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RNA Associated wi th  a He te rod imer ic  
Protein tha t  Activates a Meiot ic  

Homologous Recombination Hot Spot: 
RL/RT/PCR Strategy for Cloning any 

Unknown RNA or DNA 

Wayne P. Wahls 

Fred Hutchinson Cancer Research Center, Seattle, Washington 98104 

The ade6-M26 mutation in the fission 
yeast $chizosaccharomyces pombe cre- 
ates a meiotic homologous recombi- 
nation hot spot. We have achieved 
40,O00-fold purification of a het- 
erodimeric DNA-binding protein, 
Mtsl /Mts2,  that activates the recom- 
bination hot spot. Physical studies 
suggested the presence of a third 
subunit. It is demonstrated here that 
RNA molecules of - 2 1 0  nucleotides 
copurified with the heterodimer. To 
characterize the RNA component, it 
was necessary to develop a new strat- 
egy for cloning of the unknown, low- 
abundance, partially degraded RNAs 
that were present in purified M t s l /  
Mts2 protein preparations. The strat- 
egy uses RNA Iigase to add DNA olig- 
onucleotide priming sites to the RNA 
for subsequent reverse transcription 
and PCR (RNA Iigase, reverse tran- 
scription-PCR, or RL/RT/PCR). This 
cloning procedure could be applied 
to the cloning of any unknown RNA 
or DNA molecules. Because the eDNA 
clones obtained from Mtsl /Mts2 
were largely heterogeneous, it seems 
likely that the RNAs copurifled as a 
result of t ight but nonspeciflc inter- 
actions with the heterodimeric pro- 
tein. 

H o m o l o g o u s  recombination hot 
spots are DNA elements that increase the 
frequency of recombination events in 
their vicinity. Because recombination 
hot spots must promote rate-limiting 
steps in recombination pathways, we 
can gain a better understanding of the 
mechanisms of recombination if we can 
elucidate how recombination hot spots 
function. 

The M26 allele of the ade6 gene in 
Schizosaccharomyces pombe is in many 
ways the best understood eukaryotic re- 
combination hot spot (for review, see 
ref. 1). Based on his genetic data, Gutz 
proposed that the M26 mutation created 
a recognition site for a recombination- 
promoting protein. (2~ Consistent with 
this hypothesis is the finding that a spe- 
cific heptanucleotide sequence, 5'-AT- 
GACGT-3' (M26 mutation underlined), 
is required for hot spot activity in vivo. (3) 
We have recently achieved 40,000-fold 
purification of a heterodimeric protein, 
composed of polypeptides Mtsl (70 kD) 
and Mts2 (28 kD), that binds to the hep- 
tanucleotide M26 site, and we have dem- 
onstrated that protein binding is re- 
quired for homologous recombination 
hot spot activity. (4) 

Although the Mtsl/Mts2 heterodimer 
was necessary and sufficient to confer re- 
combination hot spot binding activity, 
physical studies suggested the presence 
of a third subunit. (4~ Mobility retarda- 
tion assays with purified protein re- 
vealed two M26-specific protein-DNA 
complexes. A heterodimer of Mtsl and 
Mts2 was required for the formation of 

each of the complexes. However, when 
Mtsl and Mts2 were isolated and mixed, 
only one of the complexes was restored. 
Thus, some third factor (presumably in- 
teracting with the Mtsl/Mts2 het- 
erodimer) must have been required for 
the second protein-DNA complex. How- 
ever, we were unable to identify a good 
polypeptide candidate for that third sub- 
unit. Because RNA subunits have been 
detected in other enzymes involved in 
nucleic acid metabolism, (s-9) including 
one required for some biochemical ac- 
tivities of the Escherichia coli RecBCD en- 
zyme that activates the • recombination 
hot spot, ~1~ we reasoned that the puta- 
tive third subunit of the recombination 
hot spot activating enzyme might be 
composed of RNA. 

It is demonstrated here that RNA mol- 
ecules of -210  nucleotides in length 
copurified with the recombination hot 
spot binding protein. Also described is 
the PCR-based strategy that was devel- 
oped to clone the unknown, low-abun- 
dance, partially degraded RNA that was 
present in the Mtsl/Mts2 protein prepa- 
ration. This procedure can be applied to 
the cloning of any unknown RNA or 
DNA molecules. 

MATERIALS AND METHODS 
Mtsl /Mts2 Protein 

Purification of the Mtsl/Mts2 het- 
erodimer is described elsewhere. (4) Frac- 
tion VI was purified 40,000-fold and con- 
tained >50% Mtsl/Mts2 heterodimer by 
weight as judged by SDS-page analy- 
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ses ~ (see Fig. 3A, below). Protein was 
concentrated by TCA precipitation and 
resuspended in SDS-page loading 
buffer.(~z) 

Preparation of RNA 

Fifteen microliters of fraction VI con- 
taining -1  ~g of total protein was di- 
luted to 200 i~l in TE, extracted serially 
with equal volumes of phenol, phenol/ 
chloroform, and chloroform, and pre- 
cipitated with ethanol. The pellet was 
dried briefly and resuspended in 18 l~l of 
lx  phosphatase buffer (Boehringer 
Mannheim) containing 2 units of RNase 
Block II (Strategene). Two microliters of 
calf intestinal phosphatase (2 units; Boe- 
hringer Mannheim) was added, the reac- 
tion was incubated at 45~ for 30 min 
and adjusted to 25 mM EGTA with 2.2 !~1 
of 250 mM stock, and the enzyme was 
heat-inactivated at 65~ for 30 min. To 
this reaction were added 6.8 t~l of H20, 4 
i~l of 10x kinase buffer, (~2) 2 t~l of RNase 
Block II (2 units), 4 I~l of [~/-32P]ATP (New 
England Nuclear; 3000 Ci/mmole), and 1 
l~l of T4 polynucleotide kinase (20 units; 
New England Biolabs). After incubation 
at 37~ for 60 min, the enzyme was heat- 
inactivated at 65~ for 15 min, the mix- 
ture was extracted with phenol, phenol/ 
chloroform, and chloroform, and the 
RNA was precipitated with ethanol. The 
pellet was dried briefly and resuspended 
in 50 i~l of TE containing 2 units of 
RNase Block II. The labeled RNA was 
fractionated on a 7 M urea, 6% polyacry- 
lamide gel and visualized by autoradiog- 
raphy, and the 210-nucleotide RNA band 
was excised. The gel slice was diced and 
incubated at 21~ with agitation for 16 
hr in 500 l~l of TE containing 5 units of 
RNase Block II. The eluted material was 
precipitated with ethanol, the pellet was 
dried briefly, and the amount of incor- 
porated label was determined in a scin- 
tillation counter. The total number of 
RNA molecules present was calculated 
from the Cerenkov value, the counting 
efficiency, and the specific activity of the 
label (100% labeling efficiency was ob- 
served with control RNA fragments us- 
ing this protocol; data not shown). 

Addition of Linkers 

Phosphorylated BamHI linker DNA (5'- 
CGCGGATCCGCG-3') was obtained 
from New England Biolabs. An aliquot 
was labeled with [~/-32P]ATP using poly- 

nucleotide kinase under the manufactur- 
er's conditions for the exchange reaction 
(New England Biolabs). Labeled and un- 
labeled linkers were mixed to achieve 
the desired specific activity. Linkers were 
boiled and quenched on ice immedi- 
ately before adding them to reactions to 
ensure the presence of single-stranded 
linkers. 

Two identical reactions, differing 
only by the presence or absence of RNA, 
were set up. Approximately 10 fmoles of 
labeled RNA (15,000 cpm total) was re- 
suspended in 18 ~l of l x RNA ligase 
buffer (50 mM Tris-HC1 at pH 7.8, 10 mM 
MgCl 2, 10 mM [3-mercaptoethanol, 10 
mM ATP) containing 1 unit of RNase 
Block II. One microliter of linkers (500 
fmoles, 15,000 cpm total) and 1 I~l of 
RNA ligase (20 units; New England Bio- 
labs) were added, and the reactions were 
incubated at 37~ for 2 hr and heat in- 
activated at 65~ for 15 min. Ten percent 
of each reaction was fractionated on a 7 
M urea, 6% polyacrylamide gel and visu- 
alized by autoradiography. 

Reverse Transcription 

A single buffer was used for both reverse 
transcription and PCR (10x RT-PCR 
buffer: 200 mM Tris-HC1 at pH 8.4, 500 
mM KC1, 25 mM MgC1 z, 1 mg/ml of BSA 
fraction V; Sigma). Eighteen microliters 
of ligation reaction, 9 t~l of H20, 5 t~l of 
10 x RT-PCR buffer, 5 l~l of RNase Block 
II, 10 l~l of 5 mM 4 dNTPs (to 1 mM each), 
1 I~l of additional BamHI linkers (250 
pmoles, 100,000 cpm), and I I~l of Molo- 
ney murine leukemia virus (Mo-MLV) 
reverse transcriptase (200 units; Be- 
thesda Research Laboratories) were 
mixed. The reactions were incubated at 
22~ for 15 rain, 37~ for 15 min, and 
65~ for 15 min. The reverse transcrip- 
tion products were immediately used for 
PCR. 

PCR Reactions 

One hundred and forty-nine microliters 
of 1 x RT-PCR buffer was added to the 
heat-inactivated ligation reactions to di- 
lute the dNTP concentration to 250 p.M 
to reduce the misincorporation rate of 
Taq polymerase. One microliter of Taq 
polymerase (5 units; Boehringer Man- 
nheim) was added, and 35 amplification 
cycles (95~ for 30 sec, 37~ for 60 sec, 
72~ for 30 sec) were conducted. The fi- 
nal 72~ extension was for 15 min to en- 

sure maximum full-length product for- 
mation. The PCR products were 
extracted serially with phenol, phenol/ 
chloroform, and chloroform and precip- 
itated with ethanol, and the pellets were 
resuspended in 50 ~l of TE. Half of each 
PCR reaction was digested with BamHI. 
PCR products were analyzed on an ethid- 
ium bromide-stained 3% agarose gel 
(20% of each PCR product per lane) and 
by autoradiography of samples run on a 
native 6% acrylamide gel (5% of each 
PCR product per lane). 

Cloning and Sequencing PCR 
Products 

BamHI-digested PCR product was frac- 
tionated on a 1% agarose gel, and the 
band was excised, electroeluted in TBE, 
and recovered by precipitation with eth- 
anol. The cDNAs were cloned into the 
dephosphorylated BamHI site of pBlue- 
script II KS(+) (Stratagene) using con- 
ventional techniques (13) and introduced 
into E. coli strain DH5er Transformants 
with inactivated [3-galactosidase func- 
tion were chosen for analysis. Plasmid 
miniprep DNA was made by the polyeth- 
ylene glycol precipitation, alkaline lysis 
method (Applied Biosystems booklet 
901497). Both strands of each clone were 
sequenced, from the T3 and T7 priming 
sites, respectively, using the Dye-Deoxy 
dsDNA sequencing method (Applied 
Biosystems). Sequences were analyzed 
for homology with each other by using 
Genetics Computer Group software (14) 
and for homology with known se- 
quences by using the Blast Network 
Server. 

RESULTS 

Identification of RNA Molecules 

To investigate the possibility of a nucleic 
acid subunit of the Mtsl/Mts2 protein, 
the purest fractions were deproteinized 
by phenol/chloroform extraction. The 
resulting material was precipitated with 
ethanol, treated with phosphatase, la- 
beled with [~/-32P]ATP using polynucle- 
otide kinase, and run on a 6% urea-poly- 
acrylamide sequencing gel. A single 
discrete band of -210 nucleotides and a 
heterogeneous smear trailing down to 
oligonucleotide size were observed (Fig. 
1). All of the labeled material was resis- 
tant to DNase I and proteinase K treat- 
ment, sensitive to alkaline hydrolysis, 
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FIGURE 1 Identification of 210-nucleotide 
RNA molecule. Autoradiograph of material 
extracted from purified Mtsl/Mts2 protein, la- 
beled with [~-3Zp]ATP using polynucleotide 
kinase, and run on a 6% polyacrylamide urea- 
polyacrylamide sequencing gel. Samples were 
treated as indicated. (DF) DNase-free. Markers 
were as in Fig. 3C. 

and sensitive to a variety of RNase en- 
zymes (Fig. 1). Thus, RNA molecules of 
-210  nucleotides in length copurified 
with the Mtsl/Mts2 protein. 

Cloning  the  RNA 

Several challenges were faced in cloning 
the 210-nucleotide RNA. Perhaps most 
significant, the sequence and polyadeny- 
lation state were unknown. Further- 
more, the 210-nucleotide RNA was either 
highly degraded or contaminated with 
heterogeneous RNAs (Fig. 1). Finally, be- 
cause the RNA was isolated from highly 
purified (40,000-fold), low-abundance 
protein, there was a severely limited 
amount of material to work with. 

A cloning strategy (Fig. 2) was devised 
to fulfill several requirements. First, the 
strategy involved the ability to clone any 
very low-abundance RNA without any 
knowledge of its primary sequence. Sec- 
ond, it was desirable to minimize the ex- 
pense, to use materials generally avail- 
able in molecular biology laboratories, 
and to avoid complicated strategies that 
relied on sequential manipulations with 
multiple oligonucleotide linkers and 

primers. Therefore, a single, self-comple- 
mentary palindromic, 12-nucleotide 
BamHI linker was used to provide both 
priming sites, to prime for cDNA synthe- 
sis, and to prime for PCR amplification. 

SDS-PAGE analysis revealed that the 
Mtsl/Mts2 heterodimer was highly puri- 
fied (Fig. 3A). RNA extracted from pro- 
tein was dephosphorylated, phosphory- 
lated with [~-32p]ATP, and fractionated 
on a 6% urea-PAGE gel. The material 
present in a discrete band (Fig. 3B) was 
eluted in TE containing RNase inhibi- 
tors. From the specific activity of 
[~-32p]ATP, a recovery of - 1 0  fmoles of 
gel-purified RNA was calculated. 

Two separate ligation reactions were 
set up, one containing phosphorylated 
BamHI linkers alone as a control, and the 
other containing BamHI linkers and 
RNA (50:1 molar ratio). The linkers were 
boiled briefly and quenched on ice prior 
to addition to ensure the presence of sin- 
gle-stranded DNA (ssDNA). Both the 
RNA and the BamHI linkers were par- 

tially radioactively labeled at their 5' 
phosphates, each to -15,000 cpm per re- 
action, to allow visualization of the reac- 
tion products. RNA ligase, which will li- 
gate any ssDNA and RNA molecules with 
5'-phosphate and 3'-hydroxyl groups, 
was used to ligate the BamHI linkers 
onto both ends of the RNA. Ten percent 
of each reaction was analyzed on a 6% 
urea-polyacrylamide gel (Fig. 3C). 

Because both the RNA and the linkers 
were 5'-end-labeled, the gel analysis was 
quite informative. First, the reaction 
with linkers alone gave no significant 
products longer than 60 nucleotides in 
length (Fig. 3C, lane 2). Thus, the linker 
concentration and ligation conditions 
were appropriate to prevent the forma- 
tion of long concatemers of linkers. Sec- 
ond, it was evident that the gel-purified 
RNA suffered further degradation during 
the ligation reaction, presumably as a re- 
sult of its low abundance and the pres- 
ence of a small amount  of contaminat- 
ing RNase activity in the RNA ligase 
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FIGURE 2 Strategy for cloning unknown RNA (or DNA) molecules. Details are provided in the 
text. 
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FIGURE 3 Analysis of substrates, intermedi- 
ates, and products. (A) Coomassie-stained, 
12% polyacrylamide SDS-polyacrylamide gel 
analysis of purified Mtsl/Mts2 heterodimer 
protein. (B) Autoradiograph of labeled RNA 
obtained from Mtsl/Mts2 protein fraction- 
ated on a 6% urea-polyacrylamide gel. The 
210-nucleotide band was excised as indicated. 
(C) Autoradiograph of ligation products ana- 
lyzed on 6% urea-polyacrylamide gel. (Lane 
1) Boiled ~X174 HaeIII markers; (lane 2) 
linker reaction; (lane 3) linker plus RNA reac- 
tion. The linkers and RNA were radioactively 
labeled to an equivalent level. (D) Ethidium 
bromide-stained, 3% agarose gel of PCR reac- 
tion products. (Lane 1) ~X174 HaeIII markers; 
(lane 2) linker reaction; (lane 3) linker reac- 
tion digested with BamHI; (lane 4) linker plus 
RNA reaction; (lane 5) linker plus RNA reac- 
tion digested with BamHI. Arrow indicates po- 
sition of PCR product of expected size. (E) Au- 
toradiograph of PCR reaction products 
fractionated on 6% polyacrylamide urea- 
polyacrylamide gel. Samples were identical to 
D. 

reaction (Fig. 3C, lane 3). Third, diffuse 
bands of - 1 ,  2, and 3 RNA molecules in 
length appeared, confirming that the 
RNA ligase was able to ligate the RNA 
molecules (Fig. 3C, lane 3). Fourth, the 

diffuse bands all migrated more slowly 
than predicted by the sum of their RNA 
lengths, suggesting that each monomer ,  
dimer, or trimer of RNA had a variable 
number  of 12-nucleotide BamHI linkers 
ligated at each end. Thus, the RNA ligase 
reaction successfully coupled the ssDNA 
BamHI linkers to the RNA, and there 
were on average - t h r e e  to five linkers 
per RNA end. 

To the heat-inactivated ligation reac- 
tions were added 250 pmoles of addi- 
tional BamHI linker (partially labeled, 
100,000 cpm per reaction, boiled and 
quenched on ice prior to addition) and 
other components  required for reverse 
transcription. After incubation, the first- 
strand cDNA mixtures were immediately 
used for PCR amplification. 

Because the 12-nucleotide BamHI 
linkers had a predicted ~ls~ Tm=44~ a 
low temperature was used for primer an- 
nealing and primary extension, followed 
by a higher temperature for secondary 
extension. All thermal ramps were as 
rapid as possible. PCR consisted of 35 cy- 
cles of 95~ for 30 sec, 37~ for 60 sec to 
allow primer annealing and primary ex- 
tension, 72~ for 30 sec for complete ex- 
tension. The final 72~ step was for 15 
min to maximize full-length product for- 
mation.  The PCR products were ex- 
tracted with phenol/chloroform, ethanol 
precipitated, and resuspended in TE. 
Half of each PCR product was digested 
with BamHI. 

When run on an ethidium bromide- 
stained agarose gel, no detectable prod- 
uct was observed in the reaction with 
linkers alone (Fig. 3D, lanes 2,3). Thus, 
despite using short, palindromic, 100% 
complementary  primers, there was little 
or no pr imer-d imer  or other PCR arti- 
facts. In the reaction with linkers and 
RNA, a discrete band of the expected size 
was observed, some slight size heteroge- 
neity was apparent, and no other dis- 
crete bands were observed (Fig. 3D, lane 
4). When  digested with BamHI, the po- 
sition and intensity of the ethidium bro- 
mide-stained band was not  significantly 
changed (Fig. 3D, lane 5). 

Similar results were obtained when 
the samples were fractionated on a na- 
tive 6% polyacrylamide gel and analyzed 
by autoradiography (Fig. 3E). In addi- 
tion, because most of the label in the 
PCR products was incorporated in the 5' 
phosphate  of the PCR primers, it was 
possible to analyze the nature of the 
ends and the completeness of the BamHI 

digestion. As expected, the majority of 
the label in the PCR product  was re- 
moved by BamHI digestion (Fig. 3E, lane 
5), even though ethidium bromide stain- 
ing revealed that the bulk of the DNA 
was resistant to BamHI digestion (Fig. 
3D, lane 5). Thus, it was clear that  the 
cDNA synthesis and PCR amplification 
were successful, that  the product  did not  
contain an internal BamHI site, and that  
the BamHI linkers were successfully 
cleaved in preparation for cloning. 

Analysis of cDNA Clones 

The BamHI-digested PCR product  was 
gel-purified and cloned into the BamHI 
site of the pBluescript II KS+ cloning 
vector (Stratagene). Transformants  with 
inactivated J3-galactosidase function 
were picked, and their plasmid cDNA in- 
sert sizes were determined by PCR anal- 
ysis using the T3 and T7 primers. As 
shown in Figure 4A, all putative clones 
contained inserts, and the insert sizes 
were heterogeneous and within the ex- 
pected size range. The size heterogeneity 
suggested that  there were multiple, inde- 
pendent  cDNA PCR products. 

Ten cDNA clones were chosen, and 
both strands of each were sequenced. A 
summary  of the cDNA sequence infor- 
mation is shown in Figure 4B. Three of 
the clones had exact sequence matches 
with each other  and with a segment of 
the S. pombe 25S rRNA gene, but  they 
had heterogeneous endpoints.  They 
were therefore multiple, independent  
isolates of the same or closely related 
fragments of 25S rRNA present in the 
210-nucleotide RNA band. One cDNA 
clone with an exact sequence match 
with part of E. coli insertion sequence IS5 
presumably arose from a con taminan t  of 
one of enzymes derived from E. coli used 
in the cloning strategy. Similarly, an- 
other insert had homology  to 126 bp of 
insertion sequence IS406, presumably 
also a contaminant .  The remaining five 
cDNA clones were independent  clones 
that  shared no significant homology  
with each other or with any sequence 
present in the GenBank and EMBL DNA 
data bases. These clones either were con- 
taminants  (like the IS5 and IS406 clones) 
or were derived from independent,  het- 
erogeneous RNA molecules associated 
with the Mtsl/Mts2 protein. 

DISCUSSION 

We have purified to near homogenei ty  a 
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B ~DNA 
4 

6 

214 

245 

Homology detected in blast search 

S. pombe 25S rRNA (Z19136) 
exact match positions 1196-1409 

none 

7 181 

9 248 

Insertion element IS5 (J01735) 
exact match positions 180-360 

none 

10 144 none 

11 255 none 

12 216 S. pombe 25S rRNA (Z19136) 
exact match positions 1194-1409 

13 243 Insertion element IS406 (M82979) 
internal match ~sit ions 5-131 

15 222 none 

1 7  2 ~  , . . . .  

.......... .... 427 
FIGURE 4 Analysis of cDNA clones. (A) Ethidium bromide-stained, 3% agarose gel analysis of 
cDNA clone inserts amplified by PCR. The amplified fragment contains 164 bp of vector between 
the T3 and T7 primers plus the cDNA insert. (Lane M) r HaelII markers; (lane V) vector 
alone; (lanes 4-17) cDNA clones. (B) Sequence analysis of cDNA clones. Homologies detected by 
a Blast search of DNA data bases at the National Center for Biotechnology Information are 
shown. 

heterodimeric protein, composed of 
polypeptide subunits Mtsl (70 kD) and 
Mts2 (28 kD) (Fig. 3A), that activates the 
ade6-M26 meiotic homologous recombi- 
nation hot spot in S. pombe. ~4~ In that 
study we showed that although the 
Mtsl/Mts2 heterodimer alone was com- 
petent for DNA binding, a third factor 
seemed to be associated with the het- 
erodimer. No good polypeptide candi- 
date for that third factor was identified, 
leading us to test the hypothesis that the 
third factor was nucleic acid. 

Although it is evident that RNA mol- 
ecules of -210  nucleotides in length 
(Fig. 1) are present in the purest protein 
preparations (Fig. 3A), it must be stressed 
that there is no direct evidence that 
those RNA molecules constitute a func- 
tional subunit of the recombination hot 
spot activating protein. It is clear, how- 
ever, that the RNA molecules must be 
tightly associated with the Mtsl/Mts2 
protein; five separate steps in the protein 
purification each would have fraction- 

ated free nucleic acids away from the 
Mtsl/Mts2 heterodimer. (4) 

To confirm or exclude a biological 
role for these or any other protein-asso- 
ciated RNAs, it is necessary to disrupt 
their genes and examine the resulting 
phenotypes. A prerequisite was the 
development of a means to clone low- 
abundance, partially degraded RNA mol- 
ecules of unknown sequence composi- 
tion. 

Demonstrated here is the utility of a 
simple and efficient means of cloning 
low-abundance, unknown RNA mole- 
cules. Because the RNA sequence was un- 
known, RNA ligase was used to add short 
pieces of DNA, 12-nucleotide BarnHI 
linkers, to the ends of the RNA to serve as 
priming sites for both reverse transcrip- 
tion and PCR. This procedure could also 
be used to ligate the linkers onto un- 
known ssDNA for direct PCR amplifica- 
tion. To clone unknown dsDNA one 
could either boil the substrate prior to 
ligation, or use DNA ligase to ligate an- 

nealed BamHI linkers to the ends of the 
dsDNA. In the latter case, it would be 
necessary to insure that the dsDNA was 
blunt-ended prior to the linker addition. 

One general rule for successful PCR is 
that the primers should be long enough 
to have a Tm of 55-80~ and they should 
have approximately a 50-60% G:C con- 
tent. (is) These criteria reduce the likeli- 
hood of spurious primer annealing and 
artifactual PCR product formation. That 
rule was broken: 12-nucleotide, com- 
mercially available BamHI linkers with a 
Tm of 44~ were used as the primers. De- 
spite their short length, low melting 
temperature, and an 83% G:C content, 
no spurious amplification products were 
observed in either the control or experi- 
mental reactions (Figs. 3D,E). 

A second general rule for successful 
PCR is that the primers should not be 
palindromic. (is) This is to prevent hair- 
pin formation that could lead to spuri- 
ous priming or could block the anneal- 
ing of primers to template. For the sake 
of simplicity, that rule was also broken: 
100% palindromic BamHI linkers were 
chosen so that the same molecules could 
provide both the priming sites and the 
primers. This strategy worked, presum- 
ably because the hairpin Tm was 22~ 
the annealing temperature was 37~ 
and the nonhairpin primer Tm was 44~ 
This suggests that any 100% palindromic 
oligonucleotide could be used for this 
strategy as long as the primer annealing 
temperature used is between the hairpin 
melting temperature and the nonhairpin 
melting temperature. One could, for ex- 
ample, use longer palindromic linkers 
that contain several different restriction 
sites. Thus, if the PCR cDNA product 
contained one of those restriction en- 
zyme sites internally, one of the other 
restriction sites could be used for clon- 
ing. 

A third general rule for successful PCR 
is to use noncomplementary primer 
pairs, because primer-primer annealing 
could compete substantially with 
primer-template annealing. (is) That rule 
was broken by using primers that were 
100% complementary. Although some 
competition may have occurred, suffi- 
cient product was formed to allow each 
reaction to be analyzed several times on 
ethidium bromide-stained gels (Fig. 3D, 
lanes 4,5) and to provide material for 
cloning. 

Of the 10 cDNA clones that were se- 
quenced, 5 matched known sequences 
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in DNA sequence data bases. Because 
three of those clones were from nearly 
identical fragments of 25S rRNA from S. 
pombe, differing only by their endpoint  
positions, the cloning strategy was 
judged to be successful; multiple inde- 
pendent  isolates of the same sequence 
were obtained. The discrete 210-nucle- 
otides RNA band associated with the 
Mtsl/Mts2 protein is therefore partially 
composed of this small 25S rRNA frag- 
ment. The cloning of IS5 and IS406 ele- 
ments from E. coli, however, urges cau- 
tion. Presumably, these elements 
entered the amplification as contami- 
nants of one of the enzymes used or 
from contaminat ion  during manipula-  
tion of samples. Thus, as with all PCR 
strategies, fastidiousness and cleanliness 
are requisites for success. 

Although the 210-nucleotide RNA 
molecules were initially candidates for 
the third subunit  of the recombinat ion 
hot spot activating protein, this seems 
unlikely. In addition to the three 25S 
rRNA fragments, five independent  novel 
clones were also obtained. Thus, it seems 
that a heterogenous collection of small 
RNA molecules copurified 40,000-fold 
with the Mtsl/Mts2 protein. Further- 
more, a number  of other  experiments 
(such as analyzing the effect of treating 
the protein wi th  RNase and assaying 
M26 DNA-binding activity) have failed 
to demonstrate  a necessary role for the 
RNA in the protein 's  interaction with the 
M26 site. (16) Another  S. pombe DNA- 
binding protein tha t  was purified 600- 
fold using similar procedures (17) did not  
contain any detectable nucleic acid. (18) It 
is inferred that  there were tight but  non- 
specific binding interactions between 
the Mtsl/Mts2 heterodimer and frag- 
mented RNA molecules present at the 
initial steps of protein purification. Be- 
cause rRNA is abundant  in cells, it is not  
surprising that  30% of the clones were 
derived from 25S rRNA. 

In conclusion, a PCR-based strategy 
was developed to enable cloning of un- 
known RNA molecules that  were found 
associated with the MtsI/Mts2 het- 
erodimeric recombinat ion hot  spot acti- 
vating protein. This cloning strategy 
could be applied to the cloning of any 
unknown RNA (or DNA) molecules. 
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