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ABSTRACT stretch downstream of the BPS, the polypyrimidine tract (PPyT)
Retroviruses utilize balanced splicing to express (Fig. ;A). Addltlona_l (_alements vy@hm the exon and intron may
: . ) X ) contribute to the splicing of specific pre-mRNAs10). SnRNPs
multiple proteins from a single primary transcript. A recognize the 'sss, 3-ss and BPS through limited base pairing
number of cis-acting signals help maintain this balance, between the RNA component of the snRNP and the pre-mRNA
|ncl'ud'|dn_g the brar;(;b Tpomt dsequence (BPS.)H. po'ﬁ" (11-13). A subset of the protein components of the spliceosome
Sg\r/:/rrrgtrlggmtg(%tn (In )én)ergtlnre i?eﬂgglcﬁiinwfelzirtese act to assist the interaction between snRNAs and their target
weak splicing sig.nalg and V\’/e rglave preI\D/iousﬁy sqhown _sequenceSL_@,lS). Other proteins |nvolveq in sphcmg participate
the same requirement for the simple retrovirus, avian in t_hg selection of_exons and in the organization of sSnRNPs during
sarcoma virus (ASV). Here we take advantag,e of the splicing (for a review seeo). : .
requirement for balancéd splicing in retroviral replication The PPYT does not interact d|r<_ectly \.N'.th SNRNPs but, rather, is
to examine the sequence constraints of an intronic re_cogmzed by one or more protein spl_lcmg factor;. Furthermqre,
splicing element. Selection for replication competence this element appears to have multiple roles in the splicing
makes it possible to amplify and identify functional reaction. Early in the reaction the sphqng factor U2AF bln.ds to
sequences from a pool of all possible sequences. In theT PPyT and promotes the association of U2 SNRNP with the
: : L o adjacent BPSI16,17). A late function for the PPyT is implied by
this report we examine the role of pyrimidines within the observation that certain mutations within this region allow the
the PPyT. Our results provide in vivo confirmation that first step to proceed but inhibit the second s %9) For
the functional strength of a PPyT is related to its length Ip P het al h h h EH1E). ¢
and uridine content and that the PPyT plays a role in example, Smithet al (19) have shown that insertion of a
the second step of the splicing reaction. We also show stem—lgop Into .t.he PPyT of an gfflClentIy spliced pfe'”.‘RNA
that the minimal distance between the 3 '-splice site results in a specific block after the _f|rst step. Sequence requirements
and the BPS in this system is 16 nt. With modification, of thg PPyT hav_e been examined by a '."“mb.ef of groups.
the selection system described here can be used to Mutatlonal analysis has demonstratgd that |nsert|on.o.f purines
examine the sequence constraints of other exonic or into the PPyT gener_ally has a negative gffect on splicing; long
intronic splicing elements  in vivo. stretc.hes. of U resldggs activate spl;cmg more than .other
combinations of pyrimidines and a continuous stretch of five U
residues is important for efficient splicing0-22).
INTRODUCTION Retroviruses employ balanced splicing, amongst other mech-
Splicing is the process by which intervening sequences a@gisms, to express multiple proteins from a single primary
removed from precursor messenger RNAs (pre-mRNAs). THeanscript £3). The unspliced mRNA encodes the structural and
reaction takes place within a large complex called the spliceosor@gzymatic proteins while a spliced mRNA encodes the envelope
and requires the participation of five small nuclear ribonucleoprote@lycoproteins. In addition to providing essential proteins, the
particles (snRNPs) as well as many non-snRNP proteins (fonspliced message is also packaged into the virion to serve as the
reviews seel-5). Pre-mRNA splicing occurs by a two-step viral genome. Simple retroviruses, such as avian sarcoma virus
mechanism (FiglC). In the first step, the donot-&plice site  (ASV), do not encode proteins that regulate splicing and,
(5'-ss) is cleaved via a nucleophilic attack by ®B from an  therefore, this incomplete or ‘balanced’ splicing is mediated
adenosine within the intronic branch point sequence (BPS) netirough interactions between the viral RNA and the host cell
the acceptor'asplice site (3ss). This creates two intermediates,splicing machinery. We have found that this regulation can be
a lariat intron still linked to the downstream exon and a freeanifested as a restriction or ‘partial block’ at either step in the
upstream exon. The second step comprises an attack drsthe 3plicing pathway 18). The determinants include sub-optimal
by the 3-OH of the newly liberated upstream exon. This joins thesignals (the BPS and PPyT), which in turn are responsive to the
two exons and releases the lariat intron. ASV envexonic splicing enhancer (ESH)?3(24,25).
In vertebrates,cis-acting RNA signals that direct intron The requirement for balanced splicing imposes strong selective
removal are only loosely conserve@).(RNA elements that pressure on retroviral splicing signals. Because it is relatively
participate include the'Ss, 3-ss, BPS and a pyrimidine-rich easy to manipulate retroviral DNA, large numbers of test
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sequences can be examined for functionality by selection fpermuted, the longest sequence of C residues (or U residues) was
replication competence. We have previously demonstrated tHfatund within each sequence and their overall average length
the ratio of spliced and unspliced retroviral MRNAs produced idetermined. The average length of the permuted sequences was
ASV-infected cells can be dramatically affected by-O  compared with that of the non-permuted sequences. If the average
transitions that are outside a five U stretch within the A8V  length of the permuted sequences equaled or exceeded the averag
PPyT. Here we employ the retroviral system to further examinength of the non-permuted sequences in 50 (of 1000) or fewer cases
the requirements of the PPyT, starting from DNA populations thaihen we concluded that the average run lengths of C residues (or U
include all possible combinations of pyrimidine sequences of residues) was longer than expected, withvalue<5%.

defined length. The method we describe for examining the PPyTWe estimated the number of sequences that would function
could be modified to examine other splicing elements withirgiven the presence of a duplicate as described previdgly (
either the intron or exon.

RESULTS

MATERIALS AND METHODS Construction of viral DNAs containing a randomized PPyT

PCR cloning andin vivo selection We have previously reported that transitions withiretmePPy T

The method of cloning the randomized PPyT into the AS\PfASV severely affected viral replication and altered the balance
genome is described in the text and FiguEhein vivoselection ~ Of RNA splicing (L8). To examine the contribution of each
scheme for viruses containing competent PPyTs is outlined Ryfimidine within the PPyT, we establishedwmivosystem that
Figure1B and described in the text. The oligonucleotide primer§elects PPyTs from a randomized pool based upon their ability to
used in the first step of PCR cloning were: upstream prime$Upport balanced splicing and concomitant rephcatlo.n. The first
5-GTTATTCGCTTAAGCCTAGAG(Y)g 10 153CAGGCAGT- step (F|g.1A) was to use a PCR-baged approach to incorporate
TCTGACTGGATA-3 (the BPS and AG intron border are under-randomized PPyTs into the proviral genome (FXy. An
lined); downstream primer, “SACAGCTTATCATCGATA-3.  oligodeoxynucleotide corresponding to thes8 region, including
The second PCR step used the same downstream primer arifl&BPS and'ass, was synthesized. To randomize the PPyT, equal

separate upstream primezGGAAGCCGTCATAAAGG-3. amounts of U and C nucleotides were added during synthesis at
each PPyT position. In order to test the effects of length as well

as pyrimidine composition, three different oligonucleotides were
synthesized that would create randomized PPyTs of 8, 10 and 12 nt
Assays for the presence of reverse transcriptase (RT) activityif length. These oligodeoxynucleotides were incorporated into
the supernatant of transfected cells were performed essentiallytag ASV genome through the two-step PCR procedure described
described 18). An aliquot (3ul) of supernatant was mixed with in Figure2. The backbone viral DNA clone used to accept the
poly(C) template, oligo(dG) primer andx-f2P]JdGTP and randomized segment is a mutant version of the pLD6 ASV clone
incubated at 37C for 90 min. The reactions were spotted ontadenoted IS1. The virus encoded by this clone contains a
DEAE-Dextran paper and washed three times witB3C and non-coding window spanning the PPyT, which allows the
twice with 95% ethanol. The filter was then dried and subjectegklection to be independent of any viral reading frame constraints
to autoradiography. S1 nuclease analysis and primer extensi@n). Because the final selection is for viable viruses, deleterious

In vivo analysis

were performed as described previousk) ( mutations that may accumulate during the PCR or cloning steps
will not appear in the final population.
Statistical analysis Bacteria were transformed with the library of viral plasmids

containing the randomized PPyTs and a sample of the primary

A test of binomial proportions was used to compare the frequentyansformants was counted to determine the number of individual
of U residues at each position in either a 10mer or 12mer to tbones that made up the starting pool. Taking into account the
overall fraction of U residues in the collection. The binomial usedumber of unique PPyTs of each length, @° and 29, the
is an approximation to the hypergeometric distribution, suitabliékelihood that all possible combinations of pyrimidines within
for large numbers. the PPyT exists in the starting pool can be calculated (Table

Fisher’s exact test (FET) was used to compare proportions dhe results indicate that the starting pools should be sufficiently
pyrimidines in several contexts. The number of U residues in tlieomplex to test all PPyTs.
selected 10 nt PPyTs was compared with that in the selected 12 nfo estimate the randomness of the three pools, transformants
PPyTs using FET, as well as comparison of the proportion of képresenting libraries of DNA clones from each length of PPyT
residues in one position of the sequences to the same proportieere pooled and the plasmid DNAs extracted. Each pool of DNA
in the rest of the positions. was subjected to automated DNA sequencing and the results

Two sample T tests were used to compare the longest runsstiowed that the sequences flanking the PPyTs were unique, while
C residues (or U residues) in one set of sequences with thosdhe PPyT was randomized as expected (data not shown). Within
another set. This test compared the mean maximum run lengthttie PPyT, the peak traces showed a qualitative bias towards C
one group with that in the other. The Wilcox test on two samplegsidues, although the degree of bias is unclear because comparisor
was also used, with adjustments for ties, for the same purposef fluorescence intensities is not quantitative. To estimate the

A permutation test was constructed to compare the longest rutsgree of randomness of the 12 and 10 nt PPyTs more accurately,
of C residues (or U residues) in any viral sequence set with thacteria were transformed with an aliquot of DNA from these two
lengths of such runs if the letters in each sequence were plagambls, 16 and 9 individual clones were isolated, respectively, and
randomly. First, the average length of such runs was determintrg region of the PPyTs in each clone was sequenced. The average
for a sequence set. Next, each sequence in the set was randgoelcent of U residues present in the PPyTs of these clones is
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D Figure 2. Generation of randomized viruses through a PCR cloning strategy.
Small horizontal arrows indicate primers; a region of one primer was
randomized and the three different lengths of randomized sequences are
* step 2 indicated by (Y310,12 This degenerate oligonucleotide contains unigque
sequences flanking the randomized region and was used to amplify a fragment
of viral DNA corresponding to the downstream exon. A second PCR reaction
was used to extend this fragment using sequences upstream of the randomized
region. To reduce any potential bias introduced by PCR, the templates for each
reaction did not contain sequences corresponding to the randomized region.
Figure 1. Schematic diagram of the ASV peev mRNA transcript and the Lastly, the 1 kb PCR product was ligated into the viral vector IS1 (see text) using
selection protocol employedA) The intron and exon structure of teav unique restriction enzyme sites.
transcript is depicted. PPyT that was subjected to randomization is indicated by
(Y)s,10,12 The viral genegjag pol, envandsrcare indicated below the genome . L . .
and the locations of the splicing signals are listed above, includingshéce amplified. To limit ‘helper’ effects which might allow more than
site (8-ss), branch point sequence (BPS), polypyrimidine tract (PPyT) andone virus to be amplified in a single culture dish by functional
3'-splice site (3ss). B) A flow chart of the selection protocol is shown (see text complementation, we determined empirically the amount of
for details). C) Diagram of the two steps of the splicing reaction. DNA which results in virus appearance in OIﬁEO% of the

transfected pla_teﬂp ng/60 mm plate). QSing this strategy,
shown in Tabld.. If the pools were completely random, then it issecond round infections should be ‘one hit’ and' any .defectlve
expected that the average number of U residues in the PPygNomes should be lost, since no complementation will occur.
would be 50%. We note that the starting pools contai#egs Following transfection, the cultures were maintained for 10 days

U, suggesting that a bias toward C residues was introduced in ¢@r@llow any replication-competent viruses to spread. After this
system. The 8 nt pool was not examined in thid€riod, supernatants were collected and the virus was pelleted and

manner. analyzed as outlined in Figut®. First, an endogenous reverse
transcription reaction was performed to produce viral DINg). (
Next the 3-ss region, including the BPS, PPyT and exonic
splicing enhancer (ESE), was amplified by PCHE).( The

Sequence

Table 1.Characterization of randomized libraries before selection

nt, not tested.

In vivo selection of competent PPyTs

g of | Distance | Mumber of | Predicted | Fold Over | Average amplified fragments were then subcloned and'tiss Begion was
andomized From Clonesin | Complexity | Represen- Percent . .
PPyT BPSto | Randomized | of PPyTs | tationin | Uridinein subjected to sequence analysis.
35 Pool Rel\)nd?m Rangomlized To test for the occurrence of multiple viruses in a single tissue
B 3 T PSS s % culture plate, several plasmid DNAs from the final subcloning
10 16 16,000 1024 16 41 step were isolated and sequenced. Six transfected plates were
8 14 16,000 256 64 nt analyzed in this manner and from three to six clones derived from

the same transfection were analyzed. Results from two out of the
six transfections indicated that more than one virus was amplified
in the same tissue culture plate. In one case, two clones from the
same culture differed by a single nucleotide in the PPyT region.
A likely interpretation is that a virus introduced from the starting

In our selection protocol (FigB) transfection of chicken embryo pool had acquired a second mutation during the 10 day passage
fibroblast (CEF) tissue culture cells with DNA initiates the firstin tissue culture. In the second case, the two clones differed in
round of viral replication. If the DNA does not encode asequence significantly, suggesting that two independent viruses
replication-competent virus then the virus will not spread beyondere amplified to significant levels in the same culture. These
this point, consequently, only replication-competent virus will beesults show that more than one replication-competent virus
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Table 2.PPyTs selecteih vivo

13 nt Tracts Number of Number of
Uridines Uridines
1 AAGCCUAG:G CCCUCCUUUCCCU  GCAGG 5 46  AAGCCUAGAG CUUCCCCCCUCU  GCAGG 4
2 AAGCCUAGAG UUCCCCCCCCCCU  GCAGG 3 47  AAGCCUAGAG CUUCCCCCUCUC  GCAGG 4
3 AAGCCUAGAG CUCCCCCCCUCCC  GCAGG 2 48  AAGCCUAGAG CUCCCUCCUCUC  GCAGG 4
49  AAGCCUAGAG CCUUCCCUUCCC  GCAGG 4
12 nt Tracts 50 AAGCCUAGAG CCUCCUCUCCCU  GCAGG 4
51 AAGCCUAGAG CCCCUUCCCUUC GCAGG 4
4 AAGCCUAGAG  UCCCUUUUUUCU  GCAGG 8 52  AAGCCUAGAG CCCCCUCCUCUU  GCAGG 4
53  AAGCCUAGAG CCCCCUUUCCCU  GCAGG 4
5 AAGCCUAGAG  CCUUUCUUCUCU  GCAGG 7
6 AAGCCUAGAG  UCCUCUUUCCUU  GCAGG 7 54  AAGCCUAGAG UUCCCUCCCCCC  GCAGG 3
7 AAGCCUAGAG  UUCUUCCUCUCU  GCAGG 7 S5  AAGCCUAGAG UUCCCCUCCCCC  GCAGG 3
56  AAGCCUAGAG UCCCCUCUCCCC  GCAGG 3
8 AAGCCUAGAG  UUUUCCCCCCUU  GCAGG 6 57  AAGCCUAGAG UCCCCUCUCCCC  GCAGG 3
9 AAGCCUAGAG  UUUUCCCCCUCU  GCAGG 6 58 AAGCCUAGAG UCCCCCCCUUCC  GCAGG 3
10  AAGCCUAGAG  UUUUCCCUCCUC  GCAGG 6 59  AAGCCUAGAG CUCCCUCCUCCC  GCAGG 3
11  AAGCCUAGAG  UUUUCUUCCCCC  GCAGG 6 60 AAGCCUAGAG CUUCUCCCCCCC  GCAGG 3
12  AAGCCUAGAG  UUUCCUCCCCUU  GCAGG 6 61  AAGCCUAGAG CCCUCCCCCCUU  GCAGG 3
13 AAGCCUAGAG  UUCCCCUUCUUC  GCAGG 6 62  AAGCCUAGAG CCCUCUUCCCCC  GCAGG 3
14  AAGCCUAGAG UCCCCCUUUUUC  GCAGG 6 63  AAGCCUAGAG CCCCUCUCCUCC GCAGG 3
15  AAGCCUAGAG UCCUCCCUCUUU  GCAGG 6 64 AAGCCUAGAG CCCCCUCCUCCU  GCAGG 3
16  AAGCCUAGAG UCCUUCCCUUCU  GCAGG 6 65  AAGCCUAGAG CCCCCUUUCCCC  GCGGG 3
17  AAGCCUAGAG  UCUUCCUCCUCU  GCAGG 6 66  AAGCCUAGAG CCCCCCUCUCUC  GCAGG 3
18  AAGCCUAGAG CCUUCUUUCUCC  GCAGG 6
19  AAGCCUAGAG  CCUUUCUUCUCC  GCAGG 6 67 AAGCCUAGAG CUCUCCCCCCCC  GCAGG 2
20  AAGCCUAGAG  CCUCCCUUCUUU  GCAGG 6
11 nt Tracts
21  AAGCCUAGAG  UUUUCCCCCCCU  GCAGG 5
22  AAGC:UAGAG  UUCCCCCCUUCU  GCAGG 5 68  AAGCCUAGAG CUCUUCCUCCU  GCAGG 5
23 AAGCCUAGAG UUCCCUCCCCUU GCAGG 5 69  AAGCCUAGAG CUCUCCCUCCC  GCAGG 3
24  AAGCCUAGAG  UUCCUUCCCCUC  GCAGG 5
25  AAGCCUAGGG  UUCCUCUCCCUC  GCAGG 5 10 nt Tracts
26  AAGCCUAGAG  UCUCUCUCCCCU  GCAGG 5
27  AAGCCUAGAG  UCUCCUCCUUCC  GCAGG 5 70  AGGCCUAGAG UUUUUCUUCC  GCAGG 7
28  AAGCCUAGAG  UCUCCUCUCCCU  GCAGG 5
29 AAGCCUAGAG  UCCUCCUCUCCU  GCAGG 5 71 AAGCCUAGAG UUUUCCUUCC  GCAGG 6
30 AAGCCUAGAG UCCUUCCCUUCC  GCAGG 5 72 AAGCCUAGAG UUCUUCUUCC  GCAGG 6
31  AAGCCUAGAG CUUUUCCCCCCU  GCAGG 5 73 AAGCCUAGAG CUCCUUUCUU  GCAGG 6
32  AAGCCUAGAG  CUCCUCCCCUUU  GCAGG 5 74  AAGCCUAGAG CCUUUUUUCC  GCAGG 6
33 AAGCCUAGAG CCUUCCCUUCCU  GCAGG 5
34 AAGCCUAGAG  CCUCCUUCCUCU  GCAGG 5 75  AAGCCUAGAG UUUCCCCCUU  GCAGG 5
35  AAGCCUAGAG  CCUCCUUUCCUC  GCAGG 5 76  AAGCCUAGGG UUCCUUCCCU  GCAGG 5
36 AAGCCUAGAG  CCCUCUCUUCCU  GCAGG 5 77  AAGCCUAGAG CUCUUCCUUC  GCAGG 5
37 AAGCCUAGAG cccuuucuuccee GCAGG 5 78  AAGCCUAGAG CUCCUUCUCU  GCAGG 5
38 AAGCCUAGAG  CCCCUCUCCUUU  GCAGG 5 79  AAGCCUAGAG CCUUUCUUCC  GCAGG 5
39 AAGCCUAGAG  UUUCCCCUCCCC  GCAGG 4 80  AAGCCUAGAG UUUCCCCUCC  GCAGG 4
40  AAGCCUAGAG  UUCUCCCCCCUC  GCAGG 4 81  AAGCCUAGAG UUCUCUCCCC  GCAGG 4
41  AAGCCUAGAG  UUCCUCUCCCCC  GCAGG 4 82  AAGCCUAGAG UUCCUUCCCC  GCAGG 4
42 AAGCCUAGAG  UCUCCUCCCUCC  GCAGG 4 83  AAGCCUAGAG UCCCUUCCCU  GCAGG 4
43  AAGCCUAGAG  UCUCCCUUCCCC  GCAGG 4 84  AAGCCUAGAG CUCUCUUCCC  GCAGG 4
44 AAGCCUAGAG  UCCCUCUUCCCC GCAGG 4 85  AAGC:UAGAG CCCUCUCCUU  GCAGG 4
45  AAGCCUAGAG  UCCCCCCCUCUU  GCAGG 4
could be selected in the transfection step under our conditions, o
but, as expected, this is a relatively rare event. Table 3. Characteristics of selected PpyTs
o . o Length of Total Number of | Number of Average
Characterization of the PPyTs in replication-competent Random | Numberof | Duplicate | Aberrant Percent
VIiruses PPyT PPyTs PPyTs Tracts Uridine
. . Selected Selected Selected After
The selection procedure outlined above was performed severgl Selection
times for each of the viral DNA pools. In totall50 100 mm 12 68 1 3 20
plates were transfected and replication-competent virus appeargd g 14 0 3 49
in [BO plates. Sequences of the PPyTs from viruses selected for g 4 0 4 nt

replication competence are listed in Tahl&Ve focused on the

12 nt tracts and representative results that were obtained from the, not tested.

10 and 8 nt tracts. A total of 86 viruses were selected in the three

experiments and thé-8s of each was sequenced and a summaifo estimate the occurrence of mutations outside the PPyT we

is presented in Tabl& examined sequences immediately surrounding the PPyT as well
Because the selection procedure is dependent upon vied sequences upstream of the BPS and downstream ofsthe 3

replication and retroviruses have high mutation rates, it igegion. Analysis of the 10 and 12 nt tracts revealed that 8 out of

expected that mutations outside the PPyT might be found in titlee 85 viruses selectéd vivo contained mutations outside the

virus populations at the end of the selection procedure. AdditionBPyT (Table3). One secondary mutation that is not shown in

mutations could also be introduced during the various PCR steff@ble 2 consists of a single base change inpgbegene, 51 nt
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Figure 3. Occurrence of U and C stretches in PPyTs. PPyTs froin theo selected viruses and the unselected pools of DNA were examined for the presence of
groups of nucleotidesAj Groups of U residues are shown for the 10 and 12 nt randomizaBip@so(ips of C residues are shown for the 10 and 12 nt randomizations.

upstream of the BPS (tract 46). This change introduces a stBRyT in this system is 10 nt and the corresponding minimal
codon into the integrase reading frame and the virus is predictdistance between the BPS angsSis 16 nt.
to express a protein that is truncated at the C-terminus by 16 amindable3 shows the composition of pyrimidines within the PPy Ts
acids. Apparently, this mutation does not significantly affect virabf viruses selectad vivo. We have focused on the U composition
replication (see below). Together, the 10 and 12 nt selectidrecause previous studies indicated that the number of U residues,
experiments produced 81 tracts, of which 8 differed from thas well as U tracts, within the PPyT are important functional
input material, suggesting that the rate of occurrence of secondasterminants20-22). The average percent U within the PPyTs
mutations is <10%. of viruses selecteth vivo was compared with the percentage
Two of the isolated tracts were identical (Tahleacts 56 and determined for the starting pool of randomized DNA (Tdble
57), which allows us to estimate the minimum number of 12 rih the 12 nt tracts, the percent of U residues was not significantly
tracts that should be capable of supporting balanced splicing adifferent between the selected viruses and the starting pool of
viral growth at the 95% confidence level to be 486).( The DNA. However, for the 10 nt tracts that were seletedvothe
maximum likelihood estimate is 2134, indicating that about halbercentage of U residues was significantly higher than for the
of all combinations of pyrimidines (4096) are likely to supportl2 nt tracts that were selected, witPavalue of 0.011 (see
balanced splicing in this system. Because no duplicate tracts wafaterials and Methods). This suggests that to achieve approximately
identified in the 14 PPyTs fromvivoselected viruses containing the same level of splicing, the shorter tract requires a higher U
10 nt PPyTs, no estimate can be made concerning the likelgntent. This is consistent with other reports which show that the
number of competent tracts that exist. strength of a PPyT is related to length and U content.
Transfections using the 8 nt PPyT pool never produced Published reports demonstrated the importance of a five U
replication-competent viruses containing tracts of 8 nt. Of thstretch in the PPyT and thus we analyzed the starting pools of
four viruses that were isolated, two tracts were 10 ntlong, one waslA and the selected viruses for such stretches BAig. The
11 and one 12. We also note that a significantly larger amountmiimbers of four, three, two and single U arrangements were also
DNA was needed to initiate viral infection |#/60 mm plate) determined. To determine the significance of these comparisons,
and that the percentage of plates that produced viruses was asmmputer simulation was used for the generation of a random
reduced compared with the 10 and 12 nt trddt®% versus sampling (Materials and Methods). Importantly, the array of U
[60%). These results suggest that 8 nt is below the minimahd C stretches in the starting pool sequences did not differ
distance between the BPS ahd& Because the 10 nt tracts weresignificantly from a purely random sample, indicating both that
the shortest isolated, we conclude that the minimal length of tige starting pool contained a wide variety of PPyTs and that a
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Name BPS PPyT 3-8S  Uridines PPyTs selectedn vivo allow efficient viral replication

;;’i]ld Type Giig 2882828 gggggggggg ggig g Figure5A shows the appearance of progeny virus after transfection
with each of the reconstructed viral DNA clones as determined by
a standard RT assay. The detection of RT activity requires virus

10Y-6U UAAG CCUAGAG CCUUUUUUCC GCAG 6 -1 1 1

1070 UAGG COUAGAG  UUUUUCUUCE  GeAG 2 sprgad by re mfecpon and the level of_ RT production reflec_ts the

12Y-2U UAAG CCUAGAG CUCUCCCCCCCC GCAG 2 efficiency of replication. No RT activity was detected in a

igggl UAAG CCUAGAG CUUCCCCCCUCU GCAG 4 mock-transfected tissue culture plate (lane 1). All of the DNA

-6U- UAAG CCUAGAG UUUUCCCCCCUU GCAG 6 : H imi
12Y-6U2  UAAG COUAGAG UCCCCCUULUUC GOAG p clones tested gave rise to progeny virus at a similar rate to the
12Y-7U0 UAAG CCUAGAG CCUUUCUUCUCU GCAG 7 wild-type. At the end of the 10 day passage in tissue culture, the

sequences of the viral populations were determined. The original
Figure 4. Description of parental arid vivo selected 3ss regions examined ~ sequences of theé-8s of all of these viruses were maintained
for functional capability. The BPS, PPyT aries8 are listed for the viruses that during passage (data not ShOWI’l).

we examined in more detail after selection. The sequences of two previously ; :
characterized viruses are listed, wild-type and IS1. The viruses derived from the PreVIOUSIy we have shown a correlation between balanced

selection procedure are listed in two groups; one group contains PPyTs of 10 nt ﬁpliping and viral grQWth- To ex_amine the ba"ance.Of splicing in
length, the other 12 nt. The number of U residues within each tract is listed. thein vivoselected viruses, we isolated RNA from infected cells

after the 10 day passage shown in Figbte The relative
comparison with these sequences is valid. Comparisons betwegnounts of spliced and unspliced viral transcripts was determined
the tracts of selected viruses and the starting pool of DNA (12 hy S1 analysis. By using a probe that hybridizes to'tiss,3he
PPyT) showed no significant difference in the occurrence of elative amount of spliced and unspliced RNA can be determined
stretches of any length (Fi8A, top). Similar examination of the (Fig. 5B). Radioactivity was quantitated by phosphorimaging and
10 nt tracts revealed that the PPyTs of selected viruses conttig percentages of spliced and unspliced message detected are
more U stretches af5 nt and fewer single U residues than thendicated beneath each lane. The wild-type virus demonstrates the
starting pool. Due to the small sample size of the 10 nt tracts, orfiparacteristic pattern; approximately one-third of the viral transcripts
the reduction of single U residues is significat= 0.054). are spliced. As expected, I1S1 shows slightly reduced splicing as
However, this could be interpreted as a consequence of a@mpared with the wild-type2§). Thein vivo selected viruses
increased occurrence of longer U stretches. display a narrow range of splicing percentages. Most are very similar
Identical comparisons were made for C stretches in FaRire to the wild-type, with approximately one-third of the RNA spliced.
In this case we find that the selected 12 nt tracts contain dwo viruses, 12Y-4U and 12Y-6U-2 (lanes 7 and 9), show
increased length of C stretches compared with the starting pagnificantly more splicing[(50%). These splicing efficiencies are
(P = 0.064). The 10 nt tracts show a shift away from C stretch&gthin the acceptable window for viability as determined previously.
of >5 nt, although the significance of this is low. Together these data
suggest that stretches of five or more U residues may be import@fyTs selectedn vivo affect splicing at either step 1 or step 2
for balanced splicing in the 10 nt tracts and that longer stretches_of L )
C residues are important for balanced splicing in the 12 nt tracts] "€ control of balanceeinvsplicing in the ASV wild-type and
Each position in the tracts was also examined for U or ariants has _been shown to |_nv0Ive elt_her step 1 or step 2 of the
occurrence. Comparisons of 10 nt tracts from selected virusgRlicing reaction8). To examine potential differential effects on
with the starting pools of DNA revealed a preference for U at thil€ tWo steps by the selected PPyTs, we assayed for the presenc
second position downstream of the BPS:(0.028). The viruses of lariat—exon 2 intermediat@s vivo by primer extension using

containing 12 nt PPyTs demonstrated a preference for U at tR&VA extracted from infected cells (Fi). The results show that
first position downstream of the BPB £ 0.013). no extension products are produced with RNA from mock-infected

cells, whereas a number of extension products are produced with
RNA from wild-type-infected cells. These extension products are
derived either by run-off transcription to thé-emd of the
Because the selection procedure produced a wide variety wfispliced viral transcripts, by premature termination due to
PPyTs, we decided to examine a representative subset mpaasing of RT or from partially degraded RNA templates. RNA
closely. A total of 10 different PPyTs were chosen based updrom cells infected with the IS1 virus gives rise to the same
their U content and the'-8s regions of these isolates wereextension products as the wild-type and, in addition, a unique
re-inserted into the original infectious viral DNA clone. Three ofproduct that corresponds to a lariat—exon 2 intermediate. An exon
these reconstructed viral DNAs either failed to produce virus grimer was used to distinguish between free lariats and lariat—
acquired additional mutations within the PPyT during furtheexon 2 intermediates (data not shown). We have previously
passage (data not shown). This suggest&B®b of the selected shown that IS1 accumulates lariat—exon 2 intermediates, which is
viruses are unstable or contain additional mutations outside thbaracteristic of regulation at step13,04).
3'-ss region that allowed them to grow in tissue culture. We haveRNAs from cultures infected with viruses containingvivo
not investigated further the viruses that failed to replicate. selected PPyTs were analyzed in a similar manner. Some showed &
Sequences in thé-8s region of the seven reconstructed clonepattern similar to the wild-type while others showed accumulation
that produced virus are shown in Figdrd he sequences of the of lariat—exon 2 intermediates. Both of these types of splicing
wild-type virus as well as the parent I1S1 are included foregulation are observed with the 10 and 12 nt tracts tested. We note
comparison. Two of the reconstructed viruses contained alteratiaihsit the relative amount of lariat—exon 2 detected varies among
outside the PPyT. The 10Y-7U virus contains an@transition  viruses. For example, 12Y-7U (lane 10) reproducibly shows greater
at the first position upstream of the BPS and the 12Y-4U viruaccumulation of lariat—exon 2 intermediate relative to unspliced than
contains a single base change irptblegene, as discussed earlier.the 1S1 parental virus. Conversely, other viruses show an

In vivo analysis of viruses containing selected PPyTs
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Figure 6. Detection of lariat—-exon 2 intermediabevivo. Total cellular RNA
from infected cells was examined by primer extension assay using a labeled
primer that hybridizes to intronic sequences as indicated in the diagrams to the

¥} e 8 s &5 8§ 7 8 810 right. ‘Mock’ indicates RNA from mock transfected cells.
% unspliced 68 | 80| 64|65 |67 |55] 70 |4 ]e2
% spliced 2| 20| 36| 35 | 33 |45 30 | 56|38

number of participating factors. Several proteins are predicted to
i o o interact with the PPyT and the binding preferences of these
Figure 5. Growth rate and splicing pattern of selected virurse&/o. (A) The roteins is Iikely to be degenera%éBZ) The wide variety of
appearance of RT activity in the supernatant of transfected cells was monitore] . . ’ .

as described (Materials and Methods). ‘Mock’ indicates cells transfected with Y TS Selected in our experiments could reflect different balances
vector DNA containing no viral sequence®) (Total cellular RNA from in such interactions. Another source of PPyT diversity may result
chronically infected cells was hybridized with a2 DNA probe spannind-teedhd from the fact that different residues in the tract contribute to
then subjected to S1 nuclease digestion. The bands corresponding to spliced agfferent steps of the splicing reaction. For example, we have

unspliced RNA were guantitated by phosphorimaging and the percentage of eal P -
species is listed below the lanes. The ‘mock lane indicates RNA isolated from> 10N that the PPyT can play a role in either the first or second
a mock transfection. step of the splicing reaction ).

A close examination of the functional PPyTs selegtedvo

intermediate level of lariat-exon 2 intermediates (less than 1S1, ggvealed some trends. For example, shorter PPyTs contained

more than wild-type). The significance of this variation is unclearmore U residues on average than the longer dnesitro
experiments have demonstrated that increasing the U content of

DISCUSSION a PPyT will increase usage of the correspondirgs3This has

also been addresséadvivo through analysis of two competing
In this report we describe the use of a retroviral system t8-splice sites 3). It was noted that the proximal PPyT was
selectively amplify sequences that support balanced splicirghorter and contained fewer U residues than the distal PPyT.
from a pool of randomized sequences. This system selects faterchanging the two PPyTs or increasing the length and U
splice sites that allow weak but functional splicing. As wealcontent of the proximal PPyT resulted in its activation. In our
splice sites are also a prerequisite for alternative splicing afystem, the competition is a splice/no splice choice. In addition,
cellular pre-mRNAs, the results of our studies are applicable #il of the selected PPyTs produced similar ratios of spliced and
regulation of host pre-mRNA splicing. The experiments describeghspliced products, which allows us to make comparisons
here focus on analysis of the PPyT. The PPyT atiVi#-ss in ASV  between different lengths of PPyTs with all else being equal.
was altered in length, randomized with respect to C and U residueBecause we were unable to isolate viruses containing shorter
and replication-competent isolates were obtained. Previously, WyTs, we conclude that the minimal length of a PPyT in our system
found that this PPyT was sensitive to subtle changes; additionief10 nt. One interpretation of this result is that when the BPS and
two pyrimidines activated splicing and abrogated viral growth3'-ss are in close proximity, the splicing machinery is unable to
whereas a single transition within this extended PPyT reduced tidentify them and the splice site is skipped. The 10 nt tract
amount of spliced product and restored viral grow#).(Thus, corresponds to a distance between the branch point adenosine anc
the results from our randomization experiments which show thitie 3-ss of 16 nt. Reed?@) has suggested the minimal distance
many different PPyTs can support viral growth were unexpectetdetween BPS and’-8s to be 16 nt based upon sequence
The diversity of the PPyTs of selected viruses may result froma@mparisons. Our results provide confirmation of this suggestion.
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