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Effect of Internal Direct and Inverted Alu 
Repeat Sequences on PCR 

Weizhen Ji, Xian-Yang Zhang, G. Sakuntala Warshamana, Guang-zhi Alan Qu, and 
Melanie Ehrlich 

Department  of Biochemistry, Tulane Medical School, New Orleans, Louisiana 70112 

We have studied the effect of re- 
peated DNA sequences, especially Alu 
repeats, on PCR. Alu repeats are se- 
quences that are - 3 0 0  bp long and 
interspersed at a very high copy num- 
ber throughout the human genome. 
We amplified part of the human low- 
density lipoprotein receptor gene 
containing two Alu repeat sequences 
in the same orientation, - 7 . 8  kb 
apart, with unique sequence primers 
outside these repeats. The major PCR 
product was a DNA fragment with an 
in vitro deletion between the Alu re- 
peats. The formation of this product 
depended on the template concen- 
tration and the type of polymerase 
used. Such a product arose appar- 
ently as a result of a "jumping reac- 
tion" involving a primer whose ex- 
tension was terminated prematurely 
within one Alu repeat followed by 
annealing of such an incompletely 
extended primer to the other, distant 
Alu repeat. No such jumping prod- 
ucts were seen when a 0.8-kb region 
containing two nearby inverted Alu 
repeats within the human ~-galac- 
tosidase A gene was subject to PCR 
with unique sequence primers an- 
nealing just outside these repeats. 

D u r i n g  PCR, unexpected products can 
arise because of incomplete extension of 
one or both unique-sequence primers 
on templates containing allelic se- 
quences. ~1~ Thus, two alleles on different 
DNA molecules can become joined to 
give a hybrid gene, ~1'2~ especially when  
short primer elongation times are em- 
ployed. (3~ Upon PCR, the direct repeats 
in a h u m a n  minisatellite DNA template 
can lead to a heterodisperse smear in the 
late cycles, which could be attributable 
to out-of-register anneal ing of the single- 
stranded repeated sequences. ~4~ In the 
case of inverted repeats amplif ied by 
PCR, evidence for another artifact has 
been presented, namely  the formation 
of fold-back structures read through by 
the DNA polymerase. ~s~ 

We were interested in developing 
PCR assays for detecting very low num- 
bers of chromosomes containing rear- 
rangements  at h u m a n  Alu repeats, a fam- 
ily of interspersed repeated sequences of 
- 3 0 0  bp present in -500,000 copies in 
the h u m a n  genome. (6'7) Alu repeats gen- 
erally display - 7 0 - 9 0 %  homology to 
one another. Some appear to predispose 
DNA to illegitimate recombinat ion 
events, such as deletions and inver- 
sions. (8-1z) In this report we describe a 
PCR artifact giving rise to a deletion in 
vitro from Alu repeats present in the 
same orientation -7 .8  kb apart wi thin  
the h u m a n  low-density lipoprotein re- 
ceptor (LDLR) gene (12~ and have exam- 
ined various conditions to try to mini-  
mize this artifact. The deletion product 
obtained in vitro is the same as a natu- 
rally occurring in vivo deletion. (lz~ In 
contrast, no analogous PCR artifact was 
seen with inverted Alu repeats present 
145 bp apart in the h u m a n  a-galactosi- 
dase A ((x-gal). (13~ gene upon amplifica- 
tion for 46 cycles. 

MATERIALS AND METHODS 

Template DNA 

Genomic DNA was isolated by standard 
methods (14~ from h u m a n  brain or in- 
testine, HeLa cells, h u m a n  cell lines 
(GMO4312A, GMO80505, and GM00637F; 
Coriell Institute), or rat spleen. The 
source of the LDLR gene deletion of - 7 .8  
kb was plasmid pLDLR-FH781 (Fig. 
1), (12~ containing a lO-kb XbaI fragment 
from intron 12 to the end of exon 18. For 
analysis of PCR through a region with 
nearby 30-bp inverted repeats, the plas- 
mid pMKIVdel was constructed. This 30- 
bp sequence, from position +93 to 
+ 122 of the herpes simplex virus thymi-  
dine kinase (HSV TK) gene, was inserted 
via BstEII and KpnI overhangs in inverse 
orientation into a 5.5-kb KpnI-BstEII par- 
tial digestion fragment from pMK', an 
HSV TK expression plasmid. ~ls~ The 
pMKIVdel DNA also contained a 411-bp 
deletion from the BglII site to the BstEII 
site between the copies of the 30-bp in- 
verted repeat to leave a 28-bp gap be- 
tween these repeats. 

Primers for PCR 

Primers for the antisense strand of exon 
18 of the h u m a n  LDLR gene were as fol- 
lows: ex18a, 5'-AAACGATCCAGACTG- 
GAGG-3' (32 nucleotides downstream 
of Alu repeat 3 in exon 18; Fig. 1) 
and ex18b, 5'-TCAGAAAGAACCTGAA- 
GTCCCGTC-3' (beginning 1 nucleotide 
downstream of the end of ex18a). The 
sense strand primers from intron 15 
were as follows: in15c, 5'-GGATT- 
CCTGGGCAGGGCACA-3' ( including 8 
nucleotides of the 5' end of an Alu 
repeat; Fig. 1); (12~ in15b, 5'-CTGG- 
GCAACATAGCGAGAC-3' ( - 6 0  nucle- 
otides upstream of in15c); and in15a, 
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FIGURE 1 Scheme for PCR detection of deletion mutations in the LDLR gene and for the gen- 
eration of an in vitro deletion product by a jumping reaction. (A) The human LDLR gene from 
the end of intron 14 and to the beginning of intron 18 is shown (not to scale) for both the normal 
and FH781 deletion mutant allele c12~ as well as an enlarged version of the two Alu repeats 
involved in the deletion and the position of the deletion junction. (Solid bars) exons; (open 
segments) introns; (short arrows) nonoverlapping primers; (hatched bars) Alu repeats; (direc- 
tionality: solid arrowheads for complete repeat sequences; open arrowheads for partial repeats). 
(L and R) Left and right monomers, respectively, in Alu repeats, which typically are head-to-tail 
dimers. The expected range of sizes of PCR products that should be obtained with different 
combinations of primers is indicated by double-headed arrows. (B) One likely pathway for 
generation of the in vitro PCR deletion product. The incompletely extended PCR primers are indi- 
cated by contiguous thick and thin arrows. The distances between sense strand and antisense strand 
primers are shown by a double-headed arrow. It is equally likely that the jumping reaction could 
occur with incompletely extended exon 18 primers rather than intron 15 primers as shown. 

5'-CCTAGCTACTCCCAGAGGCTGAG-3' 
( - 1 2 0  nucleotides upstream of in15c). 
To design primers in15a and inlSb,  first 
we had to sequence part of intron 15 im- 
mediately upst ream of its Alu repeat 3 

(Fig. 1) using PLDLR-FH781 as the tem- 
plate. The deduced sequence - 2 0  bp 
from the sequencing primer (5'-GCCCT- 
GCCCAGGAAT-3') is as follows: 5'-TTIT- 
TATITrTAGAGATGGGGTCTCGCTATG- 

TTGCCCAGGCTGGACTTCAACTCTTGG- 
GCTC2~GCAAGTCTCCCGCCTCAGCCT- 
CTGGAGTAGCTAGGACTGCAGGCGTG- 
CACCTCCACACCAG-3'. 

For amplifying the h u m a n  cx-gal gene, 
we used the following sense-strand prim- 
ers with the position numbers  in the 
gene (x6) indicated: a, 5'-GAGTACCTCTG- 
CATTGATGACTGTTG-3', (5158-5183); 
b, 5'-CAGAGGACTGTAAGCACTTCTG- 
TA-3' (5299-5322). The antisense strand 
primers were as follows: c, 5'-CAAAAG- 
GAGAACTCCAAGATGG-3' (6111-6090) 
and d, 5'-CATGCACACATATGTCAAGA- 
ACCA-3' (6172-6149). For PCR on the in- 
verted repeat region in pMKIVdel, we 
used primers 5'-GGCATAATAGACATA- 
TTGCTGGTGGTGG-3' (from the sense 
strand, 255 nucleotides upstream of the 
first 30-bp repeat) and 5'-AACGCA- 
GACGCGTGTTGATGGCA-3' (43 nucle- 
otides downstream of the second 30-bp 
repeat), which should give a 386-bp 
product. 

PCR Amplification Conditions 

PCR was carried out in a thermal  cycler 
(Ericomp) using either Taq polymerase 
(Promega), AmpliTaq Stoffel f ragment  
(Perkin-Elmer), Vent polymerase, Vent 
exo- (New England BioLabs), or Tth 
polymerase (Promega) in previously de- 
scribed reaction mixtures (17) recom- 
mended  by the manufacturers .  For 
nested PCR, after the initial 5-min dena-  
turation at 95~ or, in the case of Vent 
polymerase, 97~ 24 cycles of amplifica- 
tion (the first round of PCR) were con- 
ducted. Then, an aliquot of the reaction 
product was diluted 15-fold into a fresh 
reaction mixture containing two new 
primers (one of which had been radiola- 
beled with 32p)O7~ internal to the first 
pair for 22 more cycles of amplification. 
Seminested PCR was conducted analo- 
gously, but  only one of the first two 
primers was substituted with a nested 32p 
primer in the second round of PCR. The 
last primer extension step was for 10 min. 
The reaction products were analyzed by 
electrophoresis on a 5% polyacrylamide 
gel followed by autoradiography. 

RESULTS 
Origin of a Deletion Product during 
PCR on a Template Containing 
Direct Alu Repeats 8 kb Apart 

By PCR, we wanted to sensitively detect 
rare deletion mutat ions  arising in part of 
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the h u m a n  LDLR gene that has many  
Alu repeat sequences. This gene region 
displays rearrangements  at some of these 
repeats in patients with familial hyper- 
cholesterolemia (FH). (12'~8'~9) To set up a 
nested PCR assay to try to detect one mu- 
tant in a background of DNA from 106 
normal cells, as we did previously for a 
bcl-2 gene translocation, ~ we used 
primers complementary  to sequences 8 
kb apart in the n o n m u t a n t  LDLR gene to 
reveal deletions formed between clusters 
of Alu repeats in intron 15 and exon 18. 
Because under  standard conditions, PCR 
cannot  amplify 8-kb DNA fragments, 
one might  have expected normal  h u m a n  
DNA to give no specific product  with 
these primers while DNA containing cer- 
tain deletions between Alu repeats 3, 4, 
or 5 in intron 15 and Alu repeats 1, 2, or 
3 in exon 18 would (Fig. 1A). As a posi- 
tive control, DNA from the LDLR partial 
deletion mutan t  FH781 (xz) was used as a 
template. It should give fragments of 

0.34 and 0.40 kb when amplified with 
primer pairs in l5c and exl8a  or in15b 
and ex18a, respectively, in the second 
round of PCR (Fig. 1A). 

Upon nested or seminested PCR cata- 
lyzed by the AmpliTaq Stoffel fragment,  
similar sized products were obtained 
from normal  h u m a n  brain DNA (from 
-106  cells) alone or mixed with a plas- 
mid carrying part of the LDLR gene with 
the FH781 deletion (100-1000 copies of 
pLDLR-FH781; Fig. 2, lanes 1, 5, and 9 
vs. lanes 4, 8, and 12) but not  from reac- 
tions without  template DNA. Similar re- 
sults were obtained with DNA from hu- 
man  cell lines or recently generated 
clones (data not shown). Therefore, the 
deletion was not a contaminant  in the 
DNA preparations but, rather, was gener- 
ated in vitro by a " jumping  reaction ''(2~ 
between incompletely extended Alu re- 
peats in which one of the primers is only 
partially extended through the Alu re- 
peat region and then is used as a longer 

FIGURE 2 PCR amplification of an in vivo deletion product and formation of an in vitro deletion 
(jumping) product from a portion of the LDLR gene containing Alu repeats in the same orien- 
tation. The indicated average number of copies of target pLDLR-FH781 molecules (the source of 
the in vivo deletion product) mixed with 7 ~g of normal human DNA were amplified with the 
indicated unlabeled primers for the first round of PCR (each cycle: 94~ for 1 rain; 60~ for I min; 
72~ for 3 min) and primers in15c and 32p-labeled ex18a (lanes 1-4; 9-12) or in15b and 32p. 
labeled ex18a (lanes 5-8) in the second round of PCR (same thermocycling conditions but with 
a 55~ annealing temperature) in reactions catalyzed by the AmpliTaq Stoffel fragment. The 
positions in the gel of molecular-weight markers are indicated. The -0.34- and 0.40-kb bands are 
the PCR products from the LDLR gene. The other bands and background smears probably come 
from products involving Alu repeat annealing to the human genomic sequences with the ex- 
ception of the -0.9-kb band in lanes 1--4, that is discussed in the legend to Fig. 3. 

primer upon subsequent anneal ing to 
the other Alu repeat almost 8 kb away 
(Fig. 1B). 

When rat DNA was substituted for hu- 
man DNA, no labeled DNA bands were 
seen upon PCR in the absence of added 
pLDLR-FH781 (Fig. 3, lanes 1, 5, 9) be- 
cause the primers used for PCR of the 
h u m a n  gene were not  homologous  to 
those of the rat gene. (21) When  either 
AmpliTaq Stoffel f ragment  or the intact 
Taq polymerase catalyzed the amplifica- 
tion, the addition of an average of 1-100 
copies of the pLDLR-FH781 plasmid to 
the rat DNA gave the expected 0.34- or 
0.40-kb bands depending on the primers 
(Fig. 3; data not shown). The divergence 
of the rodent B1 family repeat from the 
related h u m a n  Alu repeat (22) probably 
explains why there were much less smear- 
forming or high-molecular-weight prod- 
ucts seen in Figure 3 than in Figure 2. A 
comparison of the intensity of the spe- 
cific PCR bands from normal  h u m a n  
DNA alone versus from FH781 mutan t  
DNA in the simultaneously conducted 
amplifications in Figures 2 and 3 indi- 
cates that the efficiency of generation of 
the in vitro deletion product  was much  
lower than  the amplification of the 
FH781 allele given that - 2 x  106 copies 
of the haploid normal  h u m a n  DNA were 
present in the former case. 

The in vitro deletion product  from 
nested PCR of normal  h u m a n  DNA with 
the primer pairs in15c and ex18a in the 
second round of amplification was 0.34 
kb, the same length as the PCR product  
from pLDLR-FH781 (Fig. 4A, lanes 4-7 
vs. 2). With primers in15b and ex18a in 
the second round of PCR under  stringent 
anneal ing conditions, a 0.4-kb band was 
obtained that coelectrophoresed with 
the analogous pLDLR-FH781 product  
(Fig. 4B, lanes 10-12). An additional 
nonspecific band in this region was seen 
under  less stringent PCR annealing con- 
ditions (Fig. 4B, lanes 3,4,7,8). The iden- 
tity of the 0.34- and 0.40-kb PCR prod- 
ucts obtained from normal  h u m a n  DNA 
was confirmed by restriction analysis of 
these products versus those from the 
FH781 allele (Table 1). 

Characterizing Conditions for 
Formation of the In Vitro Deletion 
(Jumping) Product from Distant Alu 
Repeats 

We tried to decrease the jumping reac- 
tion by varying PCR conditions. Increas- 
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FIGURE 3 PCR amplification of a cloned in vivo LDLR gene deletion product in the presence of 
a vast excess of rat DNA instead of human DNA. The PCR and analysis were conducted in parallel 
to that of Fig. 2 and at the same time. The only difference is that 7 ~g of normal rat DNA was 
present here instead of 7 ~g of normal human DNA in addition to an average of 1-100 copies of 
the deletion mutant pLDLR-FH781 DNA. -0.9-kb band in lanes 2-4 might be attributable to 
mispriming, during two rounds of PCR, by oligonucleotide in15c in the FH781 LDLR allele's 
intron 15, most of the sequence of which is unknown. 

ing the extension t ime from 3 to 10 min  
decreased only slightly the formation of 
specific PCR products from n o n m u t a n t  
h u m a n  DNA (Fig. 4B) while it increased 
the amount  of heterogeneously sized 
DNA (2-20 kb; data not  shown) that did 
not enter a 5% polyacrylamide gel. The 
addition of PCR specificity enhancers 
(10% formamide,  5% or 10% dimethyl-  
sulfoxide, 10 - s  or 10 -4 M tetramethyl- 
a m m o n i u m  chloride) or the prediges- 
tion of the template DNA with a restric- 
tion endonuclease that cleaved only out- 
side the amplif ied region also did not 
appreciably decrease the formation of 
the in vitro deletion product from non- 
mutant  h u m a n  DNA (data not shown). 

We examined the effect of varying the 
enzyme used for the amplif icat ion on 
the extent of format ion of the in vitro- 
generated deletion-type PCR product 
from normal  h u m a n  DNA. With  the Am- 
pliTaq Stoffel f ragment  or the intact Taq 
DNA polymerase catalyzing the PCR, the 
in vitro-generated mutan t  was seen 
when  104 copies of the diploid genome 
were in the initial reaction mixture, but  
no specific product was seen when  only 
103 copies were in  the starting reaction 

(Fig. 4A, lanes 3,4). This contrasts with 
the single-molecule sensitivity of detec- 
tion of the in vivo-generated mutant  
(Fig. 3). When  Vent polymerase or Vent 
polymerase exo- was used to amplify 10 s 
copies of the normal  h u m a n  diploid ge- 
nome, we observed the formation of the 
in vitro deletion (jumping) product in 
some, but  not all, replicate reactions. 
The lack of reproducibility of the jump- 
ing reaction with these polymerases 
probably reflects a lower rate of genera- 
tion of the primer extension products 
prematurely terminated within the Alu 
repeat so that stochastic effects are more 
apparent than with Taq polymerase or 
the Stoffel fragment of that enzyme. Al- 
though the jumping product was never 
seen in repeated amplifications of -106 
copies (7 ~g) of the normal  h u m a n  ge- 
nome with Vent polymerase, this is prob- 
ably because of the general inhibi t ion of 
amplification by such high concentra- 
tions of nontarget DNA. This type of in- 
hibi t ion was seen, for example, in mix- 
ing experiments with pLDLR-FH781 
DNA and normal  h u m a n  DNA (data not 
shown) and may reflect the unusual ly 
low K m of Vent polymerase for DNA. ~23~ 

Despite the report that Tth polymerase 
can amplify long stretches of DNA, ~24~ 
we saw only the jumping  products and 
background smears of 0.6- to 2-kb DNA 
and no expected 8-kb band when  we am- 
plified 7 ~g of normal  h u m a n  DNA with 
this polymerase and the LDLR primers 
(data not shown). 

Lack of Formation of Jumping 
Products from Alu Repeats or an 
Oligonucleotide Repeat in Inverted 
Orientation 

Next, we tested whether  a jumping  reac- 
tion like that described above for the di- 
rect Alu repeats of the LDLR gene PCR 
would occur between inverted Alu re- 
peats (Alu repeats 1 and 2) in intron 2 of 
the h u m a n  ~-gal A gene. ~13~ The closest 
borders of these repeats are 145 bp apart 
(Fig. 5A). As for the PCR of the LDLR 
gene, unique-sequence primers anneal-  
ing just beyond these Alu repeats were 
used to amplify the region ( -0 .8 -0 .9  kb) 
containing these repeats in nested or 
seminested PCR. In the Taq polymerase- 
catalyzed reaction on normal  h u m a n  
DNA, the ~-gal gene was amplif ied so 
that we could detect as few as an average 
of two molecules of the ~-gal-containing 
DNA per sample (data not shown). 

No jumping  products were seen in the 
case of the Alu repeats in the ~-gal gene 
even when  2x 104 or 2x  106 copies of the 
gene were present (Fig. 5B; data not  
shown). If such a product had formed 
during seminested PCR of the ~-gal gene 
using 32P-labeled primer b and unla- 
beled primer d in the second round of 
the amplification, then it should have 
been visible in autoradiographs as a 
0.81-kb jumping  product in addit ion to 
the expected 0.87-kb standard PCR prod- 
uct. A 0.81-kb jumping  product could 
have arisen, for example, by incomplete  
extension of primer b annealed 52 bp 
upstream of Alu repeat 1 in intron 2 fol- 
lowed by its anneal ing via the Alu repeat 
to the complementary  strand of Alu re- 
peat 2, which  is in the opposite orienta- 
t ion to Alu repeat 1 (Fig. 5A). As shown 
in Figure 5B (lanes 2,4), no minor  0.81- 
kb band ( jumping product) was seen in 
these samples amplif ied with primers b 
and d, whereas the expected major  0.81- 
kb product (normal  PCR product) was 
obtained when  the same DNA was am- 
plified with primers b and c. 

Furthermore, if radiolabeled jumping  
products formed upon  PCR with radiola- 
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FIGURE 4 Effect of varying the concentration of the normal human DNA or the annealing 
temperature for PCR on the formation of the in vitro deletion (jumping) product. These reactions 
were catalyzed by the Stoffel fragment of AmpliTaq, but similar results were obtained with the 
intact Taq polymerase. The primers used in the first round of PCR were in15a and ex18b. (A) The 
in vitro deletion product from PCR of the normal human diploid genome (lanes 3-7; the number 
of copies of the diploid genome are indicated) and the PCR product from the analogous in vivo 
deletion mutant (pLDLR-FH781; lane 2). (Lanes 1, 2) Only rat DNA (106 copies of the diploid 
genome, 7 izg) or rat DNA plus pLDLR-FH781 was present. (B) The annealing conditions and the 
time for primer extension were varied for the first and second round of PCR. The conditions used 
in A were those specified in lanes 1-4 of B. The indicated number of copies of pLDLR-FH781 was 
mixed with rat DNA or human DNA (10 s copies of the normal diploid genorne), R and H, 
respectively. The sizes of the specific PCR products are shown. Only the portion of the gels 
containing these products is included here. The band below the 0.4-kb band in B (lanes 3,4,7,8) 
is attributable to a nonspecific PCR product. 

beled primer b and either unlabeled 
primer d or c, these jumping products 
should be distinguishable from the ex- 
pected PCR products by restriction anal- 
ysis. Sau96I has a cleavage site midway 
within Alu repeat 2 of intron 2 of the 
a-gal gene, but no Sau96I site is present 
in Alu repeat 1 (Fig. 5A). Without  the 
jumping reaction, the only radiolabeled 
product from Sau96I digestion following 
PCR with either set of primers should be 
597 bp long. If primer b, which is adja- 
cent to Alu repeat 1, is incompletely ex- 
tended through that Alu repeat and then 
is used as a primer by anneal ing to Alu 
repeat 2, the Sau96I digestion should 

give either an additional radiolabeled 
216- or 813-bp band depending on 
whether  primer extension had termi- 
nated in the first or the second half of 
Alu repeat 1 (Fig. 5A). No band was seen 
in either position of the electrophoresis 
gel in the digested PCR product samples 
(Fig. 5B, lanes 5-8), and the level of ra- 
dioactivity in these regions indicated 
that if such jumping products formed 
they constituted <5% of the expected 
product. 

When inverted repeats are present 
not  too far apart from one another,  the 
denatured strands might  form a fold- 
back structure allowing replication 

through it to give a deletion of the inter- 
vening sequences and one copy of the 
repeat. No evidence for the formation of 
products with the predicted size for loop- 
out molecules was seen upon amplifying 
the ~-gal gene as described above. We 
also tested as a template a recombinant  
plasmid DNA (pMKIVdel) that contained 
as an inverted repeat a 30-bp sequence 
from the HSV TK gene with the two cop- 
ies of the sequence only 28 bp apart. 
Upon Taq polymerase-catalyzed amplifi- 
cation of 104-106 copies of this plasmid 
for 35 cycles, only the expected sized 
product  (0.38 kb) was seen (data not  
shown). There was no evidence for the 
formation of a loop-out product  (0.30 
kb) nor  for jumping products (0.17 or 
0.59 kb). 

DISCUSSION 

In this study we amplified regions of the 
h u m a n  genome containing Alu repeats 
using unique sequence primers rather 
than consensus sequences for the Alu re- 
peat. (2s~ During PCR on a part of the 
n o n m u t a n t  h u m a n  LDLR gene contain- 
ing a pair of direct Alu repeats - 8  kb 
apart, a jumping reaction product  (Fig. 
1B) was the main  amplified DNA frag- 
ment  when  at least 104 copies of the 
gene were present as the template.  In ad- 
dition to the formation of discrete jump- 
ing products from the LDLR gene, it ap- 
pears that the extremely high number  of 
copies of the Alu repeat spread through-  
out the h u m a n  genome may  be contrib- 
uting to the formation of a heterodis- 
perse collection of jumping products 
from Alu repeats not  in this region of the 
LDLR gene (Fig. 2 vs. Fig. 3). Under stan- 
dard PCR conditions the full-length, 
8-kb product  would not be expected to 
form while the jumping product (0.3- 
0.4 kb, depending on the primers used) 
is small enough to be amplified very ef- 
ficiently. The jumping reaction involves 
t runcat ion of primer extension, which 
can occur to a considerable extent as a 
side reaction during PCR. (26) The jump- 
ing product  from the LDLR gene was in- 
distinguishable from an in vivo deletion 
product with its borders within direct 
Alu repeats in intron 15 and in exon 18 
(Fig. 1A). In contrast, no jumping prod- 
uct was detected from two inverted Alu 
repeats that  are 145 bp apart in intron 2 
of the h u m a n  r A gene (Fig. 5). 

These results can be explained by the 
jumping product  forming in large 
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TABLE 1 Restriction Analysis of In Vitro Dele t ion  (Jumping) PCR Products 

Sizes of products 

Primers for 2 na PCR no R.E. TaqI Hinfl HphI 

In15c/ex18a 

In15b/ex18a 

expected 344"a 96" 342" 344" 
(bp) 248 

observed b 0.34* 0.10" 0.34* 0.34* 
(kb) 0.25 

expected -400* 96* 342* -400* 
(bp) -310 -60  

observed 0.40* 0.10" 0.34* 0.40* 
(kb) 0.30 0.06 

Cleavage of the products from nested PCR of normal human DNA with the indicated LDLR gene 
primers (Fig. 1) in the second round of PCR and primers inl5a and exl8b in the first round. There 
is one TaqI cleavage site but no HphI site in the Alu repeat between these primers in FH781 or in 
the equivalent in vitro jumping product (Fig. 1). The one HinfI site in this amplified region is 
within the inl5c primer. 
aThe fragment sizes marked with an asterisk (*) are those expected or found to be radiolabeled 
when 32p-labeled primer exl8a was used in the second round of PCR. The expected sizes of the PCR, 
or PCR + restriction products were calculated from the sequence of the FH781 deletion mutant. 
bPCR products were visualized by ethidium bromide-induced fluorescence (unlabeled products) 
or autoradiography (labeled products). 

a m o u n t s  w h e n  there  is no  efficient  com- 
pe t ing  reaction.  This c o m p e t i n g  reac- 
tion, in the  case of a-gal gene  PCR wi th  
its close Alu repeats, could  involve an- 
nea l ing  of o l igonuc leo t ide  primers 
present  in great excess and  their  rapid 
ex tens ion  even  at the  55~ or 50~ tem- 
perature used for the  1-min " a n n e a l i n g "  
stage in the  ampl i f ica t ion  as is seen in 
two- tempera ture  PCR. This wou ld  de- 
crease the  concen t r a t i on  of t empla te  
available for annea l i ng  via the  Alu repeat  
sequences  to the  low concen t r a t i on  of 
i ncomple t e ly  e x t e n d e d  pr imers  e n d i n g  
wi th in  the  Alu repeat  region.  In contrast,  
in the  LDLR gene  PCR wi th  its dis tant  
Alu repeats, these  Alu repeats wou ld  be 
available for annea l i ng  to i n c o m p l e t e l y  
ex t ended  pr imers  in the  j u m p i n g  reac- 
t ion because the  large dis tance be tween  
the  o l igonuc leo t ide  p r imer  b i n d i n g  sites 

FIGURE 5 PCR products from intron 2 of the ~-gal A gene containing Alu repeats in inverted orientation and the restriction analysis of these 
products. (A) The amplified portion of the a-gal A gene and its expected or observed PCR products (not to scale). The conditions for PCR were the 
same as those of Fig. 2 except that the intact Taq polymerase catalyzed the reaction, and the annealing temperatures for the first and second rounds 
were 55~ and 50~ respectively. The locations of the two Alu repeat sequences in this region are diagrammatically depicted by hatched bars, their 
orientation by solid arrowheads, and the Sau96I site present in only one of these repeats is shown by a vertical arrow. The PCR primers are indicated 
by short arrows, and the radiolabeled primer is marked with an asterisk(*). The sizes of the PCR products and digested PCR products are given. (B) 
The lack of formation of jumping products from the above-mentioned Alu repeats in the human oL-gal gene. For the first round of PCR, unlabeled 
primers a and d were present, and in the second round the indicated primer pairs were used with primer b as the radiolabeled primer in Taq 
polymerase-catalyzed reactions. The indicated number of copies of the human ~-gal gene were provided by the corresponding number of copies 
of the haploid human genome. (Lanes 5-8) The Sau96I digestion of PCR products of the samples from lanes I-4. The sizes of the specific 
radiolabeled PCR products or Sau96I-digested PCR product and of molecular-weight markers are given. 
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f lanking the  direct  Alu repeats would  in- 
hibi t  the t empla te  f rom b e c o m i n g  dou- 
ble-stranded by n o r m a l  o l igonuc leo t ide  
pr imer  ex tens ion  in the region where 
the two part ial ly h o m o l o g o u s  Alu re- 
peats are to annea l  in a j ump ing  react ion 
(Fig. 1B). 

Alu repeats typical ly are head-to-tai l  
dimers, wi th  the  directly repeated m o n o -  
mers referred to as left and  r ight  m o n o -  
mers (Fig. 1). (6) The jumping  react ion 
tha t  we saw dur ing  PCR ampl i f ica t ion  of 
the h u m a n  LDLR gene may  have taken 
place f rom the left m o n o m e r  of Alu re- 
peat 3 in in t ron  15 to the left m o n o m e r  
of Alu repeat 3 in exon 18 or be tween the 
cor responding  r ight  m o n o m e r s .  A jump- 
ing react ion migh t  also have occurred 
from the r ight  hal f  of e i ther  of these Alu 
repeats or of the hybr id  Alu repeat  in 
pLDLR-FH781 to the left hal f  of the  
same repeat or vice versa. However, such 
a react ion was no t  ev ident  as seen by the  
absence of j ump ing  products  of the size 
expected from such a left-half  Alu repeat 
to r ight-half  Alu repeat  jump w h e n  am- 
pl ifying pLDLR-FH781 (Fig. 3) despite 
the presence of a 51-bp region wi th  76% 
h o m o l o g y  be tween the two halves of the 
amplif ied Alu repeat  in pLDLR-FH781. 
Therefore, we conc lude  tha t  even w h e n  
a region con ta in ing  two adjacent  direct 
repeats is subject to PCR, if the  ol igonu-  
cleotide p r imer -b ind ing  sites are close 
enough  together  (in this case, 0.3-0.4 kb 
apart), the j ump ing  react ion may  no t  be 
seen. This may  be at t r ibutable  to effec- 
tive compe t i t i on  of the  j umping  react ion 
by the ampl i f ica t ion  react ion p roduc ing  
the ful l - length p roduc t  as described 
above. 

On the o ther  hand ,  we did see a lad- 
der of j umping  products  w h e n  amplify-  
ing part  of the  oriP region of the Epstein 
Barr virus g e n o m e  (data no t  shown),  
wh ich  conta ins  20 t andem repeats of a 
30-bp sequence.  (zT) This PCR was con- 
ducted wi th  un ique  sequence primers  
outside this repeat  region unde r  similar  
condi t ions  used for ampl i f ica t ion  of the 
LDLR and  ot-gal sequences.  Such ladders 
due to PCR side react ions have been  seen 
wi th  minisate l l i te  DNAs and wi th  oligo- 
nucleot ide  repeats impl ica ted  in the  con- 
trol of gene expression and  genet ic  im- 
pr int ing.  (zS) The ladder of bands  f rom 
the oriP sequence appears to be derived 
from mul t ip le  j umping  react ions be- 
tween the 30-bp repeats. The ratio of 
DNA in this ladder to DNA in the full- 
length  PCR produc t  of 0.7 kb was -0 .4 .  

Therefore,  in this case, large amoun t s  of 
j umping  products  formed dur ing  PCR 
despite the compe t ing  ampl i f ica t ion  of 
the ful l - length react ion product .  This 
large a m o u n t  of j umping  product  forma- 
t ion  is probably  the result of the pres- 
ence of numerous  t andem repeats, 
wh ich  increases the  l ike l ihood  of an- 
nea l ing  at the 3' end of an incomple te ly  
ex tended primer.  
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