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ABSTRACT The rate of renaturation for complementary
DNA strands can be enhanced >104-fold by the addition of
simple cationic detergents, and the reaction is qualitatively and
quantitatively very similar to that found with purified heter-
ogeneous nuclear ribonucleoprotein Al protein. Under optimal
conditions, renaturation rates are >2000-fold faster than re-
actions run in 1 M NaCI at 68°(. The reaction is second-order
with respect to DNA concentration, and reaction rates ap-
proach or equal the rate with which complementary strands are
expected to encounter each other in solution. Renaturation can
even be observed well above the expected melting temperature
of the duplex DNA, demonstrating that some cationic deter-
gents have DNA double-helix-stab g properties. The reac-
tion is also extremely rapid in the presence of up to a l06-fold
excess of noncomplementary sequences, establishing that re-
naturation is specific and relatively independent of heterolo-
gous DNA. This finding also implies that up to several thousand
potential target sequences can be sampled per strand per
second. Such reagents may be useful for procedures that
require rapid nucleic acid renaturation, and these results
suggest ways to identify and design other compounds that
increase the kinetics of association reactions. Moreover, this
work provides further support for a model relating the exis-
tence of flexible, weakly interacting, repeating domains to their
function in rapid molecular assembly processes in vitro and in
vivo.

The renaturation of nucleic acid strands is of fundamental
importance in biological processes such as genetic recombi-
nation and repair (1, 2). In addition, the ability to renature
complementary DNA strands in vitro (3-5) has become a
widely used tool for the identification and analysis of specific
nucleic acid sequences (6-15). For these and other reasons,
considerable effort has gone towards understanding the
mechanism of nucleic acid renaturation, as well as towards
finding conditions where the rate of renaturation is enhanced
(16-21).

Recently, we and others demonstrated that the Al protein
of heterogeneous nuclear ribonucleoprotein (hnRNP) can
rapidly renature complementary strands of both DNA and
RNA (refs. 22 and 23; X. Dong and S. Munroe, personal
communication). This unanticipated property of Al was
accounted for by its ability to bind to nucleic acid strands and
present flexible, weakly interacting domains with a repeating
structure (22). This model predicts that other molecules
possessing flexible domains containing, for example, repeat-
ing hydrophobic residues, will also substantially increase the
rate of nucleic acid renaturation when they are bound to
complementary sequences. To test this hypothesis, as well as
to identify readily available compounds that could be used to

accelerate nucleic acid renaturation, we investigated the
properties of two simple cationic detergents, dodecyl- and
cetyltrimethylammonium bromide (DTAB and CTAB).
DTAB and CTAB are variants of the quaternary amine

tetramethylammonium bromide (TMAB) in which one of the
methyl groups is replaced by either a 12-carbon (DTAB) or a
16-carbon (CTAB) alkyl group. TMAB is the bromide salt of
the tetramethylammonium ion, a reagent used in nucleic acid
renaturation experiments to decrease the G-C-content bias of
the melting temperature (24, 25). DTAB and CTAB are
similar in structure to sodium dodecyl sulfate (SDS), with the
replacement of the negatively charged sulfate of SDS by a
positively charged quaternary amine. While SDS is com-
monly used in hybridization buffers to reduce nonspecific
binding and inhibit nucleases, it does not greatly affect the
rate of renaturation.

This paper shows that DNA renaturation can be enhanced
>104-fold by the cationic detergents DTAB and CTAB. The
renaturation reactions are second-order with respect to DNA
concentration, and the rate constants are consistent with a
mechanism that is limited by the rate at which the comple-
mentary strands encounter each other in solution. For
CTAB, the reaction rate is maximal at around 750C, although
renaturation can be observed even at temperatures well
above the melting temperature expected for the double-
stranded DNA in the absence of detergent. Renaturation is
relatively insensitive to detergent and heterologous DNA
concentrations over several orders of magnitude. These
results indicate that cationic detergents may be useful as
reagents to promote rapid nucleic acid renaturation. In ad-
dition, our results support a mechanism, initially postulated
for Al hnRNP protein (22), that may be relevant to the
general problem of how rapid and specific molecular assem-
bly can be achieved.

MATERIALS AND METHODS
DNA Substrates. A 124-nucleotide 32P-labeled DNA frag-

ment, which served as the substrate for the renaturation
reactions, was prepared as described (22). Other DNA sub-
strates (for Fig. 5) were similarly prepared from various
restriction fragments of plasmid pSV2gpt (26). DNA concen-
trations are expressed in nucleotides.

Reagents. DTAB, CTAB, TMAB, and salmon sperm DNA
were purchased from Sigma.

Renaturation Reaction Conditions. Unless otherwise noted,
detergent-mediated reactions were carried out in 10 ,ul of 10
mM Tris'HCl (pH 7.5) containing 1 mM EDTA, 1 nM
32P-labeled DNA substrate, and NaCl as indicated. With the

Abbreviations: DTAB, dodecyltrimethylammonium bromide;
CTAB, cetyltrimethylammonium bromide; TMAB, tetramethylam-
monium bromide; hnRNP, heterogeneous nuclear ribonucleopro-
tein.
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exception ofthe NaCl and cationic detergent, all components
were mixed, incubated at 950C for 5 min, and then rapidly
chilled in ice water to generate single strands. NaCl was
added, and the mixtures were preincubated at the appropriate
temperature for 2 min before the addition of detergent.
Reactions were stopped with SDS by the addition of 30 Al of
10 mM Tris, pH 7.5/1 mM EDTA/0.1% SDS/3% glycerol/
0.03% bromophenol blue. For Figs. 1-3, the stop buffer also
included 100 mM NaCl. After termination, the reaction
mixtures were incubated for 1 min at 750C, cooled to room
temperature, extracted with phenol/chloroform, 1:1 (wt/
vol), to remove the detergent, and electrophoresed in poly-
acrylamide gels under nondenaturing conditions to separate
the single-stranded and double-stranded forms of the sub-
strate DNA. Comparable results were obtained when reac-
tions were stopped without including the phenol/chloroform
extraction (data not shown). Gels were then vacuum-dried
and subjected to autoradiography, and the amount ofDNA in
each band was quantitated by densitometry. Reactions car-
ried out in the presence of monovalent cation alone were
performed as described (22), using 100 nM DNA substrate.

RESULTS
The detergent-mediated renaturation reactions proceed to
completion following second-order kinetics. Thus, a plot of
the natural logarithms of the initial half-times of renaturation
against the natural logarithms of the initial DNA concentra-
tions (in nucleotides) in the presence of either 1 mM DTAB
or 1 mM CTAB yields a line whose slope is -1.0 (Fig. 1). The
second-order rate constants for renaturation of the DNA
substrate were determined in the presence ofDTAB, CTAB,
1 M TMAB, and in the absence of detergent. The rate
constant for CTAB at 680C is 2.5 x 107 M-1lsec-1, which is
about 5 times greater than the rate constant for DTAB. This
rate is >10'-fold faster than reactions run under similar
conditions in the absence of detergent and about 700-fold
faster than reactions run in 1 M TMAB (Fig. 1) or 1 M NaCl
(22). Interestingly, the second-order rate constant for Al
hnRNP protein-mediated renaturation reactions at 600C is 107
M-l sec1 (22), demonstrating that the renaturation proper-
ties for DTAB, CTAB, and Al are similar both qualitatively
and quantitatively.
The dependence of the renaturation kinetics on the con-

centration of DTAB, CTAB, and TMAB is shown in Fig. 2
(Because the rate constants and concentrations being com-
pared differ greatly, data in Figs. 2-4 are plotted on loga-
rithmic or semilogarithmic scales.) In reactions performed in
the absence of detergent, the second-order renaturation rate
constant is around 700 M-l sec' (dashed line). The concen-
trations at which DTAB and CTAB promote renaturation are
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FIG. 2. Rates ofDTAB (o)-, CTAB (i)-, andTMAB (2)-mediated
renaturation as a function of the detergent or cation concentration.
Reactions were performed as described in Fig. 1. The dashed line
indicates the kinetics of the uncatalyzed reaction.

in the micromolar range, and their activities are near maximal
at about 0.1-1 mM. CTAB is about 5 times more effective
than DTAB at all concentrations tested. In contrast, TMAB
does not begin to promote renaturation until its concentration
reaches 10-100 mM (NaCl was included in all reaction
mixtures at 50 mM), and a maximum is reached at about 1 M.
The behavior of TMAB in this respect is similar to that of
other monovalent cations and demonstrates the importance
of the carboxyl tail of DTAB and CTAB in promoting
renaturation. These results indicate that relatively small
quantities of detergent are sufficient to facilitate renaturation
and that excess detergent in solution does not profoundly
alter the renaturation kinetics. These results resemble those
found with Al hnRNP protein (22) and are in striking contrast
to the much higher concentration of phenol (20), simple
monovalent cation (16), or standard volume-excluding agent
such as PEG (19) or dextran sulfate (27) required to promote
renaturation. Because both detergents have renaturation
activity at concentrations well below their critical micelle
concentrations and because they promote renaturation at
similar concentrations even though the critical micelle con-
centration for CTAB is lower than it is for DTAB (28), these
results also indicate that the presence of micelles in solution
is not required for renaturation.
The rate ofrenaturation for CTAB and TMAB as a function

of temperature is shown in Fig. 3. The presence of 1 mM
CTAB enhances renaturation over a broad range of temper-
atures and roughly parallels the effects of 1 M TMAB, with
the exception that the CTAB-mediated reactions are about
500-fold faster. This is surprising, as the melting temperature
for the DNA substrate under the same conditions in the
absence of CTAB is 780C (data not shown). This indicates
that even 1 mM CTAB is strongly helix-stabilizing and
suggests that CTAB may shield DNA phosphate charges or
bind more tightly to duplex than to single-stranded DNA.
These results indicate that a helix-destabilizing property is
not required for the renaturation activity of CTAB, in con-
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FIG. 1. Kinetics of uncatalyzed, 1 mM DTAB (E)-, 1 mM CTAB
(-)-, and 1 M TMAB-mediated renaturation. Reactions were per-
formed at 680C in 50 mM NaCJ as described in Materials and
Methods. Second-order association rate constants in M-l sec1 were
calculated by using the equation k2 = C~l 1/2.

CTAB

TMAB -I

40 60 8o 0o0
Temperature, 0C

FIG. 3. CTAB-mediated renaturation as a function of tempera-
ture. Reactions with 1 mM CTAB (n) and 1 M TMAB (0) were
performed as in Fig. 1.
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trast to what has been proposed for the Escherichia coli SSB
and phage T4 gene 32 proteins, where helix-destabilizing
properties are believed to help mediate renaturation by
melting-out intrastrand secondary structures (29, 30).
We have examined the effects of increasing amounts of

noncomplementary, single-stranded salmon sperm DNA on
the ability ofCTAB to renature the 124-nucleotide-long DNA
strands (Fig. 4). These measurements were made in the
presence of 0.1, 1, or 10 mM CTAB and compared with
reactions run at 680C in 1 M NaCl. As expected (31), salmon
sperm DNA at concentrations of up to 1 mM in nucleotide
(300 gg/ml) has little effect on the kinetics of renaturation of
the 124-nucleotide substrate at 680C in 1 M NaCl. In contrast,
added salmon spermDNA affects the kinetics ofrenaturation
in the presence of CTAB, although the maximal rates of
renaturation for all CTAB concentrations tested are indistin-
guishable. With 0.1 mM CTAB, renaturation is stimulated
6-fold by the addition of 0.01 mM salmon sperm DNA and
then inhibited as additional DNA is added. With 1 mM
CTAB, a similar result is obtained, with inhibition occurring
only at higher salmon sperm DNA concentrations. When
reactions are run in 10 mM CTAB, reactions are somewhat
less effective in the absence of heterologous DNA. As more
salmon sperm DNA is added, renaturation is stimulated, and
then inhibited, and this inhibition occurs to the same extent
and at the same concentration of salmon sperm DNA as it
does for 1 mM CTAB. Salmon sperm DNA present at 1 mM
represents a 106-fold excess of nonhomologous DNA with
respect to the substrate strands, which are present at 1 nM.
A k2 of 8 x 107 M-1'sec-1 for renaturation in the presence of
1 mM CTAB, 1 nM labeled substrate DNA, and 0.1 mM
salmon sperm DNA represents a half-time for renaturation of
12 sec. These results demonstrate that renaturation between
strands is sequence-specific and that a large number of
potential target sequences can be sampled in a short period
of time.

Fig. 5 shows that the relative rate of CTAB-mediated
renaturation, when compared with standard conditions
(68°C, 1 M NaCl), varies with the DNA strand length. Under
these conditions, CTAB is most effective in promoting the
renaturation of short strands. As the lengths of the DNA
strands increase, the relative enhancement is reduced from
around 300-fold (124-nucleotide strands) to around 20-fold
(1800-nucleotide strands), although the extent of these dif-
ferences is a function of the temperature and NaCl concen-
tration (unpublished results). At 68°C in 1 M NaCl, the
second-order rate constant (when measured in moles of
nucleotide) decreases with the square root of the strand
length (when strands do not contain repeated sequences) (16).
These results indicate that the rate of CTAB-mediated rena-
turation is more severely affected by increasing strand length,
perhaps due to excluded-volume effects (16) or some other
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FIG. 4. Effect of heterologous, single-stranded DNA on the
detergent-mediated renaturation kinetics. Renaturation was carried
out in 0.1 mM (o), 1 mM (o), and 10 mM (A) CTAB and in 1 M NaCI
(-) in the presence of various concentrations of salmon sperm DNA
that had been sonicated to an average length of 300 nucleotides (nt).
Reactions with CTAB were at 75°C in 400 mM NaCI.
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FIG. 5. Relative enhancement of renaturation in 1 mM CTAB
with respect to reactions carried out in 1 M NaCI at 68°C, as a
function ofDNA strand length. Reactions with CTAB were at 75°C
in 400 mM NaCI.

property of longer strands (see Discussion). Similar results
were obtained for Al protein. Moreover, for both Al-
mediated (22) and CTAB-mediated (unpublished results)
renaturation between short and long strands, the observed
kinetics are closer to those expected for the shorter comple-
mentary partner.

DISCUSSION
In an earlier report, we proposed a model to account for the
unexpected ability of Al hnRNP protein to promote nucleic
acid renaturation (22). We suggested that Al mediates rena-
turation primarily by (i) binding to DNA and (ii) presenting
flexible, repeating domains, composed of hydrophobic resi-
dues and charged groups, which interact with high probability
with similarly coated DNA strands in solution. In this model,
these domains provide weak binding energy whenever two
appropriately coated nucleic acids collide in solution. Such
domains would be able to interact in a wide variety of
conformations, thereby increasing the probability of binding,
as well as the ability of the initial complex to undergo rapid
conformational changes prior to dissociation. Such confor-
mational changes, mediated by thermal fluctuation, would
allow the strands to sample a large selection of possible
interactions between strands prior to dissociation, increasing
the likelihood of a nucleation event. In addition, binding
energy could be provided at a considerable distance when
compared with the association of complementary base pairs,
further increasing the probability of an interaction. In this
way, associations via high-probability binding domains are
thought to lower the activation energy for nucleating the two
strands, thereby increasing the kinetics of renaturation.
To explore the minimal predictions for this model (i.e., the

necessity for nucleic acid-binding capability and the exis-
tence of domains able to interact weakly in a variety of
conformations), we tested selected cationic detergents for
their ability to promote nucleic acid renaturation. Whereas
one Al hnRNP protein provides a single, 120-amino acid,
flexible repeating unit every 12 nucleotides (32), CTAB is
postulated to bind along the DNA molecule with one CTAB
molecule bound per DNA phosphate. Unlike polypeptides,
cationic detergents cannot form amphipathic a-helices or
other specific secondary structures, ruling out the possibility
that such motifs are required for renaturation activity.
Our present results demonstrate that the simple cationic

detergents DTAB and CTAB can enhance the kinetics of
renaturation ofcomplementary DNA strands >104-fold when
compared with reactions run in the absence of detergent and
that, under optimized conditions, CTAB-mediated renatur-
ation is >2000-fold faster than reactions in 1 M NaCl at 68°C.
The renaturation kinetics in the presence of the two deter-
gents are qualitatively and quantitatively similar to that found

Biochemistry: Pontius and Berg
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with the Al hnRNP protein (22). Renaturation is sequence-
specific, since the kinetics and extent of the reaction are not
inhibited by the presence of up to a 106-fold excess of
noncomplementary sequences. Moreover, CTAB-mediated
renaturation can occur well above the melting temperature of
the duplex DNA, indicating that this detergent has DNA
helix-stabilizing properties. These findings are consistent
with the view that cationic detergents enhance the kinetics of
renaturation by a mechanism similar to that proposed for Al
hnRNP protein (22).

Mechanstic Impliations. In general, the maximal rate at which
two molecules can associate in solution is limited by the rate at
which they encounter each other as they diffuse. This limit is
often referred to as the "diffusion limit," although reactions can
be considerably slower while still being limited by the rate of
diffusion (33, 34). Estimated values for this limit range from 108
to i09 M-l sec1 for macromolecular association at 25TC (34).
Values for the CTAB-mediated renaturation of nucleic acid
strands in the presence of salmon sperm DNA at 75TC are about
8 x 107 M-l'sec', but these values are measured in moles of
nucleotide. Once converted into moles of strand, the macromo-
lecular association rate constant is around 1010 M-1 sec-1. This
value is consistent with, or in excess of, the theoretically pre-
dicted encounter limit, even when one considers the increased
rate of diffusion expected at these elevated temperatures. This
suggests that the initial short-lived associations between strands,
which are mediated by CTAB, are sufficient to make a produc-
tive nucleation event likely before dissociation occurs.

Interestingly, the effect of strand length on the rate of
renaturation (Fig. 5) is much less apparent when the macro-
molecular association rate is considered. For 1800-
nucleotide-long strands, this rate is around 2.5 x 109
M-1 sec-1, only 4-fold less than that found for 124-nucleotide
strands. This indicates that the renaturation of longer strands
may also be encounter-limited. To test this hypothesis, the
diffusion constants of the substrate nucleic acids must be
measured under various conditions to determine whether the
values obtained correlate with the kinetics of renaturation.
One can estimate the time which non-base-paired strands

remain associated during an encounter, by using data from
Fig. 4. Because the nonhomologous DNA strands are about
twice as long as the probe strands and one expects a probe
strand to encounter about half of the nonhomologous strands
before a homologous one is encountered, an encounter rate
of about 25,000 strands every 12 sec (the observed half time
for renaturation under these conditions) in the presence of 1
mM CTAB and 0.1 mM salmon sperm DNA can be derived.
This estimate gives a rate of >2000 strands encountered per
substrate strand per second (or 0.5 msec per interaction),
indicating that interactions between strands that have not yet
renatured are extremely short-lived. If the reactions are
encounter-limited, this value also sets an upper limit on the
maximum interaction time required to ensure a productive
nucleation event when complementary sequences are present
on the interacting strands.
Nonhomologous DNA can either increase or decrease the

rate of renaturation in the presence of CTAB, depending on
the conditions. When CTAB is limiting with respect to the
nucleotide concentration, inhibition could simply be due to a
requirement for a CTAB-coated nucleic acid strand. When
sufficient CTAB is present, even a 105-fold excess (in nucle-
otides) of noncomplementary genomic DNA (with respect to
the substrate strands) does not inhibit the kinetics of rena-
turation, although additional DNA is inhibitory. The inhibi-
tion observed at high levels ofnonhomologous DNA suggests
that the renaturation rate may eventually be limited by the
rate of dissociation from noncomplementary strands. Alter-
natively, sufficient noncomplementary DNA may disrupt an
association between complementary strands before nucle-
ation occurs. Indeed, binding domains with multiple potential

binding conformations would be particularly prone to such
inhibition due to facilitated exchange between strands.
The weak dependence for CTAB-mediated renaturation on

the concentration of detergent (between 10 A.M and 10 mM)
or heterologous DNA (over a 106-fold range) is significantly
different from the histone or first-order RecA-mediated re-
naturation reactions (35-39), which are thought to proceed
via the formation of DNA/protein aggregates. Although
CTAB is known to cause the aggregation and precipitation of
DNA at temperatures near 00C (40), renaturation is inhibited
under such conditions, particularly in the presence of non-
homologous DNA (unpublished results). This indicates that
CTAB causes aggregation at temperatures different from
those at which it promotes renaturation, although both of
these properties may be due to the same attributes (i.e., the
ability to bind to DNA through charge-charge interactions
and associate through hydrophobic forces). Unlike RecA-
mediated renaturation, the CTAB-mediated reaction is sec-
ond-order with respect to the concentration of complemen-
tary strands in solution. In addition, aggregation-mediated
renaturation would not be expected to take place at the
encounter limit, which is based on the rate of diffusion in
solution. For aggregation-mediated reactions, renaturation
should decrease as the ratio of complementary strands to
noncomplementary strands decreases, provided that associ-
ation within the aggregate is the rate-limiting step. These
differences suggest that the effects of CTAB and heterolo-
gous DNA (below 0.1 mM) are due to causes other than
aggregation, such as, perhaps, excluded-volume effects,
changes in the rate ofdiffusion ofthe complementary strands,
or changes in the concentration of free CTAB.

Relationship to Other Molecular Assembly Processes. This,
and previous (22), work directly demonstrates that the rate of
association for a specific binding interaction (base pairing)
can be increased several orders of magnitude by the presence
of a separate, relatively nonspecific, repeating domain. Be-
cause these domains are simple and because the mechanism
ofthis reaction is thought to overcome a general barrier to the
formation of specific macromolecular complexes, one might
expect that structurally similar domains would have evolved
readily during evolution to facilitate other biologically im-
portant association reactions. Indeed, in addition to nucleic
acids themselves, many macromolecules involved in pro-
cesses such as transcription (41-45), protein trafficking (46-
49), and RNA processing (50, 51) contain apparently flexible
domains composed of different repeating chemical constitu-
ents, although the functions of these domains are still only
poorly understood. Our work is consistent with the view that
these domains function by increasing the rate at which
specific association reactions occur and provides a mecha-
nism to account for this effect.
There are also other reactions in which an initially nonspecific

binding interaction, mediated by a repeating motif, is thought to
increase the association kinetics of a specific complex via the
stabilization ofa binding intermediate. A well-studied example of
this is the process by which some DNA-binding proteins locate
their specific binding sites (52-54). This process relies on non-
specific electrostatic interactions to facilitate one-dimensional
diffusion and intrasegment strand transfer. In addition, evidence
is accumulating that nonspecific hydrophobic interactions are
important contributors to the rapid kinetics of protein folding
(55-58). Such similarities in association reactions that are oth-
erwise unrelated may indicate that initial, nonspecific interac-
tions mediated by either hydrophobic residues or charged groups
may be a general feature of rapid association reactions. Because
CTAB increases the thermostability of the DNA duplex, it may
also help stabilize the final, double-strandedDNA complex. For
protein folding, hydrophobic groups are known to stabilize
protein structure by making specific interactions in the hydro-
phobic core. In contrast, the equilibrium ofDNA/DNA-binding
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protein interactions is not affected by increases in DNA strand
length, so long as the rates of both association and dissociation
of the complex are enhanced (59). Such interactions, which
increase the kinetics ofboth association and dissociation, would
be particularly useful for the rapid turnover of intermediate
complexes in biological processes such as transcription, trans-
lation, and splicing.
While CTAB can increase the rate of nucleic acid renatur-

ation in vitro, simple hydrophobic domains might not lead to
enhanced association in vivo, because macromolecules are
already highly concentrated under these conditions (60).
More specific interactions might then be required, and could
be achieved if different types of repeating domains were used
for components involved in different biological processes.
Appropriately matched high-probability binding domains
might even allow for factors involved in a particular biolog-
ical process to concentrate into specific subdomains of the
cell, where they could rapidly locate new substrates after
dissociating from processed ones. Indeed, the high concen-
trations of particular splicing components that are observed
in different regions of the nucleus (61-64) may stem from
high-probability, short-lived interactions among macromol-
ecules, such as Al hnRNP protein, that possess reactive
domains of the type we have suggested.

Practical Implications. These results indicate that cationic
detergents, in addition to Al hnRNP protein, could be
extremely useful in experiments where increasing the rate of
nucleic acid renaturation is desired. If the proposed mecha-
nism for renaturation is correct, one should also be able to
design and identify domains that increase the association
kinetics ofmany other reactions that are not presently limited
by their rate of encounter or a subsequent chemical step.
Through the attachment of high-probability binding domains
to macromolecules such as nucleic acids, enzymes, ri-
bozymes, and antibodies, it may be possible to increase the
association kinetics of a variety of reactions of biological,
medical, and industrial importance.
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