our cbaactemzaÍion of the telornere resolution

defective nlutant ts9383. our previous observations demonst¡ated that in this mutant, late

proteins are produced even during nonpermissive condition infections. Consistent with this,

rve now show- that both the quantity and temporal appea¡ance of early and late mRNAs

appear unaffected at the nonpermissive temperaiure by the presence ofthe tsg3g3 mutation.
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Pulse-chase anaiysis established that both the small a\1d the latge subudls of the mRN.A

capping enzyme were essentiall]¡ stable at both permissive and nor-ipermissive temperatures.

However, our data suggest aÍ aberani physical conformaTion of the D12 protein which

interferes with its association with the Dl subunit at the nonpermissive temperature.

specifically, co-immunoprecipitation of the small D12 subunit with antisera directed against

the large D1 subunit was seen in 1s9383 lysates lÌom permissive-, but not from nonpennissive-

temperature infections. This co-immunoprecipitation difference was not seen in comparable

wild-brpe infection lysates. This obseivation may provide an explanation fur the ts defect in

telomere ¡esolution seen in this mutant virus.

&{aterials a¡rd ß4ethocÌs

MttteriaÍs". [35s]-methionine and [3'zP] radiolabelled-nucleotides were obtained from

New England Nuclear. [lac] protein molecular w-eight markers were f¡om Amersham.

F¡estained protein molecular weight markers, goat anti-¡abbit antibody and polyvinylidene

difluoride (P\DF) membrane were from BioRad. trmmunoblot visualisation components were

f,rom sigma chemical co. Frotein-A sepharose cL4-B beads were f¡om Fharmacia.

Folyclona-l antisera to vaccinia virus protein p4b was a gift from Dr. D Fkuby, ûregon state.

and polyclonal antiseras to D1 and D12 were fioin Dr. E. Nles, SLl.,ly, Buffalo.

CeÍls and Wr¡¿s: For all experiments, a continuous line of African Green Monkey

kidney (BSC40) cells were grown as a rnonolaver culture in Dulbecco's Modified Eagte

medium @IÆM) supplemented with 5% fetal calf serum. Wild-type r,irus strain trHD-W and
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ryutant ts9383 iÂ/ere prûvided by Dr. G. A4cFadden and Dr. s. Daies, re spedively. wiid-t5,pe

strain 1.&R and mutant tsc63 were provided by Ðr. R. condit. The permissive temperature

was 32'C, the nonpermissive temperature 4OoC.

Ã)NA ciones: Plasmid pJB319 contailrs an approximately 5.5-kb fragment of vaccinia

strain wR DNA. The plasmid construct includes the 3'-end of oRF D1, the entire coding

sequence of oRFs D2, D3 and D4, and the S'-end of û-R.F D5 inserted into vecto. pTZ 1BR.

(Millns et al., 1994).

Frotein I'øltelÍiwg: FulseJabelling of proteins from virus-infected cells and

polyacrylamíde gel electrophoresis was performed essentially as described previously (condit

and Motyczka, 198 i; carpenter and Delange, 1992). confluent monolayers ofBSC4O ceils

were inÈcted by adsorption of virus at a multipticity of l0-20 pfi.r/celt for 30 min. Following

this incubation, monoiayers were rinsed and fresh DMEM added. ,at specific times posf-

i¡fection, medium was removed, cells were rinsed with prewarmed pBs then pulseJabelled

for 30 min in prewarmed DMEM (minus methìonine) supplemented with i00 pci/ml [3rSl-

methionine. cells were han'ested imn-rediately or, for pulse-chase analysis, were washed 2 x

with PBS before adding f¡esh DMEM and returning the cells tc the incubator. Lysis was

achieved using either SÐS buffer (12.5 nM Tris-HCt, pH7.5,Z% SDS, i00 mM B-

rnercaptoethanol) or modifred M.AXI buffer (10 mM Tris-HCl, pH S,0, 150 mM }iaCl, 1%

Triton X-100, 0 2% SDS, 0.2% sodíum decxycholate, 0 5% N?-40, ioá bovine hemoglobin,

50 mM p -mercaptoethanol, 1 nrM PÀ4SF lphen1'hns11.tn¡rulfonylfluoride])(.Niles et a.i., 1989).
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sairxrles were Íiozen overoight at -80'c to assist in lysis. sÐs samples were boiled for 4 mln

and then clarified by a 5 min mìcrocentrifugation step at room temperature. MAXI buffer

lysates were spun for 15 rnin at 4oc to remove insoluble material. .4ll samples were stored

at -80"C.

Ínznwmøprecipíkrtionst 25-60 ¡rl of lysate was brought to a total volume of 200 ¡rl

with dilution buffer (10 mM Tris-HCl, pF{ 7.5, 150 mlrd l.{acl; immunoprecipitations

performed using sDS-lysed samples were further supplemented with 0-4olo (w/r,) bovine

serum albumin). Antiserum (3 - 7 5 ¡rl) was added and samples incubated at 4"c overnight

with gentle end-over-end rocking Ten ¡rg of protein A-sepharose prepared in dilution buffer

was added to each sample a'd rocking continued for 90 min followed by a l0 sec

microcentrifugation to pellet the complexes. Pellets were w-ashed with I ml each of dilution

buffer + 0.1% Triton X-100 (2x), dilution buffer (tx) and finally 50 mM Tris-HCl, pH 6.S

(1x) essentially as described in Ausubei et al. (1987) The resulting pellet was diluted in sDS

buffer a¡d boiled prior to gel electrophoresis, Fluorography was perfbrmed using the

commercial kit, Enhance (lriew England Nuclear corp.). Frotein quantitations were performed

by ttre Bradford method as described in the Biorad literature.

Ítowraæoblotting sw¡Å lleiectionz Pïoteins were transfe¡¡ed from sDS-potyacrylamide

gels to F\DF membrane in an LKB/Pha¡macia tank electroblotter (-KE 2005) for t h at a.7 -

1 amp, 4"c as described in the manufactu¡er's literature. The transfer buffer was 25 rnM Tris-

HCl, pH 8 3, 150 mM glycine,2ûTo (v/v) methanol. Following transfer, the membrane was
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inrmediateiy biccked in TTBS (10û n*"{ T;:is-HC{, pH 7.5, A 9ya{a1l,O.1% ?w.een_2O} pius

5% skim rnilk powder and incubated w-ith approirriate antiserum ovennight T)!2 and p4b

actisera were useci at a 1/5000 dilutioq and secondary goat antirabbit antibûdy (EioR.ad) was

used at a 1/3000 dilution Alkaline phosphatase-linked seccndary antiborly detection was

performed as described in A,usubel et al. (1987).

Fwlse¿i-Field GeÍ EÍeetrcpltoresis {FFGE}; PFGE, southern blotting, FVT_ i probe

synthesis and hybridization was performed as described previously (Delange, 19g9;

Carpenter and Delange, 1991).

RNA Metkotls: RNA was isolated by the guanidinium-isothiocyanate cscl method

as described in Ausubel et al. (1987)- Ten pg oftotal RNA was electrophoresed in a2.21¡f

formaldehyde, l.2o/o agarose gel as per sambrook et al. (1989) prior to transfer to zetaprobe

membrane according to the manufacturer's instructions (BioR.ad). synthesis of 32p-labelled

probes was by the random hexanucleotide primer method @einberg and vogelstein, i9B3).

F{ybridization and washing conditions we¡e as described in the BioRad literature

Autoradiography was perlonned using Kodak x-oMAT AR- film a¡d intensig/ing screens.

Resu[És

\n/e previously ciemonstrated that both temperature sensitivity and the telomere

resolution defect in mutant ts9383 were due to a proline to serine alteration at amino acid 23

in {he small subunit of the vìral rnRN.å capping enzyme (D 12 protein). Given the



113

flultifunctirnal nature c,f the cappíng eczl,mc, with regarcÍs to l{It,4 metabolism anri

processing, it was perhaps surprising to find no significant defect in the expression ofvirai

genes That synthesis of early, intennediate and late proteins is unabated in 40"C infections

suggests that: i) the ts9383 mRl'J,q synthesized was competent for transiation, and ii) tlie

intermediate gene transcription factor activity of the capping erzlme was not signifìcantry

impaired (carpenter and Dela*ge, 199I). we therefore hypothesized triat the D12 protein

either on its own, or in combination with the Dl protein in an active capping enzyme

complex, played a more direcË role in the telomere resolution process.

Transeúptiorø i¡e weutawr tsg3E3" our initiar a'alysis examining gene expression in

ts9383 involved pulseJabelling ofproteins in infected cells. Even though we took precautions

to maintain temperatures at 40"c at all times, this type of analysis is invasive and does not

completely exclude the possibility fhat a temperature drop during labelling allowed slip-

through. Therefore, we have re-examined the phenotype at the transcriptional level. since

RNA is isolated by the immediate lysis of cefis (without any rabelling step), there is no

opportunity for a phenotypic slip-through. T'he transcripts obtained should accuratery reflect

the state ofthe infèction at the time oflysis. our principai goal was to detennine whether the

steady-state level of Rli.A was affected at the nonpermissive iemperature. In addition, since

the virai capping enzl'me has a rore in transcription termination of early genes, it was of

interest to detemine whether the discrete ea¡ly transcript length was affected. we also wished

to deteri¡rine if RN-,A species showed a-'1' gross elegradation as this ndght reÍlect a physrceJ

alteration oi'lack of a cap structure at the 5'termini of these transcrþts.



i14

In orde¡ ¿o stuciy these possibiiities, BSC40 cells were i¡fected with either lllD--r& or

¿s9383 at 15 pfr:lcell and infections v¡ere allowed to proceed at the nonpermissive

temperature of40"c. ?otal RN.4, was isolated at2,4 and 6 h post-infection, electrophoresed

in a formaldehyde-agarose gei, transfe'ed to nylon membrane and probed with labelled

plasmid pJB319 w'hich detects transcriprs D1-D5. ûf these, oniy the Dl, D4 and D5

transcriirts a¡e detectable as early, discretelyterminated bands by Noñhern analysis. The Ðl

transcript has a size aî 2."7 5-kb and the D4 and D5 transcripts, which share a common

transcription termination site, are 3.6 and 2.9-kb in size respectively @vans and rraktman,

1987; Roseman and Flruby, 1987; Lee-Chen er at., 1988). The D3 transcript is produced at

later tìmes in virus infections and appea-rs as a smear by Northen analysis while the Ð2

transcript which is produced at both early and late times is not generally detectable by

Northern analysis (Lee-Chen and Niles, 1988).

\4tren the Northern blot was probed with this clone, unique-sized transcripts of2.7,

2,9 and 3.6-kb were detected in both xHD-\.v and ts9383 derived samples at each time point

(Fg zz) The 3.6-kb tra¡script is only expressed to alowlevel in either the trHD-w o¡ts93g3

samples. However, it is detectable in 2 h samples with over-exposures ofthe autoradiograph

shown. By 6 h p-i., lanes also displayed a characteristic smearing. ?his ìs due to the fact that

poxvirus intennediaie and late mR.N-As are genera.lly not discretely terminated and as a resuit

read through early coding regions (Vos and Stunnenberg, 1988; Moss, I990b). The probe did

not hybridize to mock-infected samples (not shown). That the telomere resolution defective

phenotype w'as expressed in this experiment was dete¡mi'ed by isolating an i'fected oell

sample for PFGE, transferring the separated products to nylon, then probing the blots with
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Figxe22. Norlhern analysis of IHD-W and ts9383 early transcripts. BSC40 rnonolayers w-ere
infected at a multipliciq, of 15 pfu/cell with strains IHD-W or ts93g3 and incubated at 40"c.
RNA was ìsolated by the guaridinium lysis/cscl centrifugation method at 2, 4 and 6 h p i
Ten ¡rg oftotal RNA w-as electrophoresed in agarose-formaldehyde gels, transfemed to nyion
membra¡es and probed with radiolabelled clone pJB319 which includes parts ofthe vaccinia
D1 and D5 genes and âil of the vaccinia D2, D3 and D4 genes. Migration positions of
bacteriophage larnbda DNd digested with Hind Irtr a¡e indicated as size ma¡keri.



1i6

â nea''telomerir probe ¡rv?- 1 as descrbed previousiy (carpenter and Delange, 1991). This

controi was performed each time RN.A or protein experiments we¡e pôd,cüred with tsg3g3

and in every case, the res- phenotype was apparent ãt the nonpe¡missive temperature.

These results suggest fwo things: i) early 
'RNA 

is discretely terminated at both

pe*nissive and no.permissive temperatures, and ii) representative early (D1, D4, D5) and

postreplicative (indicated by the smearing in the 6 h p.i. lanes) transcripts produced in ts93g3

at the nonpemissive temperature do not appear to be significantly degraded in comparison

to wild-type rnRN-A species. As a consequence, the data suggest that two functions

specifìcally associated with the viral mRN-A capping enzyme, early gene transcription

te¡mination and the intermediate transcription transactivation activily, are present in the

rnuta¡t infections under nonpermissive temperature conditions.

Telo¡neric traøscripts. The critical natu¡e of the telomere in DNA replication and

telomere resolution is certain. Ërowever, the function the capping enzyme plays is unclear,

what role does an RN.{ inìtiating/processing enzyme play in what is essentially a site-specific

recombination event? Tvr'o recent observations have suggested a potential link between

transcription and telomere resolution: (i) the TRT sequence oan act as a late promoter (stuart

et al., 1991); and ii) late non-coding telomeric transcripts are present at thË telomeres

(Parsons and Pickup, 1990), and in fact at least one t¡a¡sc¡ipt has been shown to originate

from the TRT (Hu and Pickup, 199r). trnterestingly, unlike the vast majority of late

transcripts, these trânscripts appear to contain discrete 3' te¡mini, iike early mRlJ.As. It is not

known whether these discrete t¡anscripts are produced by an endoribonuclease cleavage as
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is seen for other late discretely-ternrinaied traûscriilts (,Antczak et al., i99Zj.

We wele interested to kncw ifts9383 w-as defective in the synthesis of these recently

described telo¡neric trânscripts. Eefore iook-rng aT Is93g3, we wished to determine whether

these transcripts belonged to the intermediate or late gene class. we iherefore isolated RNA

from mutant tsc63 and w'ild{ype \4G- strains. Mutant tsc63 is defective in the production of

late but not intermediate transcripts at the nonpermissi\¡e iemperatu¡ç and can therefore be

used as a tool to differentiaÍe between intermediate a¡d late transcripts. A mutant

transcription factor is responsible for the ts phenotype (Keck et aL., ß9a; carpenter and

Delange, 1992).

Totaf RNA was isolated at 2.5, 5, 7 .5 and 10 h p.i. at both 32'C and 40"C. Northem

blots were prepared and probed with radiolabelled plasmid pVD12. This constmct contains

approxirnately 200-bp of the cloned vaccinia virus telomere fusion (Delange et al., 19g6).

The probe detected a single weak-intensity band of approximately 1.7-kb by 5 h p.i. at 32"C

and a strong signal by 5 h p.i. at 40"c in wR infected samples, confirming that transcript

belongs to the postreplicative class (Fig. 23,{). In tsc63 infections, while the transcript was

cleariy present by 7 .5 h. at 32'c, only a low amount of transcript appea-red in the 40"c

infeøio4 even by 10 h p.i. @ig. 23a). This may be due to residual activity of the mutani A1

protein at the nonpermissive temperature, or to a basal levei cftranscription independent of

the A1 protein. The data indicate that fhis teiomeric transcript belongs to the late class.

Interestingly, w'hre Fa¡sons and Pickup (1989) detected two transcripts of 1. g a¡rd 3.5 kb, we

detected only a single transcript of approximately 1.7 kb. The reason for the discrepancy

regarding this larger transcript is unclea¡ at this time (see Ðiscussion, this chaptei).
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Fígtre 23 . Northem analysis of postreplicative telome¡ic transcripts. B sc40 monolayers were
infected at a multiplicity of l5 pfu/cell with strains \rR or tsc63 (.a) or IHD-\V or ts9383
(B) and incubated af 32"c or 40'c for 2.5, 5, 7 .5 and 1o h p.i. aller which RNA was isolated
by the guanidinium lysis/cscr centrifugation method. Ten pg of total RNA was
electrophoresed in agarose-formaldehyde gels, transferred to nylonteinbranes and probed
with radiolabelled clone p\D 12 whose insert maps to the vaccinia hairpin termjnus. Migration
positions of bacteriophage lambda ÐN'.4 digested with Hind rtl a¡e indicated as size mãrkers.
The * in (A) indicates a sample of IHD-W derived RN,A.

tc 2.5 5 75 l0

2.5 5 75 t0 2,5 5 /5 102,5 5 75 t0 25 5 75
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In order to detennine if There we¡e arry ab*arlrlaliliøs in this late telomeric transcripr

?n 1s9383, RN-.å was isolated as described above but ûom llÐ-w- and rs93a3-infbrted cells.

The RNA w'as subjected to eiectrophoresis, tra'sflerued to nylon membrane and the blot

probed with radiolabelled pfasmid ptrD12. This probe detected a single unique transcript of

approxímately I .8 kb by 7 5 h p. i in wild+ype infections at both 32"c and 40"c i'fections

ts9383-infected samples also displayed a single band but it was slightly smaller in size

(approximately 1.7 kb) and may be more smea¡ed-out (Fig 238). We have run trIlD_W

samples alongside tsc63 and \Ãß- samples (Fig. 23{ lane *) and have determined that the

telomeric transcripts detected for wR and tsc63 and ts9383 (the major band detected), are

all essentially the same size and that the trHD-w trarscripts are slightly larger. This may reflect

an increase in the size ofthe telomeric region due to recombination at the tandem repeats_

.Altematively, Rl,iA. in ts9383-infected cells may indeed be smaller than that of iHD-\ff wild-

type. If this telomeric transcript is defective, the defect is not expressed in a temperature-

sensitive fashion and therefore is not likely the cause ofthe ts defect in this mutant. we can

still not rule out the possibility that this anomaly might be a contributing factor.

we have also probed this blot w-ith radiolabelled plasmid pvr-r which includes

sequences from the inverted repeat region ofthe virus telomere (ca¡penter and Delange,

1991) and fl¡1d that the probe detects heterogrneous smea¡s in all late virus sampies

irrespectìr,e of temperature. This observation along with the data inFig. 22 offers further

evidence that late gene transcription is not fundamentally affected in ts93g3 infections at the

nonpermissive tempe¡ature.
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St{!&iliry $f tfre þ}2 gsratein ãariwg !sg3L3 àwfectianas. We v¡ished to deter¡nine if the

nrolecula¡ lesion in ihe smali subunit ofthe eappng enzyme resulted in any physical instabitriiy

of the synthesized profein in viva. Prelir¡rnary experiments w-ith both trFÐ-w and ts93g3

suggested that D12 peak synthesis occur¡ed at approximately z-3 h p.i. at 40"c with 32"c

ínÍèøions lagging behind only by app¡oxirnately 30 minutes (not shown)_ Therefore, for pulse-

chase studies, we used 2.5 h p.i. as a labelling point for 40"c infections and 3 h p.i. for 3z"c

infections.

BSC40 cells infected with wild-tlpe trr{D-w oÍ mutant ts93 83 at eithe. 32"c or 40"c

were pulseJabelled for 30 min then harvested immediately, or returned to the appropriate

incubatûrs. At 0.5, 1, 2.5 and 4 h post-pulse, samples were lysed in sDS buffer and the

polypeptides separaîed by electrophoresis in an sDS-poiyacrylamide gel. As Fig. 24 .d

demonstrates, there was little loss ofany ofthe prevalent viral polypeptides over this period

suggesting that generai stability ofearþ proteins in mutant-infected cells was not significantly

altered in cornparison to trHD-w infections. The Dl and D12 proteins were then isoiated f¡om

these extracts by immunoprecipitation using two antisera; one prepared against D1, the other

prepared against D12 antigens srites et al., 1989; Fligman et aL., 1992). The resulting

polypeptides were fractionated on an sDs-i2,5% polyacrlamide gel and detected by

fiuorography (Fig. 24 B). In support ofprevious cbservations (hliies et al., 1989, ch¡isten et

aJ..,1-992), we find that newly synthesized Ðr2 and D1 polypeptide from wild+ype infections

a¡e stable over the chase period. The Di and D12 proteins produced in ts93g3 infections w-ere

similarly stable (Fig.2aB) There is a slight drop seen from the ts93g3-40"c pulse sample (p)

fa lhe 1/2 h sample, horryeve¡ this drop occurs in both Ð 1 and Dr2 proteins and we believe
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Fig'.tre 24. Fulse-chase analysis of IHD-W ând ts9383 Dr2 and Dl polypeptides. confluent
monolayers of BSC40 cells were infected at an m.o.i. of 15 pfu/cell and incubated at either
32"c or 40"c At 2.5 h (40"c) or 3 h (32"c) p i., infected cells were labelled for 30 min wirh
l3is] methionì.e then harvested immediately (p) or chased with unlabelled DMEM for up to
4 h prior to harvesf. cells rvere lysed with the addition of a buffer contantng 29/a sDs ÌA)
Total proteins separated on an sDS-12,5% polyacrylamide gel. (B) stability of the D12 and
D1 proteins as determined by immunoprecipitation of samples f¡om above w-ith D12 and Dl
antisera. lrnmunoprecipitated proteins were resolved by electrophoresis by sDS-FAGE and
visualized by fiuorography. 14, mock-infected cells; pi, iHD-w infected pulse lysates
immunoprecipitated with Dl and Dl2 antisera. The positions of [t1c] moleiular weight
markers are indicateci as are the expecteri rnigration positions of the Dl a¡d Dl2
polypeptides,
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thisrt ¡et'Ìects an cve¡ioaded sample. Furthercr ore, .epeais of the experiment support

interpretatiorr. That quantitatirre precipitation was achjeved lor all ofthese samples was

demonstrated by an inability to further imrnunoprecípitate antigen from the above samples

(not shown). Therefore the single amino acid alte¡ation present in the ts93g3 Tlrz proteiø

does not lead to an instability in newly synthesi zed lsTZ polypeptides.

AnÉihody co-írnwunopt eci¡tílatiom øf capping etzlnî.e sukwwits, We were nexl

interested in determining whether the known interaction between the D1 and the Di2 subunits

was affected in ts9383 infeciions. we attempted to resolve this question by using antibody

co-immunopreciptiation as it has been previously shown that antibodies directed against the

D1 a'tigen can co-immunoprecipitate the D12 subunit Q\iles et ai., 1999; cong and shuman,

1ee2)

A number of different antisera have been prepared against the D1 a'tigen (Higman

et al., 1992; Nles, unpublished). These include antisera D 1-l{ generated agains¿ the 27 -k&a

amino-terminal fragment, D1-M generated against a rniddle 52-kDa fragment (amino acids

r4l -621) and Dl-c generated against a 25-kDa carboxy terminai fragment (amino acids 620-

845). ïve wished to determi'e w-hich of these antise¡a would be appropriate for co-

irnmunoprecipitation of the DI2 subunit. To test these antisera, we pulse-labelled trlD-i&

infected cells at 2.5 b p.i. and hawested the celi monolayers in nondenaturing MA)fi buffer.

The i¡fections w-ere maintained at 37uc for this trial experiment. Next, different antisera were

rníxed with the IHD-W lysate and immunoprecipitations performed (Fig. 25).

Initially, we used both Dt and IILZ a'tisera together in a single_sample
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Figure 25, co-immunoprecipitation of the rriral Ðr2 protein with D1 antisera. BSC40
monolayers were infected with IHD-w virus at a multiplicity of 20 pfu/cell a¡d the infection
maintained at 37"c. .dt 2.5 h p.i., cells were labelled with [3is] methionine and harvested
immediately in non-denaturing MAXI buffer. Lysates were incubáted with diffe¡ent antisera,
the immune complexes ha¡vested with protein A sepharose, electrophoresed on sDS-
polyacrylamide gels and the radiolabelled proteins detected by fluorography. Exlract was
incubated with the following anrisera D t-M (lane 1), D12 (lane 2), D1-N4 an¿ D12 (lane 3),
D 1-l'I (lane 4) or ûi-c (lane 5). Migration positions of [tac] molecular weight *rÈ"., *á
indicated as are the expected inigration positions ofthe Dl and D12 polypeptides,



724

inr-munoprecipitaticn to demonstrate the rcîevaøt rnigraiion pÕsitioûs of the D1 ãt1d lj72

polypepticles (Fig. 25, lane 3) Mock-infected samples incubated with immune serumr or

infected samples incubated with preiinmune se¡um did not detect any Di or û12 polypeptide

(not shown; see Fig. 24 B, iane Ftr and l.$. In the presence of antiserum generated against the

internal 113 of the D1 polypeptide (D1-M), two bands were specificaily detected; the D1

polypeptide at 95-kDa and a second band at 31-kDa (Fig. ZS,lane 1). This band migrates at

the same position as samples incubated w-ith only the D12 antiserum (Fig. 25, lane 2). Further

proof that thís poþeptide corresponds to the D12 protein was obtained by transferring

duplicate gels to P\{DF membrane and detecting the Dl2 antigen with D12 antiserum in a

standard westem blotting procedure (not shown)- co-immunoprecipitation of the DI2

protein is noi seen in samples isolated in sDS buffer and incubated with D1-N antiserum

demonstrating that maintenance of the protein's native state is critical for the co-

immunoprecipitation (not shown). Antiserum directed against the N-terminal fragment of Dl

is also capabfe of co-immunoprecipitating the small subunit (Fig. 25, lane 4) but a¡tiserua

clirected against the c-tenninal region ofDl does not co-immunoprecipitate any significant

quantities of D12 (Fig- 25,lane 5). since the Ði2 subunit has previously been shorvn to

interact with the c-terminal region of the D1 subunit (cong and shuman, 1992; Higman et

al., L992), it is likely that rhe Di-C antibodies displace the Dt2 subunir {iom the D1-D12

complex.

ts9383 Ð12 tloes þ¿oÍ íÈetereet }+,itie ÐX ø1{{fC. Having deterrnined that either anti D1-

N or arfi Dl-M generated artiserun could co-immunoprecipitate the D12 subunit ìn a wild-
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?ype inÈction, we turned our attentlon tû ts93&3-infected lysates. nHD-xv a.nd ts93g3-infected

ESC40 cells mai'tained at 32"c, 37"c or 40"c were putseJabelled for 30 min at 2.5 k p.r. and

the sampies lysed immediateiy thereafter in h.4A}{ buffer. Foiiow-ing incubation with Dl-N

antiserum, and ha:vesting by protein-A sepharose precipitation, the proteins were separated

by SDS-F.4GE and the specific bands derected by tluorography @ig 26).

Neithe¡ mock-infecred cells incubated with Ðr-N antiserum (?ig.26L,iane hf) nor

trFlD-w-infected samples incubated with preimmune serum (not shown) detected the Dl

protein or any co-irnmunoprecipitating D12. iHD-w-infected cell lysates fiom infections

incubated at either 32'c,3i'c or 40"c (Fig. 26A, lanes 1-3) displayed a prominent 95-kDa

band @i) and a co-immunoprecipitati'g 3l-kDa band @12) demonstrating that the physical

association of D 1 and D 12 is evident in extracts obtained not only at 37.c, but also at low

(32"c) or high (40"c) temperatures. ts9383-derived lysates incubated with Dl-N antiserum

recove¡ed D1 protein from all three temperature lysates and co-immunoprecipitation ofthe

D12 protein was seen in the 32"c and 37"c samples (Fig. 26{ lanes 4, 5). rrt cont.ast, co-

immunoprecipitation of the D12 antigen was not appreciable in samples llom 40"c derived

lysates lFig. 26d lane 6). To detennine if this was due to an absence of soluble D12 protein

altogeiher, supernatants from each of the D1 immunoprecipitation experiments we.re re-

precipitated with a.nti-D 12 specific antiserum and the resuiting sampies separated by sDS-

P,AGE (Fig. 268). In all six samples, a signif,rca't amount of D12 protein was present.

The co-immunoprecipitation results were also borne out in a separate experiment in

which D1-M antiserum w-as used To co-immunoprecipitate the Drz subunit. Again, rvåereas

co-immunoprecipitation of Ð12 was seen in rHD-w samples prepared at both 32"c and at
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Figure 26 subunit associarion of Dl æd Tjr2 poiypeprides as determined by co-immunoprecipitation. ESC40 monolayers were infecéd øtf, mn_W (A, t_"; M, ii;;.
9T: t-r' C,Ð la.es 1,2) or ts9383 (A,B lanes 4-6; C,D lanes 3,4) at tZ;C 1a,e fán., i,+;
C,Dlanes 1,3),37.C (dB tares 2,5) or40"C (,4 n ianes 3,6, C,D ianes 2,4).'Sâmpl", *"ruincubated wirh D1-N antiserum (A) Dl-M'antiserum ¡C¡ Figures B ãa O a"pi", ,fr"imnrunoprecipitation of supernatants from sarnpres ir A uùô with D12 antiserum. trm¡nune
complexes. were isolated with protein A se¡rharóse beads, electrophoresed on poryacrylr*J;
gels anci the proleins detected following fruorography.'Irac] morecurar weijht rn"rk;;;
indicated as are the expected migration position-s oiú.ìlr *¿ o12 polypelptides.
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aû"c (Fig 26c, ianes 1, 2), and iri ts9383-32"c lysates (lane 3_¡, co-immunopreci¡:itation was

not significant in ts9383-40"c infected lysates (Fig.26c lane 4). These data índicate î.hat de

rror''o synthesized D12 produced at 40"c does not have a confbnnation typicat olwilcl-type

D12 and therefure, may not fomt a stable ph¡rsical interaciion with Dl protein at the

nonpermissive temperature.

Fnckttgimg øf tÍre Ðr 2 poÍl,peptitre im tsgsg3 v¡v'ioøs. From the above experiments,

it is clea¡ that D12 produced at 40"c does not behave like wild-type Dt2 o¡ ts9383 Ð12

produced at 32"c. Yet, it is not clear if the mutant porypeptide synthesized at 32"c behaves

entìreþ like its wild-type counterpart. since Dt and, D72 proteins are normally packaged into

progeny virions. we wished to know i! at the permissive temperature, the ts93g3 D12 protein

was properþ packaged. To address this, mutant and wild-type virus were grown at l2"C and

the virus purified by sucrose gradient sedimentaiion. Twenty-five ¡rg ofeach ofthe purified

virions were denatured in sDS load buffer and electrophoresed in an sDS-r2.5%

polyacrylamide gel, transferred to p\lDF membrane and D12 protein visualized by

immunodetection (Fig 27),&.'ti-Dr2 antiserunr, but'ot preimmune serum, detected a singie

band of 31-kDa in both IÉID-W (Fig 27,rane 2) and ts9383 samples (Fig.27, rane 1) proving

that ts9383 D12 was normally packaged in the permissive temperature i'fection. Based on

the intensitl' of the D12 signal, we conclude that a comparabre amount of Ð12 is packaged

into both mutant and wild-type 
'irions. 

As a quantitative control, we also perrormed an

analysis on the amount of ma.ior core polypeptide 4b present in each sampfe and found the

ainounts to be cornpa'able (not shown). T'herefore, the mutant D12 capping enzyme subunit
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Fþre 27 Detection ofpackaged D12 poþeptides in purified tHD-w and ts93g3 virions asdetermined by westem detection. Ì4ut*t ând*itd-typr ui*r gro*n at 32"c was purified bysucrose gradient sedimentation, Twenty_five rg oitsg3': (ãne 1) or IHD_W d;"-tj;;,,denatured in SDS load buffer and electropiro"resed in SdS_tz !X p"fyu"ryùmà.,g"fr,
t¡ansfer¡ed to p\DF membrane. and the D12 protein detected by imrnuì"úr"ul"s *uh 

-Diä
specific antiserurn as desc¡ibed i' Materials a¡d Methods Migration positions of molecurarweight markers a¡e i¡dicated as is the protein Dtz specifìcally detected by the antiserum.



i29

has no¡mal paclxa¿rng charaçterislics at the permlssive tem])eîàt\]ïe.

&iscussioxr

In this communication, we have continued our analysis of vaccinia virus mutant

1s9383' a telomere resolution defective mutant harùouring a defect i¡ the small subunit ofthe

*RNA capping enzynìe. consistent with previous obseiwations, specificafly that intermediate

and late proteins are produced at the nonpermissive temperature in this mutant, we have now

shown that representatives ofthe early class (D1, D4 and D5) appear normal in size and

quantity as compared to \rvild-t]pe RNA when produced at 40'c. Fostreplicatively expressed

genes are also produced as indicated by the heterogeneous smears at late times in infection

Furthermore, one late transcript which includes in its sequence the telomeric hairpin was

shown to be unaffected in either temporal size or quantity in comparison to wild+ype

samples. There was a slight differe.ce in the size of this transcfipt such that the iHD-w

transcript appeared to be larger than the tsg383, tsc63 0r wB. transcript sizes. It will be

necessary to examine the DN-.A from these strains to determine if the difference in transcript

length corresponds to a diffe¡ence in DNA rength withi' the invefced repeat region. with

respect to the telomeric transcript, it is interesting that whereas pickup,s group detected two

transcripts, a larger and a smaller one, we detected only the smalier one. Although different

celi ii'es were used, Pa¡sons and Ficlop (1990) demonstrated that the two transcripts

appeared in a number of different poxvirus infections performed in seve¡al different ceil lines.

Therefore, we do not believe that the difference in host cells is a likely expianation fcr our

inabiliq' to detect the larger transcript. .4 second possibiiity, that the 3.6-kb transciipt is not



130

readiiy appare t until mLroh later times, was a.lso tested r:,y isoiating F.h-A frorn vaccinta-

infected cells at 1ó h p.i. and subjeciing these samples to No¡thern anall,sis (not show_n). We

have still been unable to detect any signilicant quantities ofthis larger transeript. Farsons and

Ficlop also used poiy {,4) 
'RN-.A 

in their a'alysis. we have not addressed the possibilìty that

ribosomal RNA bands may be obscuring this transcript however, the sizes for the zgs and

lBS ribosomal RN-A bands,4.i and 1.9-kb respectivery (Ausubel et a],., lgg.'), do not airpear

to be in the proper size range to obscure this band. Finalfy, neither ofthe probes used by

Farsons and Fickup (1990) includes hairpin sequences, rather they incrude nea¡-terminal

sequences; probe p\D12 used in this study does include hairpin ends. Is it possible that the

larger transcript described by Farsons and Fickrp ( 1990) does not pass through the telomere?

\Me are attempting to address some of these questions using poly (A) 
'RNA 

and different

probes.

At the protein level we have shown that in ts9383 nonpermissive infections, the sma¡

and large subunits ofthe capping enzyme are stabre during the earry phases ofthe viral life

cycle, However, the single amino acid alteratio'was shown to affect the ability of newly-

synthesized D12 and D1 subunits to interact at the nonpermissive temperature as assayed by

a co-immunoprecipitation. nt is possible that faüure to detect the D12 co-immunopiecipitation

ís due either to stripping of D12 f¡or¡ D1 by the Ði antibodies or due to the e>rtraction

process i'MrAXI buffer. Irrespective of this, IHD-W samples prepared in tfie same buffer

under identica.l conditions did not show a variation in co-immunoprecipìtation and therefore

the data suggest a true physical alteration in the mutant D12 protein. second. the faih.rre to

ir.rteract is not due to insolubiliEr ofthe mutant protein since re-precipitation ofthese samples
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showeci plenty of soluble Ð12 po\'peptide remaining (Fig. 26 B,D). Intriguingty, experiments

per{orrned using the yeasr two-hybrid system (Fields and song, 19&9; chien et a}.. r99r} have

deterrnined that whereas wild-4'pe Dl a¡cl D12 poþeptides do interact, mutant polypeptides

do not (Delange et al., in preparation). To address the above concems regarding antirrody

stripping and examine subunit interaction in a less invasive fashion, we are examining the

association of the two subunits during column chromatography purification.

Ifthe interaction defect is proven to be true, the implications for the mutant infèction

may be significant, especially considering the numerous roles that the capping enzyme plays

in the viral life cycle. For example, it is possible that the cap structure itselfcould be altered.

In eukaryotic mRNAs, the cap structure is irnportant in increasing mRNA stability by

protecting against 5'--'3' exonuclease degradation (Furuichi eT aI., rgj't; shimotohno et al.,

1977). The Dl polypeptide by itself should be sufficient to perfoim triphosphatase and

guanyltranslerase activities (Guo and Moss, 1990; shuman, 1990a, shuman and Morham

1990), but a tight physical association with the small subunit appears to be required for

(guanine-7)-methyltra¡sferase activity (cong and shuman, 1992; Higrnan et al., r992). The

data presented here could suggest that newly-synthesized mutant capping enzyme may not

be able to methl¡late the terminal guanine cap residue. The presence ofthe methyl group in

t¡RN-,As is important for at least two reasons. 1) it halts reversal ofthe transguanylation

reaction; and 2) it is important in stimuiating translation of mRl{A since unmethylated

(GpppN) cap structures can¡oi substituTe for the methylated cap in translation stimulation

activity (Banedee, 19s0). This is likely due to the strict physical,/structural requirement of

mRN,{ cap-binding proteins (shatkin, 19s5) i4/ith regards to the first point, urunethylated
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eaps can sTúíl;ze tràî'scîipts, horvever îhere is a terrdency for hyclrolysis ofthe cap srructure

tû occur (from mTGp¡rpN tû (p)pN) (Martin and Moss, 1975). ?he presence of a n-rethyl

group donor has also been shown to stimulate irrcarpanTían of G?F into rnRN.A cap

structures possibly by decreasing reve¡sai ofthe capping reaction.

The importance of the methylated cap structure is well-defined during translation in

promoting initiation complex fonnation, Flowever, there arc a number of other factors which

are important in translation, one being the 5' untranslated region. For example, poliovirus

mRNA does not contain â 5' cap structure. Instead, the 5' untranslated region may itself

facilitate ribosome binding. Furthermore, adenovirus and picomaviruses destroy or a_lter

factors important for cap-dependent translatíon. In fact many virus families use a cap-

independent translation technique to promote the translation of their own transcripts at the

expense of host cell mRN.As (sonenberg, 19gg). The mechanism by which vaccinia virus

shuts down host translation is currently unknown. Bablanian et al. (1991) have found a

preferential translation of viral over host mRNAs in the presence of smalt poly(.A) tracts.

Furthermore, they found that the cap analogue m?GTp is a less efficient inhibitor ofvaccinia

mRNA than of host HeLa cell mRl{A. Tra¡slation in the presence of cap analogue suggests

that cap-independent translation rnay play some role in virus gene expression. whatever the

roechanísm, the selective translation of vaccinia virus rnRN-A is not due to alteration or

degradation of the cap binding compiex eF-4F (Gierman er al., 1992; schnierle and Moss,

1992).

The vaccinia virus mF-NA eapping enzl'rne also plays a role in transcript termination

and initiation, and so far all ín vit¡o tests have been performed with both subunits preseni.
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This ìs in parr due to the difücutty in obtaining enough soiubie D1 protein tiroug h bacterial

expression to perforin these tests with the i¡diviclua.l subunits (Guo and lr{oss, 1990; shuman

a¡rd l4orharL 1990; Higman et a|.,1992).It is clear that in ts93g3 nonpe*nissive i¡fections,

both fi.inctions are operative since early RlJ.As are discretely terminated and prcduction ofa

late telomeric transcript is seen. lf the de ¡¡ot¡o synthesized mutant capping enzyme is

physically different from a wild-type equivalent at 40"c, how are these functions fulfilled?

w4rile a host-encoded capping/methylating activity might catalyze the processing ofthe RNA

at the s'-end, the other roles for the virus capping enzyme such as intermediate transcription

te¡mination factor activity likely requires virus-encoded proteins. That the intermediate

transcription factor activity is present is shown by the appearance of a late transcript detected

by probe p\D12 and intermediate/late tra¡scripts detected in the Hindltr D fragment (by

probe pJB3 19). For the telomeric transc¡ipt in particular to appear,late franscription factors

(and therefore intemediate mRNA) would have to have been produced. Eased on this, it is

likely that othe¡ intermediate and iate t.anscripts are aiso produced and functional,

we have shom here that in a permissive te'rperature infection, the D12 protein has

normal packaging charactedstics and it is possible that the capping enzyme packaged during

the previous infection cycle is not thermolabile. This eould for example explain transcription

termination at early ti¡¡s5 i¡ 1s938i-40"c infections. Alternatively, all of these RN.4-involvir,g

functions may only require the D1 subu.it. In this respect, it is interesting to note that cross-

linking studies have shown that it is the Dl subunit of the capping enzyme whích makes

contact with RNA (Luo and Shurnan, 1993).

The ¡ole that the capping enzyrne ¡rlays i'telomere resolution ¡emains unclea¡. At this
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point in tiffe, the ddta are consistent witrì ail known functions of the És93g3 eappíng e*zyme

being unaffected during ncnperndssive conciitioüs. we a-r-e considering the possibility that the

small subunít (possibly in combination with the Dr or some as yet unídentified protein) piays

a slructura-l role in telomere resolution, perhaps ín bringing together elements ofthe putative

"resolvase" to the teiomere resolution ta¡get (TRT) site or in maintaining the telomere fusion

in a fo¡m conducive to telomere resolution.
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CÍIAPTER V: FÐ{-Ar, CûR{&{ENT'S

In pox-viruses, teloir.iere resolution is tire process by which concatemeric replicative

htermediate stroctures a¡e converted to monomeric haiipin terminated forms. While the cis-

acting sequences required for this process have been relatively well defrned in an in t,itto

plasmid resolutior.r assay, the trans-acting factors involved have remained largely unknown.

From a genetic standpoint, the primary sturnbling block has been the lack of appropriate

conditional lethal mutants (i,e. mutants defectìve only in telomere resolution). prior to this

w-ork, all resolution defective (res-) mutants characterized atso displayed a defect in

postreplicative gene expression @elange, 1989; Merchlinsþ and Moss, 19g9a)_ Therefore,

w'hile it was clear that some aspect of intermediate or late gene expression w-as required for

the ¡esolution event, the particular element(s) required was (were) uni<nown. In this thesis,

two res- mutants tsc63 and ts9383 were charactedzed. untike all other res- mutants, these

two isolates are not wholly defective in postreplicative gene expression.

&futamt ûs{163

This mutant, at a gross level a'alysis, was showl iû be defective in the production of

late but not intermediate proteins due to an absence of late mRNA species. The defective

gene, oRF A1 had prer,'iously been showa to encode a factor required for late ger.re

transactivation ( {eck et al., 1990). Three signif,rcant fì.dings have resulted from the anaiysis

ofthis mutant: i) the A1 gene product is required fol late gene transactivation in a normal ln

v¡r'o setting; ii) late gene expression is essential fo¡ telomere resolution, and iii) analysis of

telomeric transcripts in this mutant confn¡ed the suspected late, rathe¡ than the intermediate,
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nalrlre of this noncûding trarscript.

Fi¡st, the ûRF l"i gene product is required for the transactivation ofiate genes in an

l¡¡ vl'o situafion. Keck et ai. (1990), using a prasmid transfection assay, origi'aliy

demonstrated that the transactivation ofa late reporter gene required the ûRF,{1, A2 anci

G8 gene products. However, the experiment was perlorrned unde¡ unnatural co¡ditions in

that DN,{ synthesis was blocked with the drug hydror-1,urea a¡d trrerefore onry the three

tra¡sfected intermediate ge.es and the transfected reporter gene would be expressed. our

results, obtained in a more naTural in vlvo setting, support the results seen by Keck et al,

(1990) namely that the oRF A1 gene product is required for late gene transactivation.

subsequently, zhang ef al. (L992) demonstrated that repression of oItF G8 (perfomred by

placing the gene under the control of an Esr herichia coli lac promoTer) atso inhibited late

gene expression without affecting early or intermediate gene expression. 1]¿ ull¡o studies have

also demonstrated the importa'ce ofthe A1 protein in late gene transactivation (w¡ight et al.,

i991,I(eck et al.. 1993, Wright and Coroneos, 1993).

The phenofypes that these two viruses (ts93g3 and tsc63) exhibit make them useful

for ídentifying late-class specific genes. For example, s1 nuclease protection experiments

performed in this w-ork demonstrafed that oRFs A3 and A4 are late-expressed genes. By

No¡them blot analysis, it was shown that the telome¡ic transcriirt v,¡as also a mernber of the

late class. ûther pcstreplicative genes could sirnilarly be classified based on the presence or

absence of transcripts from tsC63 nonpermissive infections.

Secondly, and of greater signiiìcance for this work, it was shown that early and

intermediate gene expression is irsufficient foi telomere ¡esolution, some aspect of late gene
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expression is still required This is not intended to imply that ear:15, or inTerrnediate ir.ûducts

do not play a rafe tn a late-occurring e\¡ent. For example, wright and coroneos {1993.¡

recently identifled a novel protein (32-kDa) rvhich is required fbr late transcriptional

tra¡sactivation ¿n "-irro, buT which is expressed early in infections, This polypeptide does not

appear To correspond to any of the facto¡s (,q, !a, Gg), identified by the previously

described t¡ansfection assay, that are required for expression of late genes. Eesides their

obvious role in activating subsequent classes ofgenes, early and/or intermediate gene factors

may also be required for the resolution event either through a direct involvement or aÍÌe¡ a¡

earMntermediate suppressed activity is unmasked at late times.

In this respect, it is also relevant to note that the nict<ing-joinins (N-Ð enzyme is

present in virions prior to early gene expression yet is likely not required until after early gene

expression takes place. R.eddy and Bauer (1989) have demonstrated that proteolysis renders

the protein more aciive for crossJinkirg activity. could this activity be unmasked by

proteolysis at a specific stage in the vi¡al life cycle or could the activity be induced through

an interaction with other proteins whích act as regulators or activators? These questions

remain unanswered a¡d as yet, no specific evidence proving a role for the N-J enzl,me in

telomere resolution exists.

whìle ít is eertain that late gene expression is required for resolution, it is not clear

what specific aspect oflate gene expression is required- The finding that the TRT sequence's

ability to function as a late promoter con-elates with its ability to function as a resolution

sequence in the plasmid assay (stuarf et al., 1991) begs the question: does resolution require

the production oflate proteins or woulcl ihe action oftranscription itself be sufficient? For
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lhaT matter, wûutrd thÊ blqd;rg cf,trarrscription factors ûr the transcriptional machinery to The

TR-T be sufficient? rvhite et al.. (1993) have shown that meiûtic recombination aT the ÍtIS.r.

iccus of.!l cerevisiqe is dependent on the binding of transcripiion factors E-4s l, BAS2 and

R-API but is not necessarily dependent on transcription from this piomotei. It would be

dificult to ascertain the involve¡nent of the virus transcriptionai machinery in telome¡e

resolution because late gene activation is not only required fo¡ telomere resolution but is alscr

required for the production ofprogeny virus. In essence, one would have to selectiveiy block

late transcription without affecting the interaction ofthe late transcriptional machinery with

the late promoter. Furthermore, even if binding of transcription factors is required for

telomere resolution, there is the possible added compleity oflate protein requirements for

etlcient telomere resolution.

M¿etant ts9383

without question" the n'ost significant ûnding in this wo¡k is that a defect in the small

subunit of the mRNA capping erizy'T e (oRF D12 gene product) resurts in a res- phenotype.

P¡oofthat the D12 mutation was responsible for res- phenotype came f¡om the faú rhai

replacement of the defectir¡e allele with a wild-type copy resulted in correction of the

resolution defect, futerestingly, neither gross transcription or translation appeared significantly

affected in this mutant.

one ofthe n-rajor concems during this study, which has still not entirely been resolved,

is the possibility that transcription and translation are actually defective in the mutant at the
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nonpem-üssil¡e temperature and that an absence ofiate gene expression woutrci thereby explain

the telome¡e resoiution defect. We âre now confi¡lent tlìat at the trañscriptional level, there

is no gross defect, but proofthd these transcripts are actua.lly trans laÍ.ed in ttivo wouid require

a lhorough examination of late protein production by \.vestern blotting analysis. 1ve have

attempted to use the late s1'nthesized p4b protein as a marker but interpretation has been

dificult given the fact that p4a and p4b are already present in infecting virions as components

cfthe virus core. As a consequence, p4b protein, as detected by i'rmunobroting, is present

at all stages of the virus life-cycle

In an attempt to perform a non-invasive test, we turned to studies of virus RNA. In

these experiments, there is no incubation period and the RNA present therefbre accurately

reflects the state ofthe infection at the time of cell lysis. our studies have shown that at least

one late transcript (the telomeric transcript detected by p\.D12) appears at essentially the

same time and at the same quantity when compared with wild-type transcripts. trt is likely that

other late transcripts are also produced, but this must be demonstrated by analysing a numbe¡

ofrepresentative late transcripts by S1 nuclease protectioo. Because ofthe problerns intrinsic

to the i? v,.'o approach, we are as yet not sure whether the late RN.a produced in ts93g3-

40"C infections is actually translated in vit'o. It would be interesting to test translation of this

rnRNþ, in vilro and con-rpale the quanti6¡ of proteiû produced with tliat frorn similarly isoiated

wild-gpe *RNA. lJltimately, and of greatest significance, it will be necessary to examine the

5' ends ofrepresentative early and late mRlriA transcripts from ts9383 infections to determine

ii any alteration in the 5' cap structure exists.

Examination of the Dl and Dr2 proteins by pulse-chase analysis of sDS-e'lracted
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lysates detelmined that newly syuthesizecl l\rz and lÌ 1 prof eins \À,.-ere nût significantly

degradecl over the pulse period for either mutant or wild+ype inr.ections. significantly, a

physical basis lor the ts9383 phenotype was suggested by co-immunoprecipitation

exlreriments demonstrating that whereas D1 antisera could co-precipi tàte lllz f¡om 32"û-

infected./incubated ts9383 extracts, co-irnmunoprecipitation was not seen in 40uc-derived

ts9383 lysates. what this observation means for the virus is unclear. F{owever, the fact that

the D12 protein's physical alteration correiates with the temperature at which defective

telomere resolution occurs suggests that this is the primary effect of the proline to serine

mutation. It is intriguing that although incubation ofthe extracts with Dl antisera during the

co-immunoprecipitation experirnent was performed at a low temperature (4"c), interaction

between Dl and D12 was not seen in the ts93B3-40"c extract. It is possible that once a

physical conformation has been adopted by the mutant Dl2 protein, it can¡ot necessarily

refo¡m back to wild-type even when shifted to a lower temperature. our attempts to

dete¡mine if this observation con-elates with a temperature-sensitive synthesis (assembly)

phenotype have been indeterminate (see Discussion section, Chapter trI R.esults),

Another major problem in identifiring the trans-acting factors required for telomere

resolution has been the lack of an ri? ult¿r system by which to puriô, factors required for

resolution. stuait eï al, (1992), using a fairþ crude cytoplasmic extract frorn vaccinia-infected

cells, were abie to demonstrate resolution of supercoiled circular input plasmid to hairpin

tenninated miních¡omosomes similar to that described for the in vrvo plasmid transfection

assay. unlike tlre l¡r Ìt1.'o assay, lhe in vit¡.o aclivity does not show a requirement for the TRT

sequence in o¡der to gene¡ate linear hairpin terminated products. The¡e a¡e a number of
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Possibilities lo explain this obsen a¿ion a-nd the interpret atían may tre signilicant fnr future

genelic and biochemical effoits.

/:\ t ^^^ ^¡¿_--(lJ LOSS or rrue "resolvase activity" due to iability or removal of proteins during

prËparation of the exlract. uninfected HeLa cells already contain a Holliday .iunction

endonuclease which is p.esent in boih nuclear and cfopiasmic fractions (waldman and

Liskay, 1988; carpenter and Delange, unpublished observations). yet something in the

extraction protocol used by stuart er al. (rggz) led to a loss of the cell-encoded activity_

Likewise, the non-specific activity detected may be due to loss or inactivation of specificity

factors required for resolution.

(ii) The DNA substrate is not present in a conformation acceptable for telomere

¡esolution. Both the in virro and in vivr.t plasmtdassays utilize a supercoiled plasmid which

contains the inverted repeat configuration ofthe haírpin fusion. During th e in vitto assay, the

tra¡sfected plasmids are replicated into high molecular weight concatemers which then serve

as substrates for tefomere resolution. In the lø vitra assay, plasmids which are incubated with

the extract do'ot appear to be repricated. could either DNA replication or the physical

conformation of tlie replicated DNA be essential fbr proper resoiution? Merchlinsþ and Moss

(1989) have shown, using ts mutants, that concomita¡t DliA synthesis is not required for

resolution. F{owel¡er, this says nothing abouT the physicat confor¡nation ofthe DNA prior to

inhibiting DNA synthesis.

(il) A third possibility is somewhat more speculatirre and concerns the physical site of virus

DNA replication and telomere resolution. Evidence has l¡een accumulating w-hich suggests

that i' higher eukaryotes, transcription and ÐN.A reprication events are locarized to a
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structure known as the nucrea¡ r¡atrix./nucrøoskereton (Jackson and ccorq 19g6a,b, ccok,

1989; Georgiev et at., 1991). In sucFr a model, greater orgaûizatíoü and efficiency can be

brought to bear upon both transcription and DN-.A" repiication by having the machinery in

place on an insoluble matrix ¡ather than in a soiuble-soup form. A number of experirnents

have suggested that interaction with the nucleoskeleton may Íot be restricted to just host

protein fàctors, but that this may also apply to viruses. Floteins fiom a number of nuclear

localizing viruses appear to interact with the host natrix. Included in this list are sv40

(schirmbeck and Deppert, 1989), adenoviruses (chatterjee and Flint, 1986; Bodnar et aì.,

1989), HIV (Muller er al., 1989) and herpes simplex virus (Bibor_Hardy er al., 1982; Ben_

ze'ev et al ,1983; Quinlan et al., 19g4), while it is possibre that the physicar associatio'of

virus-encoded proteins rnay simply reflect a mechanism used by the virus to regulate host

functions, ir may also reflect a requirement for virus morphogenesis. For vaccinia virus which

replicates in the cl.toplasm of host cells, the situation must be different from that of the

nuclear viruses Howevet, one could envision that the micronuclei or virai factories in which

Dlt{A replication takes place may have an a¡chitecture remotely akin to the eukaryotic nuclear

matrix. Disruption of this structure might also explain the loss of TR"T specificity and rnight

also help explain the efficiency of telomere resolution ¡i¡ vlrr¿r.

(iv) The teiome¡e resorution actívity may represent onry a smafl Íïactio' of

recoml¡inase activity. Therefore, the 'resolvase' function may be masked by an otherwise more

promi'ent recombination activity. vaccinia a¡d sFV a¡e both known to exhibit high levels

of recombination (Fathí et ar., 1981; Ba[, i987; Er¡ans et ar., 1988; spyropouros et al.,

1988). These recombination activities which are present prior to late gene expression
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(ì\4erchlinsþ, 1 989) rnay form pa¡t of the resorution aciivity but possibry in com'uinaîion with

other factors. trt has been suggested that lìke T4 bacx.enaphage, recombinafiou rnay play a role

in the initiation as well as fhe resolurion of vaccinia DN.A replication (Evans et al., lggtì;

Merchlinsky, 19&9; Zhang and Evans, 1993).

.Aside from ts9383, no other vaccinia mutant has been isolated which is defective

apparently only in telomere resorution. one sirnple explanation as to why this may be so is

that the elements involved in resolution play roles in other essential processes. For example,

the N-J enzyme may play a role both in initiation of DNA synthesis a¡d in resolution. This

appears to be the case fur the transcriptionar machinery a¡d telomere resolution.

Evidence for a link betw'een transcription ar.rd telomere resolution includes: i) the TR.T

sequence is capable ofacting as a poxvirus late promoter (stuart et ar., 1991); ii) non-coding

telomeric transcripts have been rocated which appear to pass through the telomere (parsons

and Piclarp, 1990, this work) ¿¡d at least one ofthese is initiated frorn the TR.T sequence (FIu

and Fickup, l99t); in) a component ofthe transcriptional machinery (the small subunit of the

mRNA capping enz¡'rne) has a role in teromere resolutio¡r (carpenter and Delange, 1991).

The process oftranscription and the involvement ofthe transcriptional machinery have

been shown to play important rores in the inítiation of DNA replication (Depamph is, 1988)

and in site-specific and homologous ¡ecomi:inatio n. rn s. cerevisiae. the HûT-1 ribosomai

ÐNA enhancer/ti'anscription initiation site can stimuiate mitotic recombination when placed

at differe't sites along the yeast chromosome (I(eil and Roeder, r9g4). This recombination

activity appears to depend o' high re'els of transcription (voekel-Meiman et al., 1987; Kim

and wang, 1989; stewarË a¡d R.oeder, 19g9), Also ín s. ceretisiae, recombination beÍween
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GALI t dìrec+" repeats, has been sholvn rc be directiy relaled To transcriprion (Thomas and

R.othstein, 1989). In mammais, the tearangement of immunoglobulin genes is enhanced by

transcription (Blackwell et al., 1986; sclissel and Baltimore, i9B9). site-speciflc

¡ecombination coupled to transcription has also been noted with respect to the yeast mating

type locus in which only trar-rscriptionally active copies ofthe locus are cieaved by the Éio

endonuclease thus a.llowing them to function as recipiects durrng Ì,,{ar a/e switching

(strathem, 1988). Finally, there is evidence that RNiA polymerase II transcription in general

enhances recombination (Thomas and R-othstein, l9g9). This incomplete list gives a clear

indication that transcription can play a significant role in recombination.

To examine more fully the possibility that transcription plays a role in the resolution

process, the TRT sequences (in the plasmid normally utilized in a transfection assay) were

replaced with r'7 bacteriophage promoters. Transfection into T7 RNA polymerase-expressi'g

porøirus-infected cells did not result in the resolution of these constructs (Dr. G. McFadden,

cited in Trafttman, 1990b). The experiment might suggest that while transcription may play

a role in the resolution, it is likely that the activity requires the true poxr,.irus machinery and

that transcription by itselfis not sufficient.

The actual role that the *RN.A. capping enzyme plays in teiomere ¡esolution is stili

unclear. ?he capping enzyine is a very con-rplex protei* and cu¡rent models regarding

functional domains favour at least three independent active sites which must accommodate

guaryltransferase, tríphosphatase and methyltransferase activity (shuman, 19g9; Niles and

Christen, 1993). Regions of the capping elr_zl¡me must aiso be able to interact with different

proteins and nucleíc acids. For example, the capping enzyne is able to form a binary complex
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with rur*.4 polymerase in the absence of'ucleic acids o¡ associated proteins (vos et ai., 1991,

I{agler and shuman, 1992}. Atso, this enzyme is abrø to interact in a nou-sequence-specif,c

manner with an Rli.{ substrate i virro- Tfiferesringly, the interaction does not depend on a

specific 5' termi¡us suggesting that RN.A binding is also independent from the three ascribed

enzymatic activities (Luo and shurnan, 1993). ìt is also interesting that cap synthesis a'd

methyiation are so tightly associated in vaccinia, yet no such tight association is seen in

enzyf'les derived from ceflular counterparts @nsinger and Moss, 1976; Mizurnoto and

Lipmæ'r, 1979). That the capping en-4,me in other systems is likely essential has been shown

by disruption studies in yeast (I4izumoto, 1990).

The cap structure is irnportant for many reasons incruding transcript stability a_nd

translatability, The metþl group arso appears to be important for interaction with cap binding

proteins. It is believed that the cap may mediate melting of the 5' secondary structure of

'RNA 
through the activity ofthese cap-binding protein complexes (sonenberg, l98g). yet

there is a body of evidence which suggests that the e.\tent ofreduction in translation efficiency

of uncapped mRNAs va¡ies corsiderably among mRfd.{s and among different translation

systems (see Banerjee, 1980 for review). For example, de-capping of aipha mosaic virus 4

RNA or addition of a cap anaiogue has only a slightly detrimental effect (maximurn reduction

<50%) on translation or ribosome binding.

R-egardless ofthese obse.ations, we as yet have no ev'idence that any ofthe functions

normally ascribed to the capping enzyme are affected in ts93g3,40"c infections. To the

contrary, it is highly possible that none are affected (the sole exception may be the

meth]'ltransferase activity whicir requires the physical associafion betweeu the D 1 and Tlr2
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subunils, an answrr to this question wiil require further studies).

.&t this time, a model lor the direct rcIe rhat the capping enzyme has in feloroere

resolution is premature. we do noi anricipate that the capping enzyme (or the Di2 subumt

alone) participates in the actual cleavage event at the telomere fusion but instead is involvød

at an earlier stage. Ferhaps the eûzyme plays a structural ¡ole as part of a larger protein

complex oris ar element of a hypothetical 'scaffold or mat¡ix superstructure'. In this case, the

aberant physical structure of the D12 subunit might interfere with the assembly of the

complex or with the organization of a matrix either of whose structures might be critical for

¡esolution and subsequent organízed generation of new vi¡ions.

one other explanation for the ts9383 ¡es' defect is that a very early stage ofpackaging

might be atrected by the aberrant capping enzyme conformation and since packaging cannot

proceed, perhaps telomere resolution ca¡not proceed either. Aithough Merchlinsþ and Moss

(1989) have shown that resolution occurs in the presence of rifampicin (a drug which inhibits

envelope ftirmation), this does not p¡ôve that an ea¡iier stage ofpackaging does not play a.

role. It is important to note that some proteins (including the capping e'zyme) are specifically

packaged into newly fcrmed virions by a rnechanism which is poorly understood.

Irrespective ofthese hypotheses, it is clear that the link between transcription, DN.A

replication anei ¡eco¡nbination is certainl]¡ more complex than one could harre imagined.
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Sc¿prce ofr Maáerüals

Restriction enzymes, and DN,A and RNA modiSring enz¡.rnes were purchased from

Boehringer-Ma'nheim canada (Laval, euebec), Fharmacia canada Inc. (Baie d'urfe,

Quebec) or Gibco,ßRL (Burlington, ûntado). R-adiolabelfed nucleotides and radiolabelled

methionine was purchased from DupontßJew- Engrand Nuclear (h4ississauga, ûntario) or

Amersham @afeville, Ûntario). Nritrocellulose and nylon membranes for nucleic acid transfer

were from BioRad (À4ississauga, onrario). polyvinylidene difluoride (p\¡DF) membrane used

in vy'estem blotting was also obtained from Biorad, plasmids pTZlgR and pTZlgu, as well

as the sequenase T7 polyrnerase sequencing kit, were obtained from united states

Eiochemicals (cleveland, ohio), All other chemicals were obtained f¡om sigma Biochemicals

(Sr. Louis, Mo.),

BSC40 African Green Monkey kidney cells were obtai'ed from Ð¡. R' condit

(university of Florida, Gainseville, Florida), Hela s3 human epithetoid carcinoma (cervix)

oelis were obtained from the A¡rerican Type culture collection (ATTC, Rockville MD) or

from Dr. G. McFadden (Jniversity of Alberta, Edmonton, AJberla). vaccinia virus wild+ype

strain \4/R' and ltD-w w'ere obtained &o'r Dr. R"- condit and D¡. G, McFadden respectiveiy.

viral strain ts9383 was obta.ined from Dr. s. Dales (university of western onta.io, London,

ontario) and strain tsc63 was obtai'ed from Dr. R condit. cell culture media was purchased

f¡om Gibco,tsRl.
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Ceni Cunf¿¡ne

A continuous iine of ,Afi-ican green monkey lcidney (Esc40) cells was maintained as

a monolayer culhre in Dulbecco's modifìed Eagle medium (Ðll€&4) supplemented wtth 5va

feta-l calf serum (FCs], 2 m-M L-glutamine (ali from Gibco), 50 IU/ml penicillin, 50 pglml

G-streptomycin @lorv Laboratories), and 15 mg/litre phenotr red sodium sa-lt (Gibco) as a pll

indicator. stock cultures were typically grown in T-150 mm flasks and incubated at 37"c in

a 5%a C{J./95('/a air environment.

All cell culture manipulations were perlormed under sterile conditions in a laminar

flow hood. BSC40 cells exhibited a doubling time of approximately 18 h. At confluency, cells

were split by the following method: mediurn was removed and cells rinsed with l0 nd pBs

(PBS is: 137 mM NaCl, 8 mM Na.HpOn, 3 mM KCl, 1.5 mM Kll2p04) containing 2 mM

EDT'A. The rinse solution was removed a'd 5 ml of pBS added. Next, 0.5 ml of 10 x(2.5%)

trypsin was added and the flask retumed to the 37'c incubator until cells rounded-up (30-120

sec). T'o inactivate the trypsin, 5 ml of medium was added and the cells collected by shaking.

clne tenth ofthe cells were retained for the continuous line, fresh medium added and cells

retumed to the 3 7"C incubator

HeLa s3 cells were grown a¡d maintained either as monolayer cultures in DMEM as

described above, except supplemented w,tth ragtó fetal calf serum, of, as a suspension

culture in S-MEM (suspe'sion-ÃdEM) supplemented with 5% fetal calf serum. suspension

cultures were maintained at 37"c in a non-co, injecting incubator. cell counts were

detemrined with a haemocl,tometer and densities maintained at 3-5 x lOi cells/ml bv dilution

with mediurn.
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Vûs'ws {soåa€Ëor¡

fr/trren prepari'g la.rge sca.re stocks of vaccinia virus, we initia y used monclayers of

BSC40 cells (2txr5a mrn piates). However, we eventually turûed to prepa_rations derived

Íiom F{eI-a s3 suspension cultures (i iitre) due to the ease of harvesting and high yields of

virus produced-

i) lnfectiows

BSC40 monolayer culture infections: T'he media from 20x150m¡n plates ûf confluent

BSC40 celts (2 x 107 cells/ 150 mm plate) was removed and the cells infected at a m,o.i. of

0.1 FFU/cell (2 mvplate). The plates were incubated for t h with rocking every 15 min, The

inoculum was then ¡emoved and medium added to each plate- Incubation was at 32"c for ts

strains and 37"c for wild-type strains. Flates were incubated for 2-3 days prior to being

harvested.

F{eLa s3 suspension cuiture infections: one litre ofHela s3 cells (at 5 x iOj cellsÁd)

were centrifuged for l0 min at 3000 rpm (1800 x g) io a Beckman JA-10 rotor at room

temperature. The cells we¡e resuspended in mediurn to I xl07 cells/mf and placed in a T-150

mm f'lask. cells were infected at a.2-1.0 pfu/cel| with gentle rocking for t h at room

temperature. The eells we¡e returned to spínner flasks, made to 1 litre with fresh medium and

incubated at32oC ar 37oC for 2-3 davs.

ií) Pwrified Wrws Frepøratia n.

BSC40 cells were harvested by scraping the cells and medium into 50 ml plastic
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Corning tubes kepT on ice. This was follora¡ed by a low speed {2,00û rpm; 7û0 x g}

cenlrifugaticn for 5 min tn a clintcal centrifuge to pellet the celis and virus. The media was

removed and ihe ceil pellet resuspended in 20 rnl ice-coid rM swelling buffer (10 mx.{ Tris-

HCl, pH 9.0, 5 rnM Mgclr). For FIeLa infeciions, cerls were ha¡vested by centrifugation for

i0 min as described in the previous section and resuspended in 20 rnl cold rÀ4 buffer. From

this point on, viral purification procedures were identical for either BSC40 o¡ Hela-s3 cells.

cells were incubated on ice for an additional 15 min before being transfe*ed to pre-

chlled Dounce homogenizers. A slide ofthe cell preparation served as a control tû monitor

cell breakage. The cell prep was then subjected to 20 srow strokes with an A-tlpe plunger to

break up clumps of cells and with 20 strokes ofa B-type plunger to break up ce[ plasma

membrares- cell breakage was determined by viewing sma1l aliquots of the preparation under

phase contrast microscopy. ûccæionally, staining with 0.1% trypan blue was used to identify

dead/broken cells. B-t1pe homogenization was continued until most celrs were broken-open.

The suspension was transfer red to a 50 ml coming tube and centrifuged in a clinical centrifuge

at 2,000 rpm (700 x g) for 8 rr¡n at 4"c. The supematant w-as transfèr¡ed to a second tube and

the cell pellet re-ertracted w-ith 20 ril of TM buffer, re-homogenized and re-centrifuged. The

supernatants were layered anto a 360/o sucrose solution (16 ml) i' Beckman open top

ultracentrifuge tubes (fina1 totar vorurne of each tur¡e was 38 nd), and centrifuged ìn a

Beckman sw28 rotor at 18,000 rp'r for g0 min at 4"c. Acceleration and deceleration profiles

weÍe set to 4 (slow acceleration from 0 to 170 rpm, deceleration from 170 rpm to 0 without

brake), After centrifugation, the supematant was poured offand the tubes inverfed on paper

towels to drain. Fellets were resuspended in 0.s nl 10 mM Tris-cl, pItr 9.0 and stored in snap
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cap trrbes at 4"C overnight,

The foltrowing da5,, 36 mLrc-4a% (v,,/v) continuous potassium tarú¡ate gradients in l0

rûhd rris-HCl, pF{ 9.0 were nade with a small gradient maker. The virus preparation v;as

layered onto the gradients and centrifuged ín a Beckman sw2g rotor at 20,000 rprn for 90

min at 15"c; acceleraiion and deceleration profiles were set to 4. At the end ofthe run the top

layer was removed and the clearly flocculent band containing virus was transfer¡ed to a

separate tube. Th¡ee volumes of 10 mM Tris-HCl, pl{ 9.0 were added to the centrifuge tube

and the sample mixed centrifugation was in a Beckman ss34 rotor at 16000 rpm for 40 min

at 4"c. The supematant was discarded and the pellet resuspended in 20 ml 10 mM Tris-HCl

pH 9.0 and recentrìfuged. The fina1 peliet was resuspended in 1 ml of 10 mM Tris-cl, pH 9.0,

aliquoted into microcentrifuge tubes and stored at -gO"C.

ii$ Crøcde Virws Prepørøtiane

trnfection and initial harvesting were carried out as described for a purified virus

preparation. AÍter the first centrifugation to isolate the cells and virus, the pellet was

resuspended in approximately 3-5 mi ofpBS and the sample subjected to 3 cycles offreeze

thawing to lyse the cells a¡d ¡elease the virus. one cycle involves freezing at -gOoc for 30 min

to ovemight followed by thawing in a 37"c water bath. cellula¡ debris xvas spun out by a 5

min centrifugation at 2000 rpm (700 x g) and the supernatant was aiiquoted into

microcentrifuge tubes prior to being frozen at -80'C for storage.
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it'] Wrws Títres

Serial dilutions of virus preparations, usuall]¡ in the range 10{ to 10"e were prep¿r:ed

i¡ }lanks baÍanced sait soluticn + 0. i% BgA. virus titres were determined using monoiayers

ofBSC4O cells. Medium wa-ç removed from ceils and virus preparations added; 150 pf for 24-

well dish samples and 350 ptfor 6-weü (35 mm) dish samples. virus was adsorbed for 30 min

to t h depending on the experirnent. Flates were rocked every 15 min to ensure that the celis

did not dry out. Following the adsorption period, the virus inoculum was removed a¡d fresh

medium added to plates. The plates were returned to the incubato¡s (for ts mutant virus,

dupäcate infections were prepared and one placed at 32"c, the other at 40.c). .A.fter 2 days,

cells were f,xed with neutral buffered formalin (sigma) and stained with 0.10lo crystal violet.

The ¡esults were expressed as praque forming units/n of virus preparation (pfu/ml). If
plaques appeared in ts 40"c infections, these were ¡eported as # revertants/mi virus

preparation.

lsrlatior¡ ar¡d Funificatio¡e of Viral Geno¡mic Ill{.A

Isolation of fi:ll length vaccinia virus genomic DN-A was performed according to the

protocol ofEsposito et ai. (1981) To prepar-e for the isolation, g x 150 m¡n tissue culture

plates were used and cells we¡e infected at a m.o.i. of û.05-o.i as per standard methods.

Prewa¡rned media was then added and the plates incubated at 37"c (for wildtype) or 32"c

(for ts mutants) for 2-3 days until a noticeable cytopathic effect had taken place. cells were

harv'ested by scraping with a rubber policeman into 50 mr coming tubes and perleted by

centrifugation at 2,aaa rpm (700 x g) for 15 min. The media was discarded and the pooled
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rsll pellets were resuspended in 20 nd ofice-colci isotcnic buffer (1û mÀd'[ris-Fìcl. pH 8.0,

150 m-M Nacl, 5 mM EDT,Â,), mixed and re-pelleted at z}aa rpm for 5 min. The cell peliet

was resuspended in 9 nrl of hS,potonic buffer (10 nrÀ,{ Tris-F{cl pI{ 8.0, 10 mlv{ KCl, 5 mM

EÐTA) by mixing and then incubated on ice for 10 minutes. To this suspension, 25 ¡ri of p-

mercaptoethanol and I ml rriton x-100 were added with ge'tle mixing followed by

incubation on ice for an additional 10 min. This procedure soiubilizes the plasma membrane

thereby releasing the cell nuclei, vira.l cores and cellular organelles. Nuclei w-ere spun out by

centrifugation at 2000 rpm for 5 rninutes at 4"C.

The resulting supernatant was transferred to a fresh tube and recentrifuged if visible

cellular debris was still present. The final supernatant v,/as spun in a Beckmal rA-20 rotor at

i600 rpm for 60 mir at 4"c. The petlet (containing viral cores) was resuspended in 0,g ml ice-

cold core buft'er (i00 mM Tris, pH 8.0, 1 mM EDTA) and mixed to get an even suspension.

To this solution i5 ul B -mercaptoethanol, 50 ¡rl proteinase K (10 rng/ml) and 2oa fi 2oo/o

(dv) NJauroyl sarcosine was added and the mixture incubated for 30 min at 4"c. This

solution served to lyse the viral cores and release the DNA. Next, 1.4 ml of a s4% (wlv)

sucrose solution in water was added to the lysate and incubated for 2h aT 55"c to alfow

digestion of proteins, In some cases whe¡e the preparation was difficult to solubilize, sDS

was added to a final concentratiÕil af a-2Ta. Next 0,4 ml of 5 M Naci was added to the

preparation to inhibit nonspecific binding of proteins to the DN,A., The lysate was then divided

into microcentrifuge tubes, gentfy extracted with an equal volume of phenol-chlorofo¡m-

isoamylalcohol (25:24:r) and spun for 2 min at room temperature. The aqueous phase'ias

re-extracted twice more with phenol-chlorof,o¡m-isoamylalcohoi, and once with chloroform-
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;^^^---.I-I^^r- -rrsoa yratcotìor (49.Ij. the resulting â.queûus solutiûn was piaced in a spectra/por cellulose

dia.iysis bag (h.Ä.v cut-cff 12,000-i4,000 Dai and dialysed against anexcess of 25 mx,{ Tris-

È1c1, pTL T .5 for 24 h with one change of the diaiysate. The purified DN.4 w-as sïo¡ed at 4"c.

F{*sr¡rid ÞN-4 .Ameplifi catior¡ ar¡d F¿¡ nifi cation

i) Grotvtit Cowditiows

Bacterial strains were grown in Luria-BerTani (LB) medium (10 g tsactotryptone, 5

g Bacto-yeast ertract, and 10g Nacr per ritre, pH to 7.5 and sterilized by autoclaving). To

make media for plates, 14.4 g of agar was added per litre of media prior to autoclaving.

Antibiotic addition was dependent on the selectable marker and could include: ampicilli¡ or

carbenìcilän (finai concentration at 40 p.{ml), chloramphenicol (20 ¡t g/nn) or kanamycin (30

pdrnl).

ii) Flusmid Furifimtion

Plasmid purification was performed as described by Bimboim and Doly (1979)

Tlpically, 5 mi cultures were grown for routine screening, however, the procedure could be

scaled up (linearly) for any culture volume- overnight cultures were placed on ice fo¡

approximately 5 min before being centrifuged either at 70û0 rpm for 5 min in a son all J-a-20

rotor or in a microcentrifuge for I min at room temperature. The supematant was discarded

and the pellet resuspended by mixing in i00 ¡rl of cold solution x (50 mM gtucose, 50 r¡rM

T¡ìs-HCl, plI 8.0, 10 mM EDTA! pH 8.0). Trre cells were incubated for 5 mic ar rooür

temperature after which 200 ¡rl of freshiy prepared sDS solution (1% sDS in 0.2 M Naoll)
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lvas addad süd thÊ samples gently iÌúxed by inversion. Each tube then received i50 u[ ofa

3 M potassiurn-acetate (pH 5.2) soluiion; the slurry was genfly mixed, incubatecf on ice for

15 mi¡r and then centrifuged fbr i min at rcom temperature to pellet insoiuble material. The

supematant was tra¡sferred to a fresh tube, subjected to a phenol-chloroform-isoamylaicohol

{25.24r) eËraction and centrifuged as above. ?he DNA in the aqueous phase was ethanûl-

precipitated by the addition of2 volurnes ofabsolute ethanol at room temperature, followed

by a 5 min incubation at roûm temperature then centrifugation at 7000 rpm fur 15 min.

The DNA was rinsed once with 7 o%a ethanor and dried briefly under vacuum. The

resulting pellet was resuspended in 100 ¡rl rE to which 1 ¡rl of an RNAse A solutìon (10

mg/mi RNrAse ,{, 10 mM Tris-HCl, pH 7.5, 15 mM Naci) was added. xncubation was ar

room temperature for I h. The sample was made to 400 ¡rl totaf volume by the addition of

260 pl of F{"o and 40 ¡rl of 3 M },-a-acetate, pF{ 5,2, extraÇted with phenor-chlorofonn-

isoamylalcohol then chloroform-isoamylalcohol. Finally, the DNA-containing aqueous phase

was precipitated with 800 ¡rl of absolute ethanol. The sample was chilled at -gO"c for l0 min

p¡ior to a 15 min microcentrif:gation at 4"c. The sample was rinsed wiih 70olo ethanol, dried

under vacuum, then resuspended in 20-100 pl TE and stored at 4"C_

QaranÉüÉaÉion of Ðl{^4, RN.4 amd FnoÉei¡rs

DNA and RNA quantitations were determined with the use of a G son R.esponse

spectrophotometer. samples were appropriately diluted and placed in quartz cuvettes and

absorbance values at 260 nm and 280 nm were obtained. ûne A,uo unit was considered to be

equivalent to 50 ¡rg of dsDNA or 37 ¡rg of ssRNA. Aa _A.rr,ro ratio indicated leveis of purity
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1Ãrith a value of 1.8 being consídered essentially free of contaminating protein in a ds DNA

preparation.

Protein concentrations were detennined using the BioRad Eradford Frotein ,{ssay kit.

,4 standard curve w-as prepared using various dilutions of either IgG or Bs-A and by

determining absorbance at 595nm.

Restnictio¡¡ Enzyme Bigestion and Gel Enectno¡rkonesis

i) iligestíom af ÐN,4 tvith Restrieti¿¡n Endows.ccÍe{¿ses

Restriction enzyme digestion was performed according to the manufacturer,s

conditions with the assumption than 1 u of enzyrrre could digest 1 ¡rg of Dl{A in t h under

optimal conditions- Typically digests involved 30-I000 ng of DNA in a total volume of 20-50

¡rl of the manufacturer's 1 x buffer. Following digestion, products were either analyzed

directly by gel electrophoresis or in circumstances where the removal ofrestriction enzymes

was necessafy, samples were phenol-chloroform-extracted and alcohol-precipitated as

descrjbed for plasrnid purifi cation.

iiì ÐNA 6el Eler.rrophoresís

Eleetrophoresis of DNA fragme'ts w'as per{ormed in either agarose or potyacrylamide

gels depending on the size ofthe fragrnents being separated_
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Gel îype

Û.7Ya agarose
1.2o/o agarose
5.0% polyacrylamide
8 0% polyacrylamide
12.ûYo polyacrylanide

Resolution Rlge

08-120kb
04-70kb
01-0skb
006-04kb
005-02kb

For agarose gels, the appropriate amount ofagarose was added to 1x TAE (40 nrM

Tris acetate, i ff'M EDTA, final pH approx. 8.5) and the solution boiled until dissoived. The

solution was cooled to 60"c, and then gels were cast in plastic trays as described in Maniatis

et al. (1982). Typically, agarose gels were lun at IZ ylcm tn 7 cm x 7 cm minigels

(approximate running time 20-30 min) or at 5 v/cm in 14 cm x 15 cm medium sized gels

(ovemight ru'ning time) in TAE buffer. Following electrophoresis, gels w-ere stained in 0.5

¡rglml ethidium bromide in TAE.

To prepare 5%o polyacrylamide gels (which were most commonly used), 5 ml 10 x

TBE (900 mM Tris-HCl, 900 mM boric acid, 20 
'rM 

EDTA) was mixed with g nrl 29:l

acrylamide:bis-acrylamide (dw) and 36 mi ddHrû. To rhis, 25 pl TEMED and 25A

¡rl 10% ammonium persulfate was added and the gels cast in a vertical position and allowed

to set for 45-60 mi.. Miniacrylamide gels (7 cm x 9 cm) were run at 15 v/cm in 1 x TBE

buffer for approimately 45 min and then stained in 0,5 pglm1 ethidium bromide in TBE.

Þl{.4 Clonüar g ar¡d Þa cter.ial T'na¡¡sfon¡naf iou

i) CÍoníng

Typical sub-cloning reactions were perlormed as desc¡ibed b;, I4aniatis et al. (19g2).

DN,{ fragments to be cloned were purified from agarose gels by the followÌng method. Ate¡
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elecirophcresis, the banci ofinterest was excised with a scalpei and placed in a centrifuge

tube. .4 seccnd thick agarose ger was prepared and ¿ cube cut out of ïhe gel. A rayer of

spectra/por-4 membrane (r4w¡ cutoffcf tr2-r4-kDa) was added and shaped into the form of

a container. The agarose plug was praced in this box arong with a sma.u amount of TAE.

Electrophoresis at 11 0 v was conducted for approxirnatery 5- 15 min (depending on the size

of the band) and progress was rnonitored by detection of etfudium-stained DNA with a hand-

held long-wavelength uv light. The agarose plug was removed and the cunent briefry

reversed to remove DN-A from the membrane. The aqueous material was conected in a

microcentrifuge tube and the DNA recovered by addition of 3M Na-acetate (pH 5.2) and

alcohol precipitation.

ûnce purified fiagments were obtained, both fragments and vector were

electrophoresed to check quantity. In some cases, cut-vector was treated w-ith calfintestinal

phosphatase (1 U/5 ¡rg of DNA) according to manufacturer's instructions @oehringer). For

"sticþ-end" ligations, a final reaction volume (typically 10 ¡.rl) contained. insert and vector

(2 1 rnolar ratio, approximatery 100 ng ofvector), I gl of i0 x rigase mix (r0 x buffer is 200

mM Tris-rICl, 50 mM Mgcr, 50 mM dirhiothreitot), 1 ¡rr 5 mM ATp and 0.2 units T4 DNA

ligase. Reactions were incubated at I4"c for 4 h to overnight. For ',blunt-end ligations',,

reactions w-ere similar except that higher concentrations ofinsert and vector we¡e used and

approxirnately 0.6-1 u of 14 Dr'{A rigase was added to each rigation mixture.

In cases where 5' sticky e'ds had to be blunt-ended, folrowing restriction enzyme

digestion, DNA w'as treated w-ith Klenow en-4/me along w-ith 0.1 mM of each dNTp for 15

min at 37"c- trn cases of 3' overhangs to be made blunt, DNA w-as first treated with Kienow
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far 5 rnr without dldTPs and then i5 min with cillTps.

íi) Trørcsftwwztttiote øf EacÉeríu by CÈeewzÊeæi Metlcød

This standard transformation protocor has been described by Hanahan (19g5)

Eactetial cells (JM101, JM109 or DH5a) were grown to an ODrro of 0.5 (appiox. 4,7 x

1O7cells/nrl) in soB (z% Bacto-tryptone, û.s9'o Bacta yeast extract, 10 mM Nacl, 2.5 mM

KCi, 10 mM Mgclr, 10 Mgso) then chined on ice for r0-r5 min, cefis were peneted in a

clinical centrifuge (750-1000 x g; 2500 r.p.m.) for 15 min at 4"c, the supematant drained and

the cells resuspended in 1/3 the initiat culture volume in filtered rFB (100 mM KCl, 45 ml,{

MnCl,-4HrO, l0 mM CaClr-2HrO, 3 mM F{ACoCl., 10 mM K_MES, final pH 62) and

chilled on ice for 15 min. The cells were re-pelleted, and resuspe'ded in TFB to r/r2 rhe

originai volurne. DnD (1M dithiothîeifol, goyo dimethylsulfoxide, 10 mM potassium acetate)

was added ta 3.5%o (v/v), the cultures swi¡led and incubated on ice for 10 min. A second

aliquot ofDnD was added and another incubation on ice was perfonned. 200 ¡rl aliquots of

celis were placed in Falco' 2059 snap cap tubes and 20-40yo ofa ligation mixt ure e-4 pr)

added. The mixture was left on ice f,or a further 30 min and then heat-shocked for 90 sec at

42'c pnor to a 2 min cooüng on ice, 800 ¡rr of soc media (soB containing 20 mM gfucose)

was added and the cells incubated at 37'c with gentle rocking for 30 min. Aiiquots ofÍhe

ligation mix (2, 20 and 200 ¡rr) were plated onto LB plates containing appropriate antibiotics

and the chromogenic substrate x-gar (5-bromo-4-chloro-3-indolyl- p,D-galactoside) for

colour detection. Plates were incubated at 37"c overnight to allow colonies to fb¡¡¡. \vhite

colonies were selected as potential positive clones and grown up as described fbr a small sca.ie
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piasndd preparation. Froducts were deterrríned by gel electrophoresis. ?ypical transforruation

Èequencies for this procedu re were z-5 x r 0s rransformants/¡rg cf circuiar plasmid acided,

iii) Træwsforww$iøra af Eaeteriø ky Electropørøtiow

The technique of electroporation is a much more rapid procedure since cens can be

prepared prior to use then f¡ozen at -gO"c for proionged periods. cefis rvere prepared

according to Dower et ai. (l9ss). This involved growing cens to midJog phase and

perfoiming several washes in distilled water prior to flash-freezing cells with liquid nitrogen

in 10% glycerol. Transformations were done with a BioRad electroporator set to 1.25 kv

(i2.5 kV/cm) and 25 ¡rF, pulse roniroller:400 ohms. Generally, 10-50 pg of DN-A was

added to tubes containing 25 ¡rl of competent cells on ice. The cells and DNA were then

transferred to ste¡iie, prechüled electroporation cuvettes and the samples pulsed in the

apparatus. one ml of soc (as above for chemicar tra¡sformation) was immediately added

and the cells gentiy pipetted up and down. cells were transferred to snap cap tubes and

incubated at 37'c for 30 min prior to pfating. Transformation efficiencies were typically 1 x

1 OB transformants/ug plasmid DN.A.

&NA Sequemcing

i) flN,A Sample Frepørøfiøm øwd Seqzaencing Reøctioms

single-stranded DNA templates were prepared æ described by Dente et ai. (r 9g3 ) and

Messing (1983). Briefly, overnight curtures of JMl0r @,) bacterial ceüs harbouring the

appropriate plasmids were diluted 1:10 in fresh Lts broth and growr to mid iog phase at 37"c_
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The cultures were then infected with &413K07 heiper phage at a multiplicity cf 20 FFU/cell

a-¡iri incubation contrnued fbr 30 rnin. Karamycin (sigma) was added ta a concentration of 30

uglwÃ ana incubation continued for anothe¡ B-12 h. Cells were ha¡vested b], centrifugation

and the supernatant treated with 50 pglml RN.Ase A, far zo ndn at room temperature. single-

stranded DNA phage particres were precipitated by adding an equal volume of a 200lo

poþethylene glycol @EG), 3.75 M as¡-rnonium acetaie solution to the supernatant and chilling

on ice fo¡ 30 min (carlson and Messing, 1984) AíÌer centrifugation, the ÐN.4 was extracted

several times with phenol. chloroform follow-ed by chloroform eKtractions and etha¡ol

precipitation. Double-stranded DNA was prepared according to the method of Hattori and

sakaki (1986). Briefly, DNA was denatu¡ed in 0.2 M Naot{ for 5 min at room temperature

then neutraüzed in 1.4 M ammonium acetate, pH 7.4. The DNA was precipitated in 2.5 vols

of ethanoi prior to use with the sequenase kit. sequencing was performed by the sanger

dideoxy chain termination method (sange¡ 1977) using either the Klenow fragment of L. coli

DNA polymerase I (BioRad), or a T7 polymerase based kit (sequenase version 1) from

United States Biochemicals, according to the manufàcturer's instructions.

ii) GeÍ trreparøtiom awd Electropleoresis Coøtlitions

Denati-rring polyacrytamide sequencing gels (50 x 21 cm) were prepared as described

in the BioRad iiterature. Typica[y 5% polyacrylamide gefs containi'g 7 M urea were used_

stock solutions of 30% acrylamide (19.1 acrylamide,ôis-acrylarnide) were used in preparing

gels. Fiior to electrophoresis, gels were pre-run until the temperature ofthe gel reached 50"c.

Electrophoresis buffe¡ was 1 x TBE (900 nr*M Tris-FICl, 900 mM boric acid, 20 mM EDTA).



Samples were denatured in loading buffer (80% fornamide, 1 mh4 EÐT.4, pI{ 8.0, û

bromophenoi biue, 0.10lo r.ryle'e cyanol) and electrophoresed ¿t ig00-2000 v for r-3 h.

te.nperature was maintained at 50"C or¡er the running pericd.

Marker Resc¿¡e

A modified protocol to that described by Delange and McFadden (1986) was used

to perfonn the marker rescues described in this work. For each rescue, 10 ¡lg of cloned DN.A

was used for 3 x 106 cells (T25 culture flask) or 3 pg of DNA for 1 x i06 cells (35 mm

monolayer dish). The DNA was used either undigested or aÍter digestion with appropriate

restriction en4ymes to either linearize or release the inseiú from the vector. The digested DNA

was extracted once with phenol-chlorofonn-isoamylal cohol e.5:24:rj, once with chloroform-

isoamylalcohol (49:1) and then spin-dialysed on 0.2 ¡rm Millipore disks against an excess of

2 x NNH (50 mM HEPES [N-2-hydroxyethylpiperizine-N'-2-ethanesulfonic acid], pH 7.1,

280 mM Nacl, i . 5 m-M Na"F{Fo*) for 3 0 min. As an altemarive to spin dialysis, the DN,A. was

precipitated by the addition of 1/10th volume 3M Na acetate, pH 5-2 and 2 volumes of

absolute ethanol, chilled briefly at -80"c and spun in a microcentrifuge for 15 minutes at 4"c.

The pellet was rinsed with,70%ó ethanol and the sample iyophilized in a savant speed-vac

untitr dry. The pellet was then resuspended in 2 x NNIH (350 ul for a TZ5 flask o¡ 150 pl for

a 35 mm dish). ûne hour before transfection ofthe DN-A (see below) the 2 x NNH solution

was mixed with an equal volume of 25û mM cacl., under conditions of continuous agitation

created by irnmersing a plugged glass pasteur pipette into the test tube and bubbling a fine

streæn of air th¡ough the liquid. The test tubes w'ere capped and a DNA-calcium phosphate

I ô-)

1%

Lrel
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pteË,ipltate tras allowed ic form at.ûonx te!-núerature.

confiue¡rt monolayers oftssÐ40 cells in T25 tissue culture flasks o¡ 35rnm dishes

w'ere infected with a lemperature-sensitive virus diiuted in Ha¡ks balanced salt soluticn

(Gibco) containing 0.1% BSA at a multiplicity of infection of 0.05 FFU per ceil. .After 1.5 h

of adsorption ar. 3i'c, the inoculum was aspirated and the carcium phosphate ÐNA

precipitate w-as added to the cells. ,AiÌer 30 min ai room temperature, 10 volumes of

fresh medium (DMEN4/5% FCS) prewarmed to 40"c was added a¡d the flasks were praced

in a 40'c incubator. At 5 5 h postinfection, the medium was repraced and the flasks were

retumed to the 40oc incubator- Afr.er i2 h of incubation, the infected monolayers were fixed

with neutral buffered fo¡malin and stained with 0,1% crystai violet. The results were

expressed as #plaques formed/¡.rg of DNA.

P¿¡tsed-Field Gel Electnophoresis

i) fueparatiom af SøreapÍes

Monolayers of BSC40 cerrs (rx106 ce[s) were harvested into a 15 ml coming tube

on ice by scraping the cells a¡d mediurn with a rubber policeman. A low- speed centrifugation

step (2000 rpm = 700 x g) for 5 mínutes in a clinicar centrifuge, w'as emproyed to pellet the

cells and virus.

celi pellets were resuspended by gentle mixing in 100 ¡ri of pBS/40 mM EÐTA

prew'armed to 40"c then incubated for 5 min af 40'c. lz5 u! af 1.49/o low melting point

agarose (Incert Agarose, FMC corporation), 125nrM EDTé- at 45"c was adced to the

samples followed by miring r'vith a few up and down strokes of a micropipettor. The sampres
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wer? lhe& immediate\' t¡ansferred tû plastic biock molds (2 x 5 x i0 ¡nm - eaoh holdins

airproximately 100 ¡ri ofvolume). .AÍÌer 10 nrinutes at ¡ooffi teftFierature to ailow lhe agarose

plugs to solidi$r, they were tra¡sferred to i5 ml disposabie snap cap tubes containing 3 ml

of protease solution (10 nrM Tris-HCl pl{ 7 5, 180 mM EDT4 tr.0% sarkosyl, 100 ¡rglml

Proteinase K [Boehringer-Marnheim]]. The samples were i'cubated overnight in a water bath

at 50"c. The following day, the protease-containing solution was removed and the agarose

plugs rreared viith 10 ml of 0.lM TBE (1 M TtsE is 1 M T¡is-HCl 1.0 M boric acid, 20 rrù4

EDTd fina] pFI 8 3-8.5) for t2 h with gentle rocking at 4"c. This 0.1 M TtsE equiiibriation

process was repeated 3 times in total. Plugs were stored in 0.1 M TBE at 4"C.

ä) GeÍ Forneøtion ønd Running Contlitions

Fulsed-field gel electrophoresis (pFGE) was performed in an LKB 2015 pulsaphor

electrophoresis apparatus as described by Delange (19g9). cooling coils underneath the

apparatus were con¡ected to a Haake circulating water cooler set to g,c. PFGE plugs were

cut in half and loaded into L5o/o agarose/o.l M TBE gels (15 x 15 x 0.7 cm : 160 ml of

agarose solution). Plugs were sealed into position by topping-off each well with 1.4% low

melting point agarose. Electrophoresis was in 0.1 M TBE and was performed in two stages.

Firs¿, to chase the DNA into the gel, a unifurm freld of 5 v/cm was applied to the gel for 45

minutes using two sets of point electrodes. second, the gel was pulsed aT zltt md for 20-24

h at 100 sec inteivals with a hexagonal attachment (LKB). A homogeneous field was achieved

by running at a 110" angle between the altemating cumenfs.
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íií) SøwtÍcew Truzwsf,er ef Fwëse¡l-FíeÍ¿! Gef

Following electrophoresis, ÐNA in the ger was prepared f,or transfe¡ to a nylon or

nitrocellulose rnembrane by the following method. The Dhr.4 was initially detected by

immersing the gel in 0 5 pg/n{ ethidium bromide/O. 1 M ?BE fo¡ t h to overnight followed

by several hours of de-staining in 0. 1 M TBE. .A photograph was taken, the gel cut to an

appropriate size and the DNA nicked by a 5 min exposure to shoft wavefength uv tight. The

DNA was then partially depuri.ated by a i5 min incubation in 0.25 N F{cl, denatured by 2

changes of 20 min each in denaturing solution (0 5 M NaûH, 1.5 M Nacl) and finally

neutralized by a t h soak in neufralizing solution (0.5 M Tris-HCl, 3.0 M Nacl). The DNA

\¡/as then transferred ûom the gel to either a nitocellulose or nylon rnembrane as desc¡ibed in

the Southern Transfer section.

Symtnresis of Radiolahelled å)NA Fn otoes

Probes were constructed by a modification of the random primer method of Feinberg

and vogelstein (1983). Fifty ng of DNA to be iabelled was boiled for 2 min in a total volume

of 6.25 pf of F{rû followed by chilling on ice for 5 min. 1 1.75 ¡rl of reaction buffer (425 mM

I{epes, pll 6,6, 10_5 nrM MgCl, 21 mM B -mercaptoethanol, 105 mM Tris_Cl, pH I 0, 42 5

¡rM dGTF, 42 5 ul¿r drrP, 1 7 ¡rglrni BS.a, and o.û2 u/mr pd(N)u-rner primers), 2.5 ¡.ii

[&3]Pl dcTP, z.s ¡rl [c3?e] dATF and 1 pr (r0u) Klenow'enz5,me were added. The cocktail

was incubated at room temperature for 2 h after which unincorporated nucleotides were

separated f¡om the mix by gel filtration chromatography on sephadex G-50 Nick columns

(9 x 20 rrun, Fharmacia) equilibrated with TE.
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9ou¡ÉE¡e¡"n T'r*nsf'er and &eúec{åopl of ÞN.4

i) Trøwsþr øf ül'{A ts MewsÊ}ruene

?he general method for the transfer of DN.A fram a a.6-r.ûya agarose gel to a solid

support was peråimed essentialþ as described by southern (1975). The ÐN,4 in the gel was

first depurinated by ireatment with 0.25 M HCI fbr tr5 min and then denatured by treatment

with 0.5 M N-aoH, 1 ß,{ N-acl for 30 min. Finally, the gel was neutralized in 1.5 M Tris-rlCl,

pH 7.4, 3 M hIaCl for 30 min. Gels were placed on Whatmann 3h4tM paper whose

wick ends were placed in l0 x ssc (1 5 M Nacl, 150 nLM sodium-citrate), A sheet of

nitrocellulose or nylon zetaprobe membrane (BioRad) was placed in contact with the gel.

Then, iwo sheets of 3x,&M paper and an approximately 15 crn high stack ofpaper towel were

placed on top ofthe rnembrane. The transfer tower was pressed down lightly with a sheet of

glass or a light book. Following overnight transfer, membranes \r'ere rinsed briefry in

2 x ssc then air-dried. Blots were baked at BO'c in a vacuum oven for 30 rnín (nylon) to 2

hours (nitrocellulose). Blots were then sealed in plastic bags and stored at 4"c until ready for

prehybridization.

ii) Ã{y b ridízøtíon C ¿¡ ndítio w s

A¡eas of the nylon rnembranes not contairiing DN.A were brocked for 15 min -

overnight at ó0"C in a lúgh SDS solurion (7% SDS, 1 mld tsDTA 0.5 M NaH,pOu) as

¡ecommended by the ma.nufacturer. After this prehybridization step, the solution was

removed and replaced with more ofthe same solution containing radiolabelled probe. Both

preh]¡bridization and hybridization volumes were the same (150 ¡rllcm2 of mernbrane) and
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pudfied lrrobe cûncentratioûs were 1 x rû'cprnknJ. f|ybridizatia' was pefformeó ú 60"Ð

overnight with gentle agitation,

Nitrocellulose rnembranes were prehybridÞed rn a sofution conta.im*g 2û0 ¡rg/ml yeast

tRN,4, 20 ¡rg/*rl singie-stranded sarmon spem DÌ',rA, 3 x ssc, 1 x Der¡¡ardts (50 x

Dernhardts solution is 1% frcolt, 1% pol¡'inl4pyarolidone, I9/a bavine serum albumin - all

*/w) and 50% formamide. Frehybridization \^,'as at 42"c ovenright. For hybridization

conditions, probe was added to fresh solution and incubation continued again ovemight at

äi) Weskíng ComdiÍions

F ollowing the hyb¡idization step, membranes were washed with agitation as fofiows.

Nylon: 2xlhat 60"C in 1 mMEDTA,40 mMNaHpC)4,pII7 2,5% SDS
2 x I h at 60"C in 1 m,M EDTA, 40 mld Nal{po4 , pH 7 2,1% SDS

Nitrocellulose 2x t h at50"C in 2 x SSC, 0 1% SDS
1 r 30 min at room temperature in 0.2 x SSC

Following the final washes, trre membranes were air-dried búefly on whatmann 3 Mh{

paper, resea.led in fresh plastic bags and placed on X-ray cassettes ready for exposure to film.

Exposures were at -80oC.

Esolatåom of T'oÉaI Rld.4

The procedure for total R-NA isoration by lysis in guanidiniurn solution followed by

purification through a cscl cushio' is taken f¡om.Ausubel et al. (r9g7j At the tiine of

harvesï, medium was ¡emoved fron-r vi¡us-infected BSC40 cells (5 x 106 cells i-u 100 mm
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dishes) ard the cells were washed tv/ice with iû nri of cold FES. The FES was reinoved a¡d

tlie ceiis lysed by the addition of 3.5 ¡¡r of guanidinium soiuticn (4 M guanicrínium

isothiocyaúate, 20 ¡¡r&{ sodium acetate, pH 5.2, 0-1 m-M ÐTT, û.s% rrJauroyrsarcosine

fsarkosyl]). The viscous iysate was scraped to the bottom ofthe tissue culture plates and

drawn up in a 10 cc s}'ringe fitted with a2r gauge needre. The rysate was drawn up a'd down

through the needle five times in order to shear chromosomar DN.{ a-qd was then placed into

15 ml disposable plastic test tubes. The samples were flash ûozen in a dry ice ethanol bath and

sto¡ed frozen at -80"c rhe following day, a step gradient was formed by layering 3.5 rnr of

the thawed samples on top of 1.5 mi of 5 7 M cscl placed i'to silanized and autoclaved

polyallomer ultracentrifuge tubes (13 x 51 rnm), Tubes were silanized by i'rmersion in a

dictrloro-dimethlsilane/chloroform bath followed by air drying and autoclaving.

Tubes w-ere balanced and centrifugation was performed in a Beckman Lg-g0M

ultracentrifuge ìn an sw50.1 rotor for 15 - z0 h at i5 000 rpm (150,000 x g) at 18"c.

-A-cceleration and deceleration profile values were set to 0 to allow slow acceleration and

deceleration. ûnce the centrifügation step was completed, the supematant was removed with

a sterile pasteur pipette from the top. The tubes were inverted onto Kimwipe towers and

allowed to draín for 15 rnín. The RNA was then resuspended in 360 ¡rl TES solution (10 mM

Tris-Ci, pH 7.4, 5 mM EDT4 1% SDS) b1, pipetting up a'd down several times w.ith a 1 'f
miøopipettor. The mixture was allowed to sit at roorn temperature fbir a¡ additionai 20 mìn

to allow complete resuspension of the RN,{ and was then tra'sferred to a microcentrifuge

tube and extracted w'ith an equal volume of chroroform/l-butanol (4:1 v/v). The aqueous

phase w'as made to 0.3 M sodium acetate (pH s -2) and I inl ethanor was added to aliow
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precipitâtion of The nucieic acid. The tubes r'.¡ere chiiled at -gc"c fo¡ 10 rlrin and then spun in

a rnicrocentrifuge for 15 min at 4'c. The RNl" pellet was resuspended in 360 pl DEpc-

treal.ed weter and re-precipitated as described above. The finai ethanol supernatant was

discarded and the pellet air-dried for 20 rnin at room temperature before being resuspendecÍ

in 150 ¡rl of DEFC-F{'O. R}.IA was storød at -90"C.

S{ l{uclease Fnotectior¡

i) Syntkesis uf Antisense Riboprohes

Labelled RNA products were synthesized by cloning the DNA region of interest

downstream of a T7 RNA pollnnerase promoter sit e in pTZrgrJ. The plasmid was linea¡ized.

in order that discreetly sized transcripts would be produced during the in vitro reacrian.

Followi'g digestio', the DNA was extracted with phenol-chlorofom-isoamylalcohor

(25.24:1), cFilorofo.n-isoamylalcohol (49:1) and then alcohol-precípitated and resuspended

in DEPC-treated Hro. A tra'scription protocol based on that described in the prornega

Iiterature was used and the z0 pl reaction included the following components.

4.0 ¡tl 5 x transcription buffer (200 mM Tris_FICl, pI{ 7.5, 30 mM MgClr,
10 mM spennidine, 50 rn_\4 NaCl)

2.0 pl 100 mI4 DTT
20 U RN.A guard (24 U/¡ri, pharmacia)

4.0 ¡rl NTF mix (includes 2.5 mM each of ATF, UTF, GTp)
2.5 ul 100 u\4 CTP
1.0 pl linearized template (approx 1 uglreaction)
5.0 ul Id-r:P]-CTF 150 ¡rCi ar 10 mCi/ml; specitìc acrivirl.> 400 Ci/mmol)
1 0 gl T7 R.N--A polymerase (15 U; Fhannacia)

The mixture was i'cubated for 60 min at 37"c after wl.tch 1 IJ of RNAse-free DNase
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wâs added to destroy ihe ïemplate Incubation was continued fi¡r an additional 15 min. ?he

synthesized trr*A was then purified on sa/o polyacrylamide/iM urea sequenclng gef s. ?he

Iocation ofthe full length probes was detennined by autoradiography and the samples excised

with a scalpel in as smali an acrylamide slice as possible. ,4fter maceraiing the slice, 200 ul

of elution buffer (2 M ammonium ac etate, ryo sDs, 25 ¡rglml yeast tRNA) was added to the

microcentrifuge tube containing the slice and elution allowed to proceecl with vigorous

agitation fur 3 hat 42"C as described b1, Ausubel et a.l. (19g7) Next, the aqueous fraction w.as

removed to a 1ìesh tube and the RNA ethanol precipitated and ai¡ dried. The RNA pellet was

resuspended in hybridization buffer (described below) in preparation for the annealing stage.

ii) Í{ybridization an.d digestion conditioms

s1 nuclease analysis was performed essentially as described by vy'eir and Moss (19s4)

except that unifonnly-labelled RNA probes were used rather than endJabelled DNA probes.

H¡'bridizations were conducted under conditions of probe excess and the 30 ¡rl reactions

contained 10 ¡rg of total RNA + appropriate probe(s) in hybridization buffer (80% v/v

deionized formamide, 40 
'rM 

PIFES, pH 6.4, 400 mM NaCl, and 1 mM EDT,A). Samples

were heated to 85"c for 5 min then ìncubated at 37"c overnight. The foliow-ing morning 300

ul of prechilled s1 nuclease buffer (280 mM l'lacl, 50 mM Na acetate, pFI 4.6, and 4.5 ¡nM

Znsoo) was added to the ¡eaction tubes and the ssRhiA was digested with 500 u s I nuclease

(Boehringer Mamrheim) for I h at room temperature followed by phenol-chÌoroform-

extraction and ethanol-precipitation. Fellets were resuspended in loading buffer (g0%

formamide, 1 m-M EDTA pH s.0,0.r% bro'ophenor blue, û.1%o xylene cyanor), heated at
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85"c for 3 min and then run on a Syo paryacryLamtde/7 M urea sequencing ger. Gels were

dried undervaci-¡umfatzhat 80"c on a EioRad gei dner, riren exposed to Kodak x-û&,f,qr

AR. film to detect tl-re bands.

Gen Electnopleonesis of RNÅ and Nonthenn Tnar¡sfler

i) {ìe! E{ectroptreoresis af RN,A

Ten ¡-rg of total RNA was prepared fbr electrophoresis rry mixing wifh a preJoad

buffer containing I x MOFS gel running buffer (20 mM 3-[N_morpholino]_propanesulfonic

acid, pH 7.0, B mM Na acetate, 1 mM EDT.A, pH 8.0), 20% formatdehyde and 50o¿

formamide. The RNA was then incubated at 65"C for 15 min to eliminate secondary structure,

then chilled on ice. Gel toading bu{i'er (50% grycerol, I mr\d EDT{ prj 8.0, 0.z59to

bromophenol blue,0.25%o x:lene cyanor) was added to roo/o of the final sampre volume. The

RNA was fractionated in a 1 2a/o agarose gel containing 2,2 M fo'naldehyde prepared in 1

x gel running buffer. Gels were electrophoresed in 1 x Mops gel rumring buffer at 5 v/cm

(distance between electrodes). Buffer in the electrophoresis tank was constantly recirculated

with a purnp mechanism. .After electrophoresis, the gel was extensivel¡r washed in distilled_

deionized water (ddrI.û) ihen stained briefly in 0.5 pg ethidium bromicie in water to detect

ribosomal ba¡ds- The gel was then rinsed extensivery again in ddF{rû prior to Northem

transfer.
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ií) Trawsfer af'WtA tr) M¿wzlln"{Íy¿e

Northe¡n transfers w'ere performed identicafiy to Íhe southera transfer for nyron

membrane described previously ey,ept thatr fonowing detection of ribosomal bands by

ethiciium bro¡nide no fi.¡rther treatment to the gel was perfbrmed- Hybridization and washing

conditions were as described for 
'ylon 

rnembranes as in the southem blotting section.

Radio!ahellimg of F¡.otei¡¡s amd Imrnunopr.eeüpüÉationas

i) 3sS-Metieionine 
labeltrimg o.f proteizas

BSC40 cells in 35 mm dishes were infected for 30 min as described by condit and

Motyczka (198i) and Delange (1999). The inocurum was removed and rnedium (prewarmed

to 32"c or 40"c) was added. At various times postinfection, the medium was removed and

the monolayer washed with 1 ml prewarmed FBS. Nex1, 0.5 mi of [35s]-methionine in

prewarmed DMEM iacking methionine (Gbco) was added to the monolayer (radioisotope

concentration was 100 pci/ml, specific activity = 1200 cilmmol). The cells were piaced back

in the appropriate incubator fo¡ 15-30 min depending on the experiment being performed.

Afler this incubation period, the radioactive mediu'r was removed and the cells rysed in prace

bythe addition of 350 ¡rl of either sDS buffer (2 0% sDs, i2.5 mM Tris-HCl, pH 7.5, 100

nnM B -mercaptoethanol), or I4AX{ buffer (10 mI,{ Tris_HCl, pFI S 0, 150 mM NaCl, 1%

Triton X-100, 0.2% SDS, 0.2% sodium desoxychoiate, 0.5% Np-40, t% bovine hemoglobin,

50 mM p -mercaptoethanol, 1 rnM phe'yrmethylsurfonyrfluoride). The lysates were then

flozen overnight at -80"C to assist cell lysis. The following day, ll,sates were thawed and

tra¡sferred to 1-5 rnf mic¡ocentrifuge tubes. I&a)fi lysates were spun for 15 min ai 4"c in a
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oricrocentrifuge Io removâ insoiuble rtateriaL. samples pteparccJ in sDS lysis buffer

we¡e boiled for 3 ¡nin and insoluble rnaterial, cf which there was essentially ncne, was

¡emoved by rnicrocentrifugation for 5 nnin at rooft temperature. All samples were stored at

-80"c

For puise-chase expe.iments, sainples were radioiabefled as described abor¡e.

However, after the incubation period, the radiolabel was removed, the cells washed twice

with prewarmed PBs (1 fü each time) and then overlayed with 2 ml compiete DMEÀ4/5%

FCS. At the end ofthe chase period, medium was removed and the cells lysed by addition of

0.4 ml ofone ofthe above buffers.

ii) trwrew nop recip itatia n s

samples (25-60 ¡rr) w-ere made ta zoa fi total volume with dilution buffer (r0 mM

Tris-HCl, pH 7.5, 150 mM NaCl; for SDS immunoprecipitations, dilution buffer was

supplemented with 0 -4Y't (w/v) BS,4) Appropriate antibody was added (generaly 3- 7.5

pl per sample) and the samples were gently ¡ocked on an end-over-end mixer overnight at

4"c. The following momí'g, 100 ¡rl of a Fr otein A-sepharose cl4b mixture in dilution buffer

(100 pglml) was added to each sample and rocking continued for an additional 2 h, The

beadlprotein -A,/antigen complexes were pelreted by a 10 sec spin in a microcentrifuge. The

supernatant was ¡emoved a'd the pellets washed four times essentially as described in

Ausubel et al (1987) with 1 r¡l each of dilution buffer + 0. 1% Triton x-100, no BSA (2 x),

dilution buffer (t x) and finaily 50 mx,{ Tris-tICl, pH 6.8 (1 x) Each wash was removed with

the aid ofa d'awn fine-tipped glass pasteur pipette. After the fi¡ai wash, the sampres were
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spun â final tirne anc any recalcitrant iiquid w-as ¡emoved. fro'¡ the sides olthe tube. ?he

samples were then diluted wtth 50 ¡r.i protein sarnple ioading buffer and boiled for 4 mia prior

to loading on 12% 9Ðs-polyacrylamide gels (as described in the section on pciyacrylamide

gel electrophoresis and detection of proteins).

Foly*ery!amide Gel ElecÉr.oplaor.esis a¡¡d ÐeÉecúio¡l ofl Fr.oÉeims

íj Frepurøtioøt af Sawaples

Protein samples were diluted at least Z fold in sample buffer (65 mM Tris_HCl, pH

6.8, 10% glycerol, 2% sDS, 0.7 M B -mercaptoethærol, 0.05% (w/v) brornophenol blue) then

boiled for 4 min prior to loading on polyacrylamide gels.

ii) FreparaÉían af SllS-PoÍyacrr-leweíde {;ef s ønd Electropiearesis

Discontinuous sDS-polyacrylamide gels were prepared essentiafly according to the

method ofl-aemmii, r97a). A Protean II vertical slab cell apparatus (BioRad) was used for

all protein electrophoresís. Gel sizes were 16 (w) x 20 (h) x 0 1 cm. separating gels were

12o/o acrylanide/bis (30% total cross-linked plus non-cross-linlced monomer), 2.6"10/o cross-

linked monomer), 375 mM Tris-HCl pH B.B, 0.1% sDs. stacking gels were 4olo

acr¡4amide,bis, 125 rn-M Tris-F{Cl, pH 6 S and 0 t% SDS

Electrophoresis conditions were 16 m-A,/gei during the stacking phase (run time of

approximately 45 min) and 25 mA/gel during the separ ating phase (3-a h). The running buffer

was 125 mÀ4 Tris-HCi, 1 M glycine, 0.5% SDS.
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íi,í) Ðetactian aj Froteiws hy Ct**tttøssíe liíaze Stuiwing ar Flæorog-rap,iay

Prûteins were detected by coomassie brillia-rit biue (R-250) staining by soa_kiig the

gels tn arJ.f/a coon-rassie tslue- 400/o rnethanol, lao/a acettc acid stain fcr 30 min with gentie

rocking at roûm temperature followed by destaíning in 300% methano|, \00/o ace]ic actd far

2 h to overnight, Gels rvere dried on a gel dryer at 63"C for 2 hours.

For detection of radiolabelled proteins, gels were soaked for 45 ¡nin in a fixative

solution followed by a 45 rnin saturation in a fluor (Entensi$r, NEN,Dupont) as described by

the manufacturer. Folyacrylarnide gels were dried as described above prior to being

placed in conlact with Kodak X-omat AR film in metal cassette holders. Exposures were at

-80"c

Westenn tslotúi¡¡g ønd åmamunodetectiom

i) Tranzsþr af Froteims ta Mewzbyane

Protein samples were eiectrophoresed as described in the polyacrylamide Gel

Electrophoresis secfion, Irnmediately following this, gefs were equilibrated in tra¡sfer buffer

(25 mM Tris-HCl, pH 8 3, 150 m&{ giycine, zlyo v/v methanol) for 30 rnin. polyvinylidene

difluoride @\DF) membrane was placed brie{ly in 100o/o methanol to wet ihe support, then

placed in t¡ansfer buffer for approxìmateiy 15 inin. A clamped sandwich assembly was

prepared containing in order: one scotchbrite pad, z sheeis of3MId whatman paper, the gel,

P\¡DF membrane, 2 sheets of \&/hatman paper and a final scotchbrite pad. This assembly was

put together while submerged in transfer buffer, then transfe¡red to a¡ LKB/pharmacia tank

electroblotÊer (LKB 2005) filled r¡,'ith buffer. T¡ansfe¡ was fo¡ I h at approximateiy I
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ampere Euffer temperature was kep¿ âr 4"c u,ith trìe âddìTion of a cor:Iing care atr.ached t*

a Hakke cald. watm circulating punip.

Followi'g transfer, the sandwich was disâssembled and tb:e membrane ìmmediatery

placed rn TTtss blocking buffer (0.1% Tween-Za,100 nLM Tris-HCr, pH 7 5, 0.9% lr{acr as

per ,4usubel et a1-, r997j supplernented with syo carnation skim m rr powder and rocked

gently for 3 h to overnight. (Transfer effìciøncies were determ.ined by rumri'g prestained

protein molecular weight ma¡ke¡s @ioRad) arongside the sampres). Next, the membrane

was rinsed in TTBS and sealed in a plastic bag arong with antisera diÌuted in TTBS + i% skim

milk powder. Incubation was performed overnighf at 4"c with gentle rocking. T.he following

morning, the membrane was removed from the bag and washed 3 x 30 min each in TTBS

before resealing in a &esh bag. Goat-a'ti¡abbit antibody lBioRad) diluted in TTBS + 1% skim

milk powder was then added and incubation performed for t h with gentre rocking. The

membrane was removed fiorn the bag, washed 3 x in TTBS as before, then rinsed once in

aikaline phosphatase buffe¡ (100 mM Tris-HCI, pH 9.5, 100 mM NaCl, 5 nrM MgClr).

ä) føzrnwnodetectiøn af Fnoteins witit Chroøøogewíc Swbstrøles

Detection of transfened proteins by a secondary antibody linked to alkaline

phosphatase coupled with ch-romogenic substrates w'as performed as described in Ausuber

(1987). The mernbrane was praced in visualization soiution which included. 33 ,ur of a 50

mg/mf nit'o-blue tet¡azolium sorution (in 70% dimethyr formamide), 17 ¡ú of a 10 mg/m1 5-

bromo-4-chloro-3 -indoll phosphate solution (in 100% dimethylformamide) and 5 ml

alkaline phosphatase buffe¡. .A1r components were purchased from sigma The reaction was

performed in dim lighting conditions. Bands lve¡e detected aÍìe¡ 2-r0 minutes and once the
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desíred intensity was reached, The ¡eaction wa.s halted by ir'rmersing the blot in distiiied H.û

anC rinsing extensiveiy. Blots were air-dried and stored ín sealed plastic bags.

ÐensiÉo¡meûx'ic,{m*lysis of Autoradiograxels

Appropriately exposed autoradiograms were sca,rneci into an IBF,{ compatible

computer with a Hewiett Packard Scanjet scanner. Tniensities of bands of i¡terest were

calculated using the p¡ogram Scanpiot (Ðr- R, Shiu, Ðept of Fhysiology, University

ofù[anitoba).


