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L1 elements constitute a highly repetitive human DNA family (50,000 to 100,000 copies) lacking long
terminal repeats and ending in a poly(A) tail. Some L1 elements are capable of retrotransposition in the
human genome (Kazazian, H. H., Jr.,, C. Wong, H. Youssoufian, A. F. Scott, D. G. Phillips, and S. E.
Antonarakis, Nature (London) 332:164-166, 1988). Although most are 5’ truncated, a consensus sequence of
complete L1 elements is 6 kb long and contains two open reading frames (ORFs) (Scott, A. F., B. J.
Schmeckpeper, M. Abdelrazik, C. T. Comey, B. O’Hara, J. P. Rossiter, T. Cooley, P. Heath, K. D. Smith, and
L. Margolet, Genomics 1:113-125, 1987). The protein encoded by ORF2 has reverse transcriptase (RT) activity
in vitro (Mathias, S. L., A. F. Scott, H. H. Kazazian, Jr., J. D. Boeke, and A. Gabriel, Science 254:1808-1810,
1991). Because L1 elements are so numerous, efficient methods for identifying active copies are required. We
have developed a simple in vivo assay for the activity of L1 RT based on the system developed by Derr et al.
(Derr, L. K., J. N. Strathern, and D. J. Garfinkel, Cell 67:355-364, 1991) for yeast HIS3 pseudogene formation.
L1 ORF2 displays an in vivo RT activity similar to that of yeast Tyl RT in this system and generates
pseudogenes with unusual structures. Like the HIS3 pseudogenes whose formation depends on Tyl RT, the
HIS3 pseudogenes generated by L1 RT are joined to Tyl sequences and often are part of complex arrays of Tyl
elements, multiple HIS3 pseudogenes, and hybrid Tyl/L1 elements. These pseudogenes differ from those
previously described in that there are extra base pairs of unknown origin inserted at several of the junctions.
In two of three HIS3 pseudogenes studied, the L1 RT appears to have jumped from the 5’ end of a Tyl/L1

transcript to the poly(A) tract of the HIS3 RNA.

Retrotransposons are of two basic types, those flanked by
long terminal repeat (LTR) sequences, typified by the yeast
Tyl element and those that lack these structures and usually
have a 3’ poly(A), oligo(A), or similar structure, typified by the
human L1 sequence (2). There is now considerable evidence
that both of these elements transpose via reverse transcription;
the mechanisms used by the LTR elements are relatively well
understood, being similar overall to those of retroviruses, while
the mechanisms used by poly(A) elements are less well known.

Previously, a genomic human L1 element, L1.2B, located on
chromosome 22, was shown to be the likely precursor of a de
novo insertion into the factor VIII gene in a patient with
hemophilia A (15, 20). Since the new insertion ended in a
poly(A) tail, it was presumed that the transposition process
involved an RNA intermediate. That is, the element located on
chromosome 22 was transcribed, reverse transcribed, and
reintegrated into the genome on the X chromosome. An allele,
L1.2A, of the active L1 element was assayed for reverse
transcriptase (RT) activity in an expression system in the yeast
Saccharomyces cerevisiae by taking advantage of an endoge-
nous retrotransposon Tyl. Tyl, which is present at approxi-
mately 30 copies in the yeast genome, contains LTRs and has
two overlapping open reading frames (ORFs) (7). The first
OREF, TYA, encodes a Gag-like protein, while TYB encodes
proteins with protease, integrase, RT, and RNase H activities.
When expressed, Tyl proteins and RNA are coassembled into
virus-like particles (VLPs). A construct (pSM2) in which
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ORF2 of L1.2A replaced most of TYB (23) was designed; the
expression of this plasmid is regulated by the GAL1 promoter.
After induction with galactose, pSM2-derived VLPs were
partially purified and assayed for RT activity. This assay
showed that L1 ORF2 encoded an RT activity capable of
elongating a DNA strand from homopolymer templates and
primers. We have now assayed this RT in vivo on more
biologically meaningful templates and established that L1 RT
is active in yeast cells.

Derr et al. (14) developed an elegant pseudogene formation
system in which an antisense transcript of the HIS3 gene
(produced by an artificial GALI-mhis3AI gene), disrupted by
an artificial intron in the sense orientation, served as a reporter
gene for rare reverse transcription and integration events in S.
cerevisiae. The spliced transcript can in principle be used as a
substrate for reverse transcription. Upon reverse transcription
of the mhis3 RNA and subsequent integration of the HIS3
cDNA into host DNA, a His* phenotype results. We refer to
these stably integrated cDNA copies as HIS3 pseudogenes. We
have shown that the human L1 RT is able to reverse transcribe
these sequences and that they become integrated into the
genome. These results provide the basis for a general assay for
L1 ORF2-encoded RT activity. This assay can be used to
functionally define L1 RT through mutational analysis as well
as allowing further active L1 element copies in the human
genome to be identified.

MATERIALS AND METHODS

Plasmid constructions. The plasmids in Fig. 1B were con-
structed as described below.
(i) pSM40. The GAL1-Tyl TRPI plasmid pSM40 was con-
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FIG. 1. The mhis3AI system for detecting pseudogene formation in S. cerevisiae. (A) Outline of the mhis3AI system for detecting rare reverse
transcription/integration events in yeast cells (14). A plasmid expressing an antisense his3 (mhis3) transcript from the GALI promoter contains an
intron inserted in the sense orientation. When this plasmid is introduced into a his3 strain of yeast, the strain remains His~. The resultant transcript
can be spliced and then reverse transcribed; integration of the product into either the chromosome or the donor plasmid will give rise to His*
progeny. Hatched box, GAL1 promoter; open box, HIS3 coding region (in inverted orientation); p, promoter; black box, HIS3 promoter; V, intron
sequence; S.D., splice donor; S.A., splice acceptor; wavy lines, RNA; A, poly(A) tract. (B) Structure of mhis3AI plasmid pSM50. The yeast URA3
gene is the selectable marker; the plasmid contains an origin of replication derived from the yeast 2 wm plasmid. The site of 3’ end formation of
the mhis3 mRNA predicted from earlier work is indicated by T,; the site of 3’ end formation observed in this study is indicated by T,. (C) Structure
of the series of plasmids (pSM40 to pSM43) used to express the RTs in this study. The yeast TRPI gene is used as the selectable marker. Hatched
box, GAL1 promoter; boxed triangles, Tyl LTRs; shaded box, RT segment. RT fragments are as follows: pSM40, Ty1; pSM41, none (RT deletion);

pSM42, L1 ORF?2 wild type; pSM43, L1 ORF2 D—Y mutant.

structed by replacing the 4,248-bp BstEIl-BamHI fragment of
pJEF1114 (25) with the corresponding BstEIl-BamHI frag-
ment from the plasmid pJEF1267 (19). This was done to create
a TRPI plasmid with a unique Sacl site between the 3’ end of
TYB and the 3' LTR.

(ii) pSM41. The pGALI-TyASal-Sac plasmid pSM41 was
constructed by digesting pSM40 with Sall (position 2688) and
Sacl (position 6079), blunting the overhanging ends with DNA
polymerase I Klenow large fragment (Pollk), and recirculariz-
ing the 8,580-bp blunt-end fragment.

(iii) pSM42. The pGALI-Tyl/L1 plasmid pSM42 was con-
structed by replacing the 3,391-bp Sall-Sacl fragment of
pSM40 with the 4,079-bp Sall-Sacl fragment containing L1
ORF2 from the plasmid pORF2S/S (23).

(iv) pSM43. The pGAL1-Ty1/L1-D—Y plasmid pSM43 was
constructed by replacing the 3,391-bp Sall-Sacl fragment of
pSM40 with the 4,079-bp Sall-Sacl fragment from the plasmid
pSM8 (23).

(v) pSM50. The 1,025-bp Clal fragment from pGTyl-H3-
mhis3AI (13) containing the mhis3AI gene was made blunt
ended with Pollk. This fragment was cloned into plasmid
pCGE329 (5) at the unique Xhol site, after the Xhol ends were
rendered blunt with Pollk, such that the artificial intron is in
the same orientation (5'—3') as transcription initiated from
the GAL1 promoter and the HIS3 gene itself is in the opposite
transcriptional orientation of the GALI promoter.

Selection and quantitation of His* prototrophs. Yeast
media were prepared as previously described (6, 30). Glucose
(Glu) and galactose (Gal) were added to 2% (wt/vol). Plates
were incubated at 30°C overnight unless otherwise indicated.
Large (2.5-cm-diameter) patches were grown up on synthetic
complete (SC) minus Ura minus Trp plus Glu plates for 2 days.
Each patch was derived from an independent colony previously
grown on a master SC minus Ura minus Trp plus Glu plate.
Three colonies were tested for each strain. Each set of patches
was then replica plated to two SC minus Ura minus Trp plus

Gal plates, one incubated at 30°C and one incubated at 22°C
for 4 days. Each Gal plate was then replica plated to SC minus
Ura minus Trp plus Glu. This ensures that the population of
survivors from galactose consists only of cells that maintained
both plasmids throughout the exposure to galactose (5). Each
set of these plates was then replica plated to yeast extract-
peptone-dextrose (YPD) and grown at 30°C for 24 h. At this
point, the cells were scraped into 10 ml of H,O. Dilutions of
the cells were plated onto SC minus His, SC minus His minus
5-fluoroorotic acid (FOA), and YPD plates. His* colonies
were counted after incubation at 30°C for 2 days.

PCR primers. Oligonucleotides SM21' (ATTCTCTTCG
GTGGAGCGGG) and SM22 (CTAGGGCTTTCTGCTCT
GTC) are derived from the transcribed segment of pSMS50 (the
sequence of pSMS50 is available on request). The Tyl primers
and L1 primers (18 to 20 nucleotides long) are derived from
the reference sequences indicated (see Fig. 3); the number
refers to the first base of the oligonucleotide, and a prime sign
indicates a noncoding strand oligonucleotide.

Genomic DNA blotting and inverted PCR. DNA was pre-
pared, blotted, and hybridized as previously described (5). The
HIS3 hybridization probe used was an internal 474-bp Mscl-
Pst] fragment except as indicated otherwise.

Contour-clamped homogeneous electric field (CHEF)
pulsed-field gels (11) were run as previously described, with the
following parameters: for whole chromosomes, 10 h at 200 V
with a 60-s pulse time, followed by 8 h at 200 V with a 90-s
pulse time; for the Miul restriction digests, 17 h at 200 V with
a 20-s pulse time. DNA preparation and blotting procedures
for chromosome-size DNA were as described previously (4).

For inverted PCR, a modification of the method of Ochman
et al. (26) was used. DNA (2 pg) from the yeast His™
prototrophs was digested with Haell, diluted to a concentra-
tion of 2 pg/ml (to promote circularization of the restriction
fragments), and self-ligated. The products were then subjected
to amplification by PCR with a lower-strand HIS3 primer
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located at the left junction of the insertion adjacent to the
GALI promoter (SM21') and an upper-strand primer located
at the right junction of the insertion adjacent to the HIS3
promoter (SM22). The PCR products were gel purified, elec-
troeluted, and sequenced. All DNA sequencing was performed
on an automated sequencer (Applied Biosystems 373) by using
cycle sequencing with Tag polymerase and dye-labeled
dideoxynucleotide terminators.

PCR amplification, cloning, and sequencing of yeast inser-
tions. Conditions for all PCR mixtures were as follows: 100 ng
of yeast genomic DNA was amplified in PCR buffer (10 mM
Tris-HCI, 50 mM KCl, 1.5 mM MgCl,, 0.01% gelatin, pH 8.3)
in the presence of 0.8 mM deoxynucleotide triphosphates. All
primers were used at a final concentration of 0.3 pM.

(i) Y5.1. Yeast genomic DNA was amplified with primers
SM22 and Ty1’-1760 (30 cycles of 94°C for 30 s, 54°C for 1 min,
and 72°C for 2 min 30 s). This 3.0-kb product was cloned into
the vector pCR with the TA cloning system (Invitrogen) and
sequenced (on both strands).

(ii) Y5.4. Yeast genomic DNA was amplified with SM22 and
Ty1'-1581 (30 cycles of 94°C for 1 min, 57°C for 30 s, and 72°C
for 2 min), giving a 1.5-kb product, which was cloned and
sequenced as described above.

(iii) Y5.5. Yeast genomic DNA was amplified from SM22
and Ty1’-540 (35 cycles of 94°C for 30 s, 54°C for 30's, and 72°C
for 1 min). The 1.7-kb product was cloned into the pCR vector.
Also, a number of other yeast genomic PCR products were
electroeluted from a 2% NuSieve agarose (FMC) or 5%
acrylamide gel and sequenced directly. These samples included
a 1.3-kb product, using L1-5461 and Tyl1’-540 (35 cycles of
94°C for 30 s, 54°C for 30 s, and 72°C for 1 min); a 2.7-kb
product, using L1-6046 and L1'-2347 (30 cycles of 94°C for 30
s, 48°C for 30 s, and 72°C for 1 min 15 s); and a 1.2-kb product,
using L1-5647 and SM21’ (30 cycles of 94°C for 30 s, 55°C for
30 s, and 72°C for 1 min).

RESULTS

Assay system. The readout of the pseudogene formation
assay (14) is the frequency of His™ prototrophs from yeast cells
bearing the appropriate plasmid(s) (Fig. 1). Previous work (14)
showed that the formation of His™ prototrophs in yeast strains
expressing GAL 1-mhis3AI was dependent on expression of the
endogenous yeast retrotransposon Ty1. This was demonstrated
in two ways. (i) The frequency of His* prototrophs was
reduced to an undetectable level in spt3 mutant strains. In spt3
mutants, Tyl transcription (35) and Ty1 transposition (8) are
reduced by at least 10- to 20-fold relative to that in the wild
type. (ii) The frequency of His* prototrophs was stimulated
enormously by overexpression of Tyl-encoded proteins from a
GALI1/Ty1 plasmid.

We have used an spt3 mutant of S. cerevisiae containing both
a GAL1-mhis3AI plasmid (bearing a URA3 selection marker)
and a GAL1/Tyl-derived plasmid as the source of Tyl RT, L1
RT, or a mutant RT. In these RT plasmids either a native Tyl
element or a chimeric Tyl element bearing intact human
L1.2A ORF2 and lacking Tyl RT (23) is overexpressed by
using the yeast GALI promoter. In this way, we determined
that L1 RT, like Tyl RT, can mediate HIS3 pseudogene
formation.

Tyl and L1 RTs can generate His™ prototrophs. Both Tyl
and Ty1/L1 constructs were able to generate His* prototrophs
at high frequencies at 22°C, with the Ty1/L1 construct giving
rise to a higher frequency of total His™ prototrophs; control
constructs lacking RT gave rise to no such prototrophs (Table
1). A segregation analysis of the His™ prototrophs was carried
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TABLE 1. His* prototrophy

Frequency (1077)

Strain® 22°C 30°C
His* His* FOA™ His* His* FOA"
SMY1-pSM40 (Ty1) 29.4 644 0135 <0.153
SMY3-pSM41 (TylA) <0.117 <0117 <0128 <0.128
SMY5-pSM42 (L1) 244 199 316 1.77
SMY7-pSM43 (LI-EXDY) <0.136 <0.136  0.337° <0.133

2 Strain name is followed by RT plasmid name and type of RT (in parenthe-
ses). The host strain used for all these transformants was YH50 (MATa his3A200
ura3-167 trplAl leu2Al spt3-101). All four strains also contain plasmid pSM50
(Fig. 1B).

b The finite value of this frequency represents a single His™ colony; thus, we
suspect that this was not a true RT-mediated His™ prototroph. In a second
quantitative experiment with SMY7, no His* prototrophs were obtained from
10® cells plated at 22 or 30°C, whereas frequencies similar to those reported
above were obtained with SMYS5. In several independent plating experiments, we
have not obtained any additional His* prototrophs from SMY7.

out by growth on nonselective medium and subsequent replica
plating to SC minus His. In accordance with previous work
(14), our Tyl construct (SMY1) gave rise to approximately
80% (19 of 24) His™ prototrophs in which the His* phenotype
was unstable and cosegregated with the Ura* phenotype, as
expected if the HIS3 gene had recombined into the donor
his3AI plasmid. The Tyl/L1 construct (SMY5) gave rise to
90% (22 of 24) His™* prototrophs of this class, and the class of
stable chromosomal His* prototrophs (HIS3 pseudogenes)
was correspondingly less abundant. The HIS3 pseudogene
class was characterized by a Ura™ phenotype (or unstable
Ura* phenotype) together with the originally selected His™
phenotype. In order to select the HIS3 pseudogene class
directly, we selected His* prototrophs in the presence of FOA,
which selects against Ura™ cells (6). Under these conditions,
the Ty1/L1 construct still gave a very high frequency of His*
prototrophs. Six randomly chosen His* FOA' prototrophs
derived from the Ty1/L1 construct pSM42, designated Y5.1 to
Y5.6, were colony purified. The His* phenotype in these
strains was unlinked to the Ura™ and Trp™ plasmid markers
and was stable in the absence of selection, indicating a
chromosomally integrated state.

In one control construct, pSM41, the L1 RT is deleted; in a
second control construct, pSM43, the Tyl/L1 element encodes
a FADD—FADY substitution in the most highly conserved
amino acid sequence motif (Y/FXDD [36]) of RTs. The
mutant elements are reduced at least 100-fold in their abilities
to produce His™ prototrophs (Table 1). The pSM43 mutant
expresses normal amounts of RT protein but lacks RT activity
in vitro (23).

Genomic blot analysis of HIS3 pseudogenes. The genomic
DNAs of chromosomal His* prototrophs Y5.1 to 5.6 were
digested with a variety of restriction enzymes, including Asel,
Spel, and Sspl, which lack sites in the HIS3 or flanking
transcribed plasmid sequences but have multiple sites in Tyl,
and ORF2 of L1.2A and have relatively common sites in yeast
DNA. When these digests were probed with HIS3, we deter-
mined that certain of the strains, such as Y5.4, indeed con-
tained a single HIS3 band as expected, but surprisingly, several
of the prototrophs contained multiple bands, indicating inte-
gration of more than one HIS3 pseudogene copy (Fig. 2A).
Consistent with the notion that these are concerted events,
strains with multiple HIS3 bands show hybridization of a HIS3
probe to a single band on pulsed-field gels of uncut DNA (Fig.
3). Furthermore, hybridization to a single band was observed
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FIG. 2. Genomic DNA blot analyses of His™ strains. (A) There are multiple HIS3 copies in Y5.1 and Y5.4. Genomic DNA was prepared from
His™ prototrophs derived from SMYS5 (Table 1) and digested with Asel, which does not cut the HIS3 pseudogene. The blot was probed with HIS3.
Samples (left to right) are Y5.1, Y5.2, Y5.3, Y5.4, Y5.5, and SMY5 (parent). M, markers are in kilobases. (B) The multiple copies of HIS3 are
present on single restriction fragments. DNAs were digested with Mlul (lanes 5 to 12) or Pvul plus Stul (lanes 1 to 4). Lanes 1 to 8 were run on
a conventional agarose gel; lanes 9 to 12 were from a CHEF gel. DNAs were from strains SMY5 (lanes 4, 8, and 12), Y5.1 (lanes 3, 7, and 11),
Y5.4 (lanes 2, 6, and 10), and Y5.5 (lanes 1, 5, and 9). M, markers are in kilobases. (C) The intron is precisely removed from the HIS3 pseudogenes.
DNAs were digested with PstI and Mscl. The 476-bp band expected from precise intron removal is indicated by an arrow; the band marked with
the dot is the his3A200 allele in the chromosome, which cross-hybridizes to the HIS3 probe used for the blot in this panel only. Strains are SMY5

and Y5.1 to Y5.6 (lanes 1 to 7, respectively).

for each strain when certain enzymes were used (Fig. 2B).
Therefore, these multiple HIS3 gene copies are probably
present as tightly linked arrays in the yeast genome, similar to
those previously described by Weinstock et al. (34).

A double digest with PstI and Mscl was performed to
determine whether the HIS3 pseudogenes contained the re-
striction fragment diagnostic of proper splicing-mediated in-
tron removal (14); in all six strains tested, the expected HIS3
DNA fragment was observed (Fig. 2C).

Molecular characterization of inserted DNA. To determine
the sequences flanking the HIS3 pseudogenes in strains Y5.1 to
Y5.6, inverted PCR was performed on their DNAs (see
Materials and Methods). The yeast DNA was digested with
Haell, and the digests were diluted to promote circularization
upon ligation. The ligated products were amplified by PCR
with primers within HIS3 oriented toward both ends of the
gene. Upon amplification, the product of this reaction consists
of sequence flanking HIS3 to the nearest Haell sites flanking
both ends. The left junction of the insertion refers to the
sequences originally adjacent to the GAL1 promoter, while the

120283
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FIG. 3. CHEEF gel analysis of yeast chromosomes. The identity of
the chromosome(s) in the indicated bands was deduced from the
ethidium bromide-stained gel (9). Lanes: 1, SMYS5; 2, Y5.1; 3, Y5.5.

right junction refers to sequences adjacent to the HIS3 pro-
moter. Junction products were obtained from three strains:
YS5.1, Y5.4, and YS5.5.

When these products were sequenced, we discovered that in
all three cases, the right ends of the HIS3 pseudogenes were
not connected to poly(A) sequence, as expected from earlier
work (14). Rather, flanking plasmid sequences derived from
pSMS50 were found. This suggested that the Tyl/L1-mediated
events had utilized RNA templates terminated at a site (T,
[Fig. 1]) different from those (T,) mediated by Tyl RT. Thus,
conventional PCR was used to define the end of the HIS3/
plasmid DNA segment in the insertions.

The left junction sequence proceeds outward through HIS3
sequence precisely to the transcription start site of the GAL1-
mhis3AI cassette and is joined to various positions in Tyl
DNA. Although Derr et al. reported HIS3 pseudogenes em-
bedded in Tyl sequence (14), we did not anticipate that
retrotransposition directed by L1 RT would give similar re-
sults. The presence of Tyl sequence at the left junction
suggested that the HIS3 pseudogene might be flanked by Tyl
sequences on both ends. This correct assumption led to the
amplification of right junctions by conventional PCR. Indeed,
all of the HIS3 pseudogenes we obtained had Tyl sequences
flanking the HIS3 sequences on both sides (Fig. 3).

Right junction sequences. Sequence from the PCR products
revealed that the HIS3 pseudogenes were not flanked directly
by poly(A) and Tyl sequence at their right junctions. To
identify the right junction sequence, a PCR primer was chosen
from Tyl sequence approximately 60 bp downstream of the
corresponding left junction sequence. This primer was then
used with the SM22 primer to amplify the right junction of the
HIS3 insertion. The resulting PCR products were cloned and
sequenced. The Y5.1 product was 3.0 kb long, whereas the
Y5.5 product was 1.7 kb long. The Y5.4 strain did not yield any
products with such primers; therefore, a number of Tyl
primers from both strands were used with SM22 for PCR. One
such combination gave a product.

In all cases, the insertion did not terminate within the T,
sequences but continued into the pSM50 vector sequence for
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FIG. 4. Structures of HIS3 pseudogenes and their flanking regions. These structures were deduced from a combination of genomic DNA blots
(Fig. 2), PCR assays (not shown), and DNA sequence analyses of PCR products. Junction sequences are shown in the insets; nucleotides in
parentheses are of uncertain origin; they separate donor-derived sequences from Tyl sequences (as do spaces in the right junction of Y5.4 and
the left junction of Y5.5, which lack extra bases). Restriction analysis suggests that the Y5.5 junction sequences are derived from two separate
copies of HIS3; therefore, the left and right junctions are not joined together as in Y5.1 and Y5.4. Symbols are as in Fig. 1; boldface A,, poly(A)
tract; shaded box, L1 ORF2; dashed lines, uncertain flanking sequences; solid line, pSM50-derived sequences lying between T, and T,. Bars
indicate sequenced regions. Nucleotide sequence coordinates are from Ty1-H3 (3) (plain text), URA3 (29) (italic), or HIS3 (boldface). For HIS3,

the first transcribed base in pSMS50 is designated as 1.

1,240 bp, at which point a poly(A) sequence corresponding to
the T, site was encountered (within the URA3 sequence in
pSM50 [Fig. 1]). These sites correspond well to the known
positions of signals for transcript 3’ end formation previously
mapped within the URA3 5’ region (37). All three HIS3
pseudogenes had poly(A) tails of 28 to 75 nucleotides. In both
Y5.1 and Y5.5, 3’ of the poly(A) sequences, we encountered
Tyl sequence beginning at position 241 (5' LTR); in both
insertions, the Tyl sequence reads rightward (Tyl sequence
coordinates are from the Tyl-H3 sequence [3]). Interestingly,
this position corresponds precisely to the known transcription
start site of the Tyl element (17). Upon examination of the
adjacent Tyl sequence, we noted a nucleotide sequence diag-
nostic of the 5" LTR sequence of the Tyl-H3 element (namely,
an A at position 328) used to construct the pSM42 plasmid (3,
5), indicating that this RNA was derived from pSM42. This
diagnostic mutation has not been observed in any other
sequenced Tyl elements. The right junction of the Y5.4
pseudogene is connected to TYB at position 1749. Using a
variety of PCR probes and genomic DNA blots, we made more
complete maps of the structures of the inserted HIS3/Tyl
sequences (Fig. 4).

Nucleotides of uncertain origin at the left and right junc-
tions. Examination of the junction sequences revealed that for
four of six junctions sequenced, there were one to three
nucleotides at the junctions that could not be attributed to
either template. These nucleotides may have been added in a

template-independent manner (as many polymerases appear
to do when a 3’ end is reached [12]). In no case were there
short stretches of sequence identity between the Tyl and HIS3
sequences at the junctions.

Y5.1. Y5.1 has three HIS3 pseudogenes (Fig. 2A). By
genomic blot and pulsed-field gel analyses, we demonstrated
that these are tightly linked in a large array of Tyl and Tyl/L1
sequences on chromosome IV (Fig. 2B and 3). Similar arrays
of Tyl elements and marked Tyl elements have previously
been reported to occur during high-frequency Tyl transposi-
tion (34).

When PCRs with primers derived from pSM50 and L1
ORF2 were attempted, no amplification products were ob-
served. This indicated that no L1 ORF2 sequence existed right
of the HIS3 pseudogenes. Also, no PCR product was obtained
when primers L1-2566 and L1’-4305 were used. When primers
L1-4903, L1-5264, and L1-5461 were used with SM21’, PCR
products were detected. However, primers L1-4686 and SM21’
gave no PCR product. This approach allowed the left junction
to be analyzed; we conclude that the Tyl/L1 element in this
strain is truncated between positions 4700 and 4900 (Fig. 4;
sequence coordinates from Scott et al. [31]).

Y5.4. The structure of the single HIS3 pseudogene in Y5.4
was simpler to interpret than that of Y5.1 and Y5.5 because
there is only one copy of HIS3 in this strain (Fig. 2). This HIS3
pseudogene, like the rest, had both the left and the right
junctions embedded in Tyl sequences (Fig. 4). Y5.4 differs
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from the other pseudogenes in that the orientation of HIS3
relative to Tyl sequences is reversed; also, both junctions are
in the TYB region. This suggests that in this pseudogene, HIS3
sequences were joined to Tyl DNA during synthesis of Tyl
plus-strand DNA.

Y5.5. Y5.5 has two HIS3 pseudogenes; a HIS3 probe hybrid-
izes to a single pulsed-field gel band including chromosomes
XV and VII in this strain (Fig. 3). Restriction digestion and
genomic DNA blotting suggest that these two copies of HIS3
are tightly linked (Fig. 2B). PCR products were obtained from
primers within pSM50 and L1-ORF2, revealing the presence of
at least one full Tyl/L1 element at the right junction of one of
the HIS3 pseudogenes (Fig. 4).

Further investigation of the structure of Y5.5 by PCR and
sequence analysis indicated that (i) there is a tandem array of
Ty1/L1 elements and (ii) these are joined via a single LTR to
an intact Tyl element at the right junction of the Ty1/L1 array.
This was demonstrated by amplification of a 2.6-kb PCR
product with primers L1-6046 and L1'-2347. Sequencing of this
product demonstrated that it consisted of a solo LTR separat-
ing two copies of Tyl/L1. This conclusion was further sup-
ported by PCR with a variety of pairs of L1-derived primers for
PCR that amplified products of the expected size. Similar
methods were used to establish the existence of a Tyl/L1
element upstream of a native Tyl element; these were also
separated by a solo LTR. Assuming that all of these structures
are a part of the same array, its minimum size would be 25 kb.
We do not know whether these tandem arrays of Tyl/L1 and
Tyl elements are upstream of, downstream of, or interspersed
with the HIS3 pseudogenes. The single LTRs at the junctions
resemble the Tyl concatemers studied by Weinstock et al. (34).

DISCUSSION

The RT of the human L1.2A element is clearly able to
function in vivo in the yeast cell, because it can reverse
transcribe an mhis3AI-derived mRNA. However, as is the case
when Tyl provides the RT activity, many of the molecular
details of how HIS3 cDNAs are primed and integrated into the
yeast genome remain uncertain. To our surprise, the DNA
sequences immediately flanking the HIS3 pseudogenes are all
Ty1 derived, as when Tyl is the source of RT.

It is likely that the reverse transcription steps involved in
HIS3 pseudogene formation occur within Tyl VLPs, because
the L1 RT is assembled into these VLPs (23). A particulate
location for this reverse transcription process is also supported
by the higher frequency of L1-mediated pseudogene formation
at 22 than at 30°C, which resembles the temperature depen-
dence of Tyl-mediated pseudogene formation as well as Tyl
retrotransposition (8, 27, 28). Recent results suggest that this
temperature dependence is correlated with the assembly
and/or stability of VLPs in the yeast cell (20a). Interestingly,
L1-mediated pseudogene formation is somewhat more active
than Tyl-mediated pseudogene formation. The latter may
reflect the innate thermal stabilities of these two RTs.

The fact that the HIS3 pseudogenes isolated were imbedded
in Tyl sequences suggests that their insertion into host DNA is
mediated by homologous recombination with preexisting Tyl
or LTR elements in the yeast genome. Because our experi-
ments were performed in an spt3 strain in which Ty1 is neither
expressed (35) nor transpositionally active (8) and because our
constructs do not express Tyl integrase, it seems unlikely that
the insertion of the Tyl-pseudogene arrays is actively Tyl
mediated. Previous experiments have shown that the rate of
gene conversion of Tyl elements can be greatly increased by
overexpressing Tyl proteins (24).

MoL. CELL. BioL.

@ —

//

FIG. 5. Mechanism of formation of the right junctions of Y5.1 and
Y5.5 mediated by L1 RT resembles proposed R2Bm RT mechanism.
Wavy lines, RNA; straight lines, DNA; shaded oval, RT; AAA, 3’
poly(A) tract. (A) A model for the mechanism of formation of the
right junctions of Y5.1 and Y5.5. The sequences of these junctions
suggest that L1 RT reaches the 5’ end of Tyl/L1 RNA template (top)
and jumps templates (middle), allowing copying of the poly(A) 3’
terminus of the mHIS3 transcript and synthesis of hybrid reverse
transcript (bottom). Thin lines, Tyl/L1 RNA or DNA; thick lines,
mHIS3 RNA or DNA. Dashed lines in parentheses indicate uncer-
tainty as to position of initial priming event. (B) Proposed R2Bm
cleavage/reverse transcription model (adapted from Luan et al. [22]).
The R2Bm retrotransposon, like L1, is characterized by a 3’ poly(A)
tract. R2Bm RT nicks the target DNA (top) and then uses the 3' OH
of the nick as a primer on an R2Bm RNA 3’ terminus, requiring a
template switch to the 3’ poly(A) tract (middle); extension continues
to generate the R2Bm reverse transcript (bottom). Thin lines, target
DNA strands; thick lines, R2Bm RNA or DNA.

The juxtaposition of the HIS3 pseudogene poly(A) sequence
with the 5’ transcription start site of Ty1 suggests a mechanism
for pseudogene formation. Priming of reverse transcription
probably occurred in adjacent Tyl sequences, and the L1 RT
jumped templates from Tyl RNA (or Tyl minus-strand DNA
in the case of Y5.4) to the mhis3 mRNA. However, priming
does not necessarily occur at the native Tyl primer binding
site, because mutation of this site in the Ty1/L1 construct (10)
has little effect on the frequency of His™ prototroph formation
(data not shown). In two cases (Y5.1 and Y5.5), a template
jump appears to have occurred from the 5’ end of GALI-
driven Tyl/L1 mRNA directly to the poly(A) tail of the mhis3
mRNA (Fig. 5). Similarly, template jumps appear to have
occurred precisely at the 5’ terminus of the mHIS3 RNA in all
three cases, suggesting that a template terminus is a signal for
jumping.

The L1-mediated template jumps differ from Tyl-mediated
events in that extra bases are inserted at the junctions.
Incorporation of extra bases may be a consequence of the RT
reaching a template terminus. We propose that addition of
nontemplated nucleotides occurs at template termini, as has
been described for many DNA polymerases (12). The untem-
plated bases would form a 3’ overhang, and this could include
a region of fortuitous complementarity to a second RNA
template; this complementarity could mediate the jump to a
second template. If the complementarity is distal to a few
noncomplementary bases, these would appear as extra bases in
the final pseudogene junction. In principle, all of the jumps
could have occurred in this way, and the junctions that lack
extra bases may simply represent those molecules that fortu-
itously added a few untemplated bases of the appropriate
sequence to allow pairing with the target template, without
intervening extra bases.

This template-jumping hypothesis is of interest in light of
recent results obtained for the R2Bm element (an L1-like
element from the silkworm). Reverse transcription of R2Bm
RNA can be primed directly from a nick in cellular DNA in
vitro (22). In both R2Bm and the case described here, the RT
jumps templates, utilizing the 3’ poly(A) terminus of a second
template (Fig. 5). The mechanism of L1 integration is un-
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known, but these results are consistent with the possibility that
L1 and R2Bm normally use similar integration and reverse
transcription mechanisms (16). In yet a third variation on this
template-jumping theme, the Drosophila poly(A) retrotrans-
posons TART and Het-A are proposed to use chromosomal
telomeres as primers and TART RNA as a template for
reverse transcription in a manner similar to the reaction
carried out by R2Bm (1, 21).

Another unexpected outcome of these studies is the location
of the HIS3 pseudogenes within a complex array of Tyl
elements. Such arrays have been reported previously, usually
when there is some selection for their formation (34). Arrays
do not appear to be necessary for expression of the His™
phenotype in this case, as single-copy HIS3 pseudogene iso-
lates are readily obtained (14) (Fig. 2A). Rather, the arrays
may be a consequence of the unusual and unpredictable end
structures of the cDNAs that are actually made during these
aberrant retrotranscription events. Perhaps the presence of
these complex cDNAs induces recombination enzymes, or they
may be more likely to integrate into preexisting Tyl arrays
residing in the genome.

This study demonstrates that the yeast Tyl system in com-
bination with the HIS3 pseudogene formation assay provides a
straightforward method for examining the in vivo RT function-
ality of L1 elements. This approach can also be applied to RT
genes from a variety of other sources, such as other retrotrans-
posons and hepadnaviruses (18, 32). The HIS3 pseudogene
formation assay will be of great value in determining which L1
elements contain active RTs and are potentially functional.
Unlike current in vitro assays, this in vivo assay is easily
quantifiable and very sensitive, which should allow for large-
scale screening of L1 elements for activity as well as the
identification of inactive or partially inactive mutants. This
type of assay can also provide important clues as to the
replication mechanisms used by diverse retroelements when
the structures of the products generated are analyzed.

It may be possible to isolate additional L1-mediated inser-
tion events in which HIS3 is not joined to Tyl sequences by
using this system. The detection of such events could provide
further evidence for the mechanism of pseudogene formation
in mammalian cells, which is probably mediated by L1 or
related elements (33).
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