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ABSTRACT An oligonucleotide hybridization procedure
has been developed that eliminates the preferential melting of
A'T versus G C base pairs, allowing the stringency of the
hybridization to be controlled as a function of probe length
only. This technique, which uses tetramethylammonium chlo-
ride, is especially helpful whenever a highly complex library is
screened with a pool of oligonucleotide probes, which usually
vary widely in base composition. The procedure can also be
applied advantageously whenever an exact match to an oligo-
nucleotide probe is desired, such as in screening for clones
having as little as a single-base alteration generated by in vitro
mutagenesis.

Short oligonucleotide probes [range, 14-20 base pairs (bp)]
are commonly used to screen libraries of cloned DNA for
genes of interest (1-3). Typically, these probes are pools
representing all possible codon choices for a short amino
acid sequence. Although this method has been successful,
there is considerable uncertainty in the hybridization condi-
tions because the binding of the oligonucleotides depends on
two factors: (i) the length of the hybrid formed and (ii) the
G-C content of the probe. Empirically determined formulas
allow for estimation of the oligonucleotide dissociation tem-
perature (Td) (4); however, these methods can be unsatisfac-
tory when screening with pools of oligonucleotides. Al-
though the length of the probes in the pool is constant, the
individual probes differ considerably in G-C content, making
suitably stringent and selective hybridization conditions
difficult to find for all members of the pool. Thus, a large
number of false positives can occur when screening highly
complex libraries for genes of low abundance.
We describe here the use of tetramethylammonium chlo-

ride (Me4NCl) in the hybridization of oligonucleotide probes
to eliminate the dependence of Td on the G-C content of the
probe, reducing the problem to a simple dependence on
length of the hybrid. Tetraalkylammonium salts were found
some years ago to bind to A+T-rich polymers of DNA (5)
and have been used to abolish the preferential melting of A-T
versus G-C base pairs for fragments of DNA (6). Me4NCl
binds selectively to A-T base pairs, thus displacing the
dissociation equilibrium and raising the melting temperature.
At 3.0 M Me4NCl, this displacement is sufficient to shift the
melting temperature of A-T base pairs to that of G-C base
pairs (6). For the melting of long DNA, this shift results in a
remarkable sharpening of the melting profile. Natural DNAs
that melt over a range of 5 to 10°C in the presence of Na+
melt within 1°C in Me4NCl (6-8). The data presented here
show the utility of hybridizations with Me4NCl when oligo-

nucleotide probes are used. The Td values of probes from 11
to >1000 bp have been determined so that hybridization
conditions for probes of various lengths can be chosen
easily. This method is applicable to a variety of circum-
stances in which an exact match to a probe is desired.

METHODS
DNA Synthesis, Binding, and Labeling. In this procedure,

nitrocellulose filters are used routinely with DNA spotted
directly or bound (9) from bacteriophage X or M13 plaques or
from plasmid-containing bacterial colonies. Filters removed
from bacteriophage or bacterial colony plates are treated
with 0.5 M NaOH/1 M NaCl, which is neutralized with 1 M
Tris-HCl, pH 7.5/1.5 M NaCl. DNA spots are made by
denaturing the sample with 0.3 M NaOH, neutralizing with
0.6 M Tris-HCI, pH 7.4/1.5 M NaCl, and immediately
spotting on nitrocellulose filters previously soaked in 3.0 M
NaCl/0.3 M Na citrate (20x NaCl/Cit) and dried. The
DNA-containing filters are baked for 2 hr at 60-80'C in a
vacuum oven. Oligonucleotide probe pools were synthesized
from trimers by the triester method (10). Pools 9.3 and 9.4
were end-labeled with T4 polynucleotide kinase and [y-
32P]ATP (9).

Hybridization and Me4NCl Wash Procedure. In this proce-
dure, an initial nonstringent hybridization with radiolabeled
probe is followed by washing with 3.0 M Me4NCl to control
the stringency of the hybridization. The filters are prehybrid-
ized in 6x NaCl/Cit/50 mM sodium phosphate, pH 6.8/5x
Denhardt's solution (1 x Denhardt's solution is albu-
min/polyvinylpyrrolidone/Ficoll, each at 0.2 mg/ml) con-
taining boiled sonicated salmon sperm DNA at 0.1 mg/ml for
4-16 hr at 37°C. The filters are hybridized overnight at 37°C
in the same solution plus dextran sulfate at 100 mg/ml and
the pool of end-labeled oligonucleotide probes (each at 180
pM; 560,000-1,680,000 cpm/pmol) (11). [For a 17-mer probe
this is 1 ,ug/liter (100-300 cpm/pg). For a pool of 16 probes,
the probe concentration is 16 ,ug/liter.] The filters are rinsed
three times with 6x NaCl/Cit at 4°C and washed twice for
30 min with 6x NaCl/Cit at 4°C. The filters are then rinsed
with the Me4NCl wash solution at 37°C to remove the
NaCl/Cit [the NaCl/Cit must be substantially removed
because Na+ will compete for Me4N' binding (12)] and
washed twice for 20 min with the Me4NCl wash solution at
the desired temperature. In screening experiments, we typi-
cally use a temperature 2-4°C below the Td shown in Fig. 3.
The wash temperature needs to be well controlled (±1°C);
suitable heat exchange can be obtained only in a shaking or
circulating water bath. The Me4NCl wash solution is 3.0 M

Abbreviations: bp, base pair(s); Td, dissociation temperature;
Me4N', tetramethylammonium ion; Et4Nl, tetraethylammonium
ion; NaCl/Cit, 0.15 M NaCl/0.015 M Na citrate.
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Me4NCl/50 mM Tris HCl, pH 8.0/2 mM EDTA containing
NaDodSO4 at 1 mg/ml. Me4NCl is purchased from Aldrich
and made up as a nominal 5 M stock solution. Since Me4NCl
is hydroscopic, the actual molar concentration (c) is deter-
mined from the refractive index (,q) by the formula c = (71
- 1.331)/0.018 (12). The concentration needs to be fairly
precise since the Td varies with the Me4NCl concentration
(6).
The prehybridization and hybridization described above

are used for oligomers in the range 14-S50 nucleotides. For
shorter oligonucleotides, a room temperature hybridization
is preferable. For oligonucleotides of - 50 nucleotides, the
prehybridization and hybridization are as above except that
formamide at 400 ml/liter is included at 370C. In the range
46-75 bp, we have compared hybridization with and without
formamide; the two give equal results. Nitrocellulose filters
become fragile in washes at 850C and above. If frequent use
is made of high-temperature washes, it is possible to use 2.4
M tetraethylammonium chloride (Et4NCl) rather than 3.0 M
Me4NCl. Et4NCl has the same desirable effect on DNA
melting as Me4NCl [at least with long DNA (6, 7)], but the
entire melting profile is shifted 330C lower. Although with
Et4NCl the melting temperature of short oligonucleotides is
inconvenient (below room temperature), it could be useful
for 50- to 200-bp probes.

RESULTS AND DISCUSSION
The results of hybridization and melting of four oligonucleo-
tide probes in the commonly used 6x NaCl/Cit system (1, 2,
11, 13) are compared with those in 3.0 M Me4NCl in Fig. 1.
These probes are 17-mers, and their hybridization is deter-
mined by the stretch of contiguous match, the hybridizing
length, rather than by the percentage homology because
even a single internal mismatch in probes of this length
lowers the Td by 5-10°C (refs. 11 and 13; unpublished

observations). A series of DNA spots was hybridized under
nonstringent conditions and washed at temperature intervals
of 2 or 3°C. As shown in Fig. 1A, the melting in 6x NaCl/Cit
does not depend linearly on the hybridizing length. In
particular, the probe with the 13-bp hybridizing region melts
some 5°C higher than the 15-bp probe and at about the same
temperature as the 16-bp probe. This is because the probe
with the 13-bp hybridizing region is 69% G-C while the 15-
and 16-bp probes are 40 and 44% G-C. These melting results
in 6x NaCl/Cit contrast with those in 3.0 M Me4NCl (Fig.
1B) in which the probes melt according to their hybridizing
length. These results illustrate that the preferential melting
of A-T base pairs is abolished in oligonucleotide hybridiza-
tions in 3.0 M Me4NCl, as previously shown for long DNA
(6). The Td values derived from the data in Fig. 1 are plotted
as a function of hybridizing length in Fig. 2.
To extend the utility of the method over a wide range of

probe lengths, the Td values in 3.0 M Me4NCl were deter-
mined as a function of length for 18- to 1374-bp restriction
fragments of pBR322. These fragments were end-labeled,
hybridized to a series of pBR322 DNA dots, and washed at
various temperatures with 3.0 M Me4NCl. The Td, length,
and G-C content of these fragments are shown in Table 1.
When plotted as a function of length, the Td values lie on a
smooth curve from 45 to 93°C in spite of the widely varying
G-C content (31-66%) of the probes (Fig. 3). This further
demonstrates the lack of dependence of the Td on the G-C
content. The Td is essentially independent of length above
200 bp, and the limiting Td of 93°C agrees with that reported
for long DNA (6, 7). From either Fig. 3 or Table 1 one can
determine the hybridization wash temperature so that the
stringency can be based solely on the probe length.
The utility of hybridization in Me4NCl is perhaps best

illustrated by the following example based on our own
experience: A pool of sixteen 17-mers representing all pos-
sible codons for the protein sequence Glu-Cys-Trp-Cys-Gln-
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FIG. 1. Hybridization of oligonucleotides of various hybridizing lengths washed in 6x NaCl/Cit or 3.0 M Me4NCl at increasing
temperatures. Spots containing 125-250 ng of bacteriophage X20a or X21a DNA were made on nitrocellulose membranes, and these DNA spots

were hybridized to 32P-labeled probe pools 9.3 or 9.4. Pool 9.3 contains sixteen 17-mer probes of the sequence 5' G-C-C-T-G-AC-A-C-C-A-
AC C C A C ~~~~~~~~~~~~~~TG

G C-A-T-T-C. Pool 9.4 contains sixteen 17-mers with the sequence 5' T-A-T-T-G-T-T-T-C-C-A-GA-A- -T-C. X20a and X21a are clones

isolated from a bovine genomic library (14) by conventional hybridization with 6x NaCl/Cit washes to pools 9.3 and 9.4 (unpublished data).
Pool 9.3 has a contiguous match of 11 bp to X21a, A-C-T-T-G-A-C-A-C-C-A-A-A-C-T -C-A (the nucleotides in italic type are those of the X21a
sequence that match the probe), and a contiguous match of 13 bp to X20a, G-C-T-T-G-G-C-A-C-C-A-G-C-T-T -G-C. Pool 9.4 has a 15-bp match
to X21a, T -G-T-T-G-C-T-T-C-C-A-G-A-A-T-T-C, and a 16-bp match to A20a, A-A-C-T-G-C-T-T-C-C-A-A-A-A-C-T-C. Duplicate hybridized spots
were washed at the indicated temperatures in 6x NaCl/Cit containing NaDodSO4 at 1 g/liter twice for 10 min (A) or in 3.0 M Me4NCl (B) as
described in Methods. Spots are shown after autoradiography overnight at -70°C with DuPont Lightning Plus intensifying screens.
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FIG. 2. Td of oligonucleotide probes as a function of hybridizing
length in 6x NaCi/Cit (o) or 3.0 M Me4NCl (0). Td values were
determined visually from the data in Fig. 1 as the temperature at
which half the intensity remained and plotted as a function of
hybridizing length. Td values are used rather than melting tempera-
ture (Tm.) values, which are determined under conditions of thermo-
dynamic equilibrium.

Ala was synthesized (probe 9.3; see Fig. 1). This pool
consists of oligonucleotides ranging in G-C content from 47
to 71%. In 6x NaCl/Cit, a temperature that allows hybridi-
zation of the probe having the lowest G-C content will also
allow hybridization of regions as short as 12 or 13 bp in the
probes having the highest G-C contents. When screening a
highly complex library, such as those derived from mam-
malian genomes, this can lead to a large number of false
positives. The expected number of hybridizing sequences
per haploid genome at random, N, is approximately

N= C(2)(n - h + 1)(p)/4h,

where C = complexity of the genome in bp, n = probe
length, h = contiguous hybridization match, and p = pool
size (see Appendix for derivation). Thus, for a pool of

Table 1. Probe G-C content and Td in 3.0 M Me4NCl
Hybridizing

length,
bp
11
13
15
16
18
27
31
36
46

75/78
91
105
207
317
665
1374

G-C
content,

45
69
40
44
44
63
58
53
54

48/42
66
31
55
65
46
55

Td in 3.0
Me4NCI,

OC

44-45
47

49-50
53-54
57-58
70-71
74 (76)

77
82-83
87-88
88-89
88-89
94-95
94-95
93

93-94

FIG. 3. Td in 3.0 M Me4NCl as a function of probe length. A
series of pBR322 DNA spots was made on nitrocellulose mem-
branes, and these were hybridized and washed with 3.0 M Me4NCl.
Washes of the duplicate spots were carried out at 3YC intervals.
Hybridization probes of various lengths were made by cutting
pBR322 DNA with Sau3AI, treating with alkaline phosphase, label-
ing with T4 polynucleotide kinase and [y-32P]ATP, and isolating the
labeled fragments from a polyacrylamide gel (9). These double-
strand probes were boiled before hybridization. From an autoradi-
ogram of the hybridized spots (analogous to that shown in Fig. 1), a
Td was determined and plotted for each fragment (o). Also shown
are melting data in Me4NCl from Fig. 2 (A).

sixteen 17-mers where matches as short as 13 are allowed (C
= 3.3 x 109, n = 17, h = 13, p = 16), the expected number
of clones at random is 8000. These clones represent a large
number of false positives. However, with Me4NCl, a hy-
bridization temperature can be selected in which only 17-
and perhaps some 16-bp matches are allowed (52-540C). In
this case, the expected number of random clones is only 6 (or
49 for 16-bp matches), a number small enough to be searched
through for the correct clone by DNA sequence analysis or
by a precise melting in Me4NCl as described below. As noted
in the Appendix, the application of the formula for N to
hybridization in 6x NaCl/Cit is not quite correct because all
matches of length 13 (not just those of high G-C content) are
counted. Thus, perhaps only 1000-4000 positives would be
found with 6x NaCl/Cit hybridization. In any event, the
number of false positives due to probes of high G-C content
can be reduced significantly by using Me4NCl.

In addition to screening highly complex libraries, the
Me4NCl procedure may be adapted advantageously in a
variety of other situations. For example, it can be used to
select the best candidates for DNA sequencing. If a number
of candidate clones have been obtained, those that match the
probe most closely can be found by plating out replicas of
the clone or spotting the DNA, hybridizing to an oligo-
nucleotide probe, and washing with 3.0 M Me4NCl at
increasing temperature in the manner of Fig. 1. We have
used six duplicate spots of the DNA and washed at 20C
intervals to find the clones that match the probe exactly,
thus eliminating unnecessary DNA sequencing. In this way,
the match with the probe can be determined to ± 1 bp in the
14- to 20-nucleotide range. This technique can be especially
precise if standards of known hybridizing length are included
at the same time. Another application of this method has
been in screening of M13 clones that had been mutagenized
in vitro (15). In this procedure, a 20-mer having one or more
centrally located base changes is synthesized and used to
generate M13 plaques that are screened for an exact match

0

44]_

C)

40

Length, bp

Probes having hybridizing lengths of 11-16 bp are described in the
legend to Fig. 1. Those 18-1374 bp long are Sau3AI fragments of
pBR322.
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with the same oligonucleotide as the probe. Since even a
single-base-pair internal mismatch decreases the Td of the
hybrid 5 to 100C (11, 13), the correct mutant can be found by
screening in Me4NCl, using the wash conditions shown in
Fig. 3. Furthermore, for different oligonucleotides, empirical
determination of a suitable wash temperature is unneces-
sary. Finally, the method can be used to select one particular
gene out of a closely related gene family. For example, a
clone for the y subunit of mouse nerve growth factor was
selected from a family of closely related kallikrein-like
cDNA clones by hybridization in Me4NCl (16). In this case,
the probe was a pool of thirty-two 14-mers based on protein
sequence data.

In summary, hybridization in Me4NCl is useful whenever
an exact match with an oligonucleotide probe is desired.
This method is being used routinely for oligonucleotide
hybridization to bacteriophage X or M13 plaques, plasmid-
containing bacterial colonies, and DNA spots. While we
have not yet used the procedure for genomic blot hybridiza-
tion with oligonucleotide probes, it should be useful in
detecting single-base mismatches in hybridizations to
genomic DNA (17). Here again, the hybridization conditions
would not need to be determined empirically.

APPENDIX
Derivation of N, the Approximate Number of Sequence

Matches Expected per Haploid Genome at Random. Let C =
complexity of the genome in bp, n = probe length, h =
contiguous hybridizing length, and p = pool size; then,
considering the genome as random sequence, N = C(2)f,
where f is the frequency of some sequence at random. The
frequency times the number of bp, C, times 2 (the sequence
of interest could be on either strand) is N, the number of
sequence matches. The frequency of a particular sequence
of length n, where every nucleotide matches, is 1/4". If only
h contiguous bp of a probe of length n match, then the
frequency of sequence match is 1/4h times the number of
contiguous length h matches in the probe. For n = 17 and h
= 15, the number of contiguous matches is (n - h + 1) = 3.
Thus, for a single probe of length n, where contiguous
matches of length h are allowed, the frequency of a sequence
match is (n - h + 1)/4h. If a pool of p such probes is used,
thenf = p(n - h +1)/4h and N = C(2)(n - h + 1)p/4h.
The expected number of clones at random, N, given by

this formula is about the number we have found in screening
a bovine genomic library by using probe pools 9.3 and 9.4
(Fig. 1). We screened 750,000 plaques of a library represent-
ing 3.5 haploid genomes with 3.0 M Me4NCl washes at 50°C
and found 80 and 130 positives per haploid genome for the
two pools. For these conditions, we would expect 16- and
17-bp matches with perhaps some matches as short as 15 bp.
For C = 3.3 X 109, n = 17, p = 16, and h = 16 or 15, the
formula gives N = 49-295 expected random positives, ap-
proximately the number found. Application of this formula,
based on the contiguous match, is especially appropriate for
hybridizations in Me4NCl where the match length can be
controlled. Use of the formula with hybridization in 6x
NaCl/Cit is less exact because the number of hybridizing
sequences in a pool is affected by the GC content.

This formula can also be used to estimate the number of
random matches to be found in cDNA or other libraries. For

this purpose, C can be set to the total number of bp screened
(assuming the clones are independent), and the number of
hybridizing clones expected at random can be calculated.
Clearly, this will overestimate the number of randomly
hybridizing clones for most cDNA libraries because some
clones are represented many times. However, it can still be
used to obtain a rough approximation of what to expect for
a particular sized library, oligonucleotide probe, and hybridi-
zation stringency.

Note Added in Proof. Recently we have successfully used the
Me4NCl procedure for genomic blot hybridization. The frequency in
the population of a single base polymorphism in the factor VIII gene
(18) was determined by the hybridization of duplicate lanes of
human DNA to two 21-mer probes that differ only at a single central
residue. Wash conditions based on Fig. 3 (58°C) revealed a single
band with no lane-specific background and clearly showed that 7 of
11 individual DNAs have one sequence while the remaining 4 have
the other.
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