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Abstract. An experimental system for determining the
potential ability of sequences resembling 5S ribosomal
RNA (rRNA) to perform as functional 5S rRNAs in vivo
in the Escherichia coli cellular environment was devised
previously. Presumably, the only 5S rRNA sequences
that would have been fixed by ancestral populations are
ones that were functionally valid, and hence the actual
historical paths taken through RNA sequence space dur-
ing 5S rRNA evolution would have most likely utilized
valid sequences. Herein, we examine the potential valid-
ity of all sequence intermediates along alternative
equally parsimonious trajectories through RNA sequence
space which connect two pairs of sequences that had
previously been shown to behave as valid 5S rRNAs in
E. coli. The first trajectory requires a total of four
changes. The 14 sequence intermediates provide 24 ap-
parently equally parsimonious paths by which the tran-
sition could occur. The second trajectory involves three
changes, six intermediate sequences, and six potentially
equally parsimonious paths. In total, only eight of the
20 sequence intermediates were found to be clearly in-
valid. As a consequence of the position of these invalid
intermediates in the sequence space, seven of the 30
possible paths consisted of exclusively valid sequences.
In several cases, the apparent validity/invalidity of the
intermediate sequences could not be anticipated on the
basis of current knowledge of the 5S rRNA structure.
This suggests that the interdependencies in RNA se-
quence space may be more complex than currently ap-
preciated. If ancestral sequences predicted by parsimony

are to be regarded as actual historical sequences, then the
present results would suggest that they should also sat-
isfy a validity requirement and that, in at least limited
cases, this conjecture can be tested experimentally.
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Introduction

It has been suggested that the evolution of a macromol-
ecule can be understood as an exploration of a sequence
space comprising all possible primary sequences (Smith
1970; Ninio 1983; Eigen et al. 1988). Those sequences
that satisfy the requirements of biological function are
favorably selected. Typically, function is facilitated by
proper three-dimensional folding, and, hence, the allow-
able sequences of a particular macromolecule will com-
prise a ‘‘structure space’’ or ‘‘shape space.’’ Thus, the
evolutionary history of a macromolecule can be under-
stood as an exploration of a local region of a shape space
composed of a subset of all possible primary sequences
that satisfy structural constraints imposed by functional
requirements. Some progress in predicting membership
in a shape space has been made by consideration of
folding constraints (Schuster et al. 1994). The ability to
explicitly predict or determine the sequences comprising
such a shape space would provide considerable insight
into the evolutionary potential of the macromolecule un-
der consideration. For instance, by comparing sequences
actually found in nature to those that comprise the shapeCorrespondence to: G.E. Fox
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space, one could determine the extent to which the space
has been explored.
We have previously described (Hedenstierna et al.

1993) an experimental system, using 5S ribosomal RNA
(rRNA) as a model system, that can be used to determine
which members of a local region of RNA sequence space
are likely to be valid members of the 5S rRNA shape
space in the context of the cellular milieu of Escherichia
coli. In brief, the test 5S rRNA-like sequence is placed in
a plasmid expression vector which provides the proper
recognition signals for transcription and processing in
the E. coli host. The extent of accumulation of the test
RNA is measured in the total cellular RNA pool, and the
extent of RNA incorporation into 50S ribosomal sub-
units, 70S ribosomes, and polysomes is determined. In
addition, the effect of the presence of the test RNA on
cell growth rate relative to a strain carrying the same
plasmid housing a wild-type 5S rRNA is determined.
The experimental system used focuses on the sequence
space in the neighborhood of the 5S rRNA carried by the
marine bacterium, Vibrio proteolyticus. This species was
chosen primarily because sequence data from a large
number of closely related Vibrio 5S rRNAs are available
(MacDonell and Colwell 1985). Moreover, the V. pro-
teolyticus sequence is located near the consensus of these
sequences. Since we know from earlier studies (Lee et al.
1993) how naturally occurring Vibrio 5S rRNAs behave
in this experimental system, we can now use it to assess
whether any particular 5S rRNA-like sequence is a valid
member of the 5S rRNA shape space in the cellular
environment of E. coli.
In the work described here we use this experimental

system to assess the validity of all possible intermediate
sequences in otherwise apparently equally parsimonious
paths between two different points in sequence space that
are occupied by naturally occurring Vibrio 5S rRNA se-
quences that have previously been shown to behave as
valid 5S rRNAs in E. coli. The choice of naturally oc-
curring sequences for the terminal points in the pathways
reflects our desire that we have a high confidence in the
likely validity of these sequences. The reader should ap-
preciate, however, that in nature these organisms are pre-
sumably related via a common ancestor, and, therefore, a
direct transition between these particular 5S rRNA se-
quences may have no historical relevance in the Vibrio
lineage.

Materials and Methods

Bacterial Strains and Plasmids. Escherichia coli strain JM109 was
used for all work with bacteriophage M13. V. proteolyticus ATCC
15338 was the source of pure V. proteolyticus 5S rRNA. E. coli strain
HB101 was used for ribosome preparation. E. coli strain HB101 and an
isogenic strain, ML401, which is a lac+ derivative of HB101, were
employed in growth rate studies. Plasmid pKK5-1 was kindly provided
by Dr. H.F. Noller (University of California, Santa Cruz). This plasmid
contains a portion of the rrnB operon which includes promoters P1 and

P2, a small portion of the 16S rRNA gene, the complete 5S rRNA gene,
two terminators; T1 and T2, and the associated flanking sequences
(Brosius 1984; Szeberenyi and Apirion 1984).

Construction of Sequence Variants. All sequence variants were
constructed by successive rounds of site-directed mutagenesis and con-
firmed by DNA sequencing. Mutagenesis was accomplished by com-
bining the two-primer method (Zoller and Smith 1984) and the T7-
GEN (United States Biochemical Corp.) in vitro method (Vandeyar et
al. 1988) as described earlier (Hedenstierna et al. 1993). Mutations
were initially made in pFV244, a plasmid derived from M13mp18.
pFV244 carries the V. proteolyticus 5S rRNA gene in a BamHI-SalI
restriction fragment. Following mutagenesis, the 5S rRNA variant was
recovered as a HindIII-HindIII fragment and cloned into expression
vector pKK5-1, where it replaces the E. coli rrnB 5S gene.

RNA Preparation and Analysis. Total cellular RNA was isolated by
low pH phenol extraction (Wallace 1987). Ribosomes and 50S subunits
were separated by sucrose gradient centrifugation as described else-
where (Godson and Sinsheimer 1967; Hedenstierna et al. 1993). The
RNA was analyzed by electrophoresis on a low pH, 13% polyacryl-
amide gel as described in detail by Hedenstierna et al. (1993).

RNA Quantitation. The proportion of variant 5S rRNA relative to
the total amount of 5S rRNA in cells, 50S ribosomal subunits, 70S
ribosomes, and polysomes was determined as described elsewhere
(Hedenstierna et al. 1993). In brief, membrane-bound RNA was hy-
bridized to a probe which was complementary to the variant 5S rRNA
sequences, and an autoradiogram was obtained. The membrane was
stripped, rehybridized with a probe complementary to E. coli 5S rRNA
(Sambrook et al. 1989) and a second autoradiogram was obtained. The
Vibrio-specific probe, HV2 (5!-GTCCAAATCGCTATGGTCGC-3!),
differs in seven nucleotides relative to the E. coli-specific probe, HE2
(5!-GACCACCGCGCTACTGCCGC-3!). HV2 hybridized to all the
Vibrio sequence variants without cross-hybridization to the E. coli 5S
rRNA. For those sequence variants that contain either mutations U19 or
G19, two alternative probes, HA2 (5!-GTCCAAAACGCTATG-
GTCGC-3!) and HC2 (5!-GTCCAAACCGCTATGGTCGC-3!) were
used in place of HV2. Each probe oligonucleotide was end labeled with
[gamma-32P]ATP (Dupont-NEN). Known mixtures of V. proteolyticus
5S rRNA and E. coli 5S rRNA were used to construct standard curves,
and blackening of autoradiogram bands was determined with a densi-
tometer (Technology Resources Inc.).

Growth Rate Assays. The growth rate of the strain carrying each
variant 5S rRNA was determined relative to a strain carrying the wild-
type V. proteolyticus 5S rRNA, in a mixed culture competition study
(Hedenstierna et al. 1993). The ratio of the two cell types was deter-
mined by spreading samples on McConkey agar plates, which discrimi-
nate between lac− and lac+ by colony color (Chao and McBroom 1985;
Dykhuizen and Hartl 1983; Hartl et al. 1983; Lenski 1988a,b). For each
intermediate, the related experiment with reversed configuration of
strains and plasmids was also conducted. The fitness difference was
calculated as described previously (Chao and McBroom 1985).

Results

The wild-type 5S rRNAs of V. proteolyticus and V. al-
ginolyticus differ in four positions (Fig. 1). Three of
these positions involve a point change and the fourth
involves an insertion/deletion of one nucleotide between
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positions 34 and 35. V. alginolyticus and V. nereis differ
in three positions, all of which are point mutations. All
three of these sequences have been previously shown to
behave as valid 5S rRNAs in E. coli (Lee et al. 1993).
The shortest evolutionary paths connecting these se-
quence pairs involve changes exclusively at the positions
where sequence variation occurs. In each case, a number
of equal length evolutionary paths exist. These paths dif-
fer only in the order in which the individual changes are
introduced. In the present study we constructed all of the
sequence intermediates along these paths and tested each
for likely validity as a 5S rRNA in the E. coli cellular
context.
Table 1 summarizes the results of the validity assays

for the 14 pathway intermediates that occur along the
alternative equally parsimonious paths connecting the V.
proteolyticus and V. alginolyticus sequences. It is found
that in all cases, the effect of the plasmid carrying the
intermediate on host growth rate relative to the strain
carrying the V. proteolyticus wild-type sequence is small,
and in most cases, slightly favorable. Of these interme-
diates, nine are expressed to high levels and are incor-
porated into the 50S subunits, 70S ribosomes, and poly-
somes at levels similar to the wild-type sequences. These
intermediates behave essentially like the 10 known wild-

type sequences that were examined in the previous study
(Lee et al. 1993) and, therefore, are considered to be
potentially valid 5S rRNAs. In one intermediate, U19,
the RNA product was unstable and did not accumulate
in the cell as a whole or in ribosomes. In the remaining
four variants, (A64, U19iU34.1, iU34.1A64, and
iU34.1A52A64), the RNA product accumulated but did
not incorporate into the ribosome.
Similarly, in Table 2, six intermediates were con-

structed to evaluate all equally parsimonious paths for
the transition from V. alginolyticus to V. nereis. In this
case, three out of six intermediates, (G64, U107, and
G64U107), are expressed to high levels and are incor-
porated into the various ribosomal fractions at similar
levels. Here, two sequence variants, C19 and C19U107,
are apparently unstable with accumulation of the variant
RNA representing less than 5% of the total 5S rRNA
pool. The C19G64 double mutant accumulates but is not
incorporated into ribosomes.

Discussion

Previously, we reported (Lee et al. 1993) that 10 natu-
rally occurring Vibrio 5S rRNA sequences accumulate to

Fig. 1. Location in 5S rRNA of the
residues that change during the traversals
of sequence space examined here. The
complete wild-type Vibrio proteolyticus 5S
rRNA sequence is shown. Widely accepted
secondary structure features are indicated.
The five helical regions are labeled I thru
V, and standard sequence numbering based
on the Escherichia coli 5S rRNA sequence
is employed. Helix V is known to include
a number of nonstandard base pairs (not
shown) in addition to the two
Watson/Crick base pairs shown here. The
existence of these nonstandard interactions
has been established by NMR studies
(Dallas et al. 1995). The 19/64 base pair
which is involved in both the V.
proteolyticus to Vibrio alginolyticus
transition and the V. alginolyticus to Vibrio
nereis transitions is indicated by a box.
Positions 34.1 (i.e., insertion of one base
between positions 34 and 35) and 52 are
unique to the V. proteolyticus to V.
alginolyticus transition and are indicated by
arrows. Position 107 is only changed
during the V. alginolyticus to V. nereis
transition. This base is indicated by
enclosure with a circle.
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high levels in E. coli with no significant effect on organ-
ism growth rate. Typically, they also incorporate into
both 70S ribosomes and polysomes at levels comparable
to their accumulation in total cellular 5S rRNA. Since
they occur in nature, these sequences are by definition
valid 5S rRNAs in the cells in which they occur and in
each case behave as such in the E. coli cellular context as
well. In contrast, many variants (Lee et al. 1993, unpub-
lished results) of the V. proteolyticus 5S rRNA were
clearly invalid as 5S rRNAs because they either did not
accumulate, did not incorporate into ribosomes, and/or
were clearly detrimental to organism growth rate. Thus,
the experimental system used here allows us to evaluate
the likely validity of 5S rRNA-like sequences of interest
in the E. coli cellular context.
The relative merits of ostensibly equally likely alter-

native pathways between two different pairs of points in
the 5S rRNA shape space were examined experimen-
tally. The first pair differ in four positions, and there are
thus 24 apparently equally parsimonious pathways by

which one of these sequences could be changed to the
other. These 24 pathways can be assembled from various
combinations of the 14 intermediate sequences. The sec-
ond sequence pair differed in three positions and there
are six equally parsimonious pathways connecting these
two sequences. Overall, Figures 2 and 3, 60% (12/20) of
the intermediate sequences constructed in the two path-
ways were found to be potentially valid as 5S rRNAs in
the E. coli cellular context. Of the 30 equally parsimo-
nious pathways, seven consisted of exclusively valid se-
quences.
An evolutionary transition through a sequence space

comprising a mixture of functionally valid and invalid
sequences would be more likely to occur if each se-
quence on the path were valid. Invalid sequences might
occur briefly, but there would be less opportunity to tra-
verse these nodes because multiple events in a short pe-
riod of time would be required. Single mutations are
more common and if they produce potentially valid se-
quences, then there is also the possibility of their accu-

Table 1. Properties of pathway intermediates between V. proteolyticus and V. alginolyticus

Variant

Base at position no.
Growth difference
(h−1)

Accumulation*
Total 5S rRNA

Incorporation*
70S ribosomes Phenotype19 34.1 52 64

Vibrio proteolyticus A — U U Reference +++ +++ Valid (wt)
U19 U — U U +0.02 — — Unstable
iU34.1 A U U U −0.02 +++ +++ Valid
A64 A — U A +0.05 ++ −− Not incorporated
A52 A — A U none +++ +++ Valid
U19iU34.1 U U U U +0.04 ++ — Not incorporated
iU34.1A64 A U U A +0.03 +++ — Not incorporated
A52A64 A — A A +0.03 +++ ++ Valid
U19A64 U — U A +0.02 +++ +++ Valid
U19A52 U — A U +0.05 +++ +++ Valid
iU34.1A52 A U A U −0.02 +++ +++ Valid
U19iU34.1A64 U U U A none +++ +++ Valid
U19A52A64 U — A A +0.03 +++ +++ Valid
U19iU34.1A52 U U A U +0.06 +++ +++ Valid
iU34.1A52A64 A U A A +0.02 +++ — Not incorporated
Vibrio alginolyticus U U A A +0.02 +++ +++ Valid (wt)

* +++, variant/total 5S rRNA >30%; ++, variant/total 5S rRNA 15 to 30%; —, variant/total 5S rRNA <5%

Table 2. Properties of pathway intermediates between V. alginolyticus and V. nereis

Variant

Base at position no.
Growth difference
(h−1)

Accumulation*
Total 5S rRNA

Incorporation*
70S ribosomes Phenotype19 64 107

Vibrio alginolyticus U A A +0.02 +++ +++ Valid (wt)
C19 C A A +0.04 — — Unstable
G64 U G A +0.04 +++ +++ Valid
U107 U A U +0.02 ++ ++ Valid
C19G64 C G A +0.03 ++ — Not incorporated
G64U107 U G U +0.02 ++ ++ Valid
C19U107 C A U +0.04 — — Unstable
Vibrio nereis C G U none +++ +++ Valid (wt)

* +++, variant/total 5S rRNA >30%; ++, variant/total 5S rRNA 15 to 30%; —, variant/total 5S rRNA <5%

281



mulating to high levels or even being fixed in the popu-
lation and thus being available longer. Thus, the results
presented here demonstrate that there are preferred paths
through sequence space (i.e., some apparently equally
parsimonious paths are in essence less parsimonious than
others). Moreover, the results illustrate the mathematical
fact that individual sequences occur on more than one
path, and, hence, if particular sequences are invalid, then
the number of paths containing exclusively valid se-
quences can fall off rapidly. The results obtained are, in
fact, consistent with mathematical expectations.
A detailed examination of the valid and invalid inter-

mediates reveals the shape space to be more complex
than one might anticipate from our current knowledge of

5S rRNA structure. In both traversals of the local se-
quence space, that were investigated, the base pair be-
tween positions 19 and 64 in helix II was changed. In the
V. proteolyticus to V. alginolyticus transition, an
A19U64 base pair was converted to U19A64. Then, in
the V. alginolyticus to V. nereis transition, the U19A64
pair was converted to C19G64. Since this pair is near the
middle of helix II (Figure 1) its loss might be very dam-
aging to 5S rRNA structure and hence it was of interest
to see if any pathways containing only valid intermediate
sequences could be found. One would expect that in the
case of the V. alginolyticus to V. nereis transition, that
the base pair conversion could occur via a G-U wobble
intermediate. This was, in fact, the case as the

Fig. 2. Alternative pathways between the V. proteolyticus and V.
alginolyticus wild-type sequences. Solid lines indicate pathways in
which all intermediates are valid sequences. Dotted lines indicate path-
ways that contain at least one invalid sequence. The individual wild
type and intermediate sequences are each represented as a box con-
taining four entries that indicate the particular base at positions 19,
34.1, 52, and 64 for each. If a particular sequence was found to be

potentially valid, then the surrounding box is outlined in boldface. The
first and fourth entries represent positions 19 and 64 which are base
paired in the wild-type 5S rRNAs. If the particular sequence preserves
this pairing, then this is indicated by shading these two boxes. The base
that has been changed relative to the previous sequence is outlined in
boldface.
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U19G64A107 construct was found to be potentially
valid. However, a surprising result occurs at the second
step. Immediate restoration of Watson/Crick pairing via
the C19G64A107 intermediate did not produce a valid
sequence. Instead, prior conversion of A107 to U107 was
required. In the V. proteolyticus to V. alginolyticus tran-
sition, generation of an initial G-U wobble intermediate
was not possible. Therefore, one might expect that in this
case all of the minimal event pathways would include an
invalid sequence and that, in effect, a double mutation
would be required. In fact, one could not immediately
break the pair by changing either A19 or U64. However,
prior introduction of the U52A change allowed subse-
quent introduction of either the A19U or U64A change
without obvious loss of validity. In contrast, when U was
first inserted between positions 34 and 35 (U34.1) prior
to changing A19 or U64, then both intermediates were
still invalid. When the second U52A change and the
insertion, U34.1, were introduced in the first two steps,
then only one broken pair intermediate, U19U34.1A52U64,
was valid.
One might argue that these results could be explained

by structural considerations, for example, a tertiary in-
teraction involving position 52 and/or 107 and the 19/64

base pair. A thorough search of known Bacterial 5S
rRNAs using comparative techniques (Gautheret et al.
1995; Gutell 1993) gave no evidence for such tertiary
interactions (Gutell and Fox, unpublished results). Al-
though an ultimate structural explanation of these results
may be possible, the more pragmatic concern is whether
one can anticipate such local anomalies in the shape
space by simply examining wild-type sequences. If this
is possible, then it will likely require restriction of the
search for correlations to closely related sequences that
occupy the same general region of the shape space.
The results obtained here may have important impli-

cations for parsimony. Recent results have brought new
attention to the fact that parsimony is a potentially mean-
ingful way of determining actual ancestral sequences.
For example, in the case of a viral system of known
genetic history, parsimony predictions of ancestral se-
quences were shown to be, in fact, largely correct (Hillis
et al. 1992), and, in a second case, ancestral sequences
predicted by parsimony were constructed in order to ex-
amine evolutionary questions (Jermann et al. 1995). The
present observation that apparently equally parsimonious
pathways of evolutionary transition may not be equally
likely suggests that a secondary criteria that takes into
account potential ancestral sequence validity would en-
hance the quality of predicted ancestral sequences. Thus,
in principle, one should consider the reasonableness of
hypothetical ancestral nodes when building phylogenetic
trees by parsimony methods and possibly require that
they be valid members of the shape space under consid-
eration. In the case of RNA, the usual parsimony proce-
dures will automatically conserve correlations between
pairs of positions, and, hence, the nodal sequences auto-
matically satisfy known secondary structure constraints.
Thus, there is good reason to anticipate that many nodal
sequences may be potentially valid or, at the least, no
more than a few events away from potentially valid se-
quences.

Acknowledgments. This work was supported by grants from the
National Aeronautics and Space Administration (NAGW-2108), the
Texas Advanced Research Program (003652-978), and the Whitehall
Foundation (D86-61) to GEF. We thank Drs. Blaine Cole, Martijn
Huynen, and Roger Milkman for helpful discussions.

References

Brosius J (1984) Toxicity of an overproduced foreign gene in Esch-
erichia coli and its use in plasmid vectors for the selection of
transcription terminators. Gene 27:161–172

Chao L, McBroom SM (1985) Evolution of transposable elements: an
IS10 insertion increases fitness in Escherichia coli. Mol Biol Evol
2:359–369

Dallas A, Rycyna R, Moore P (1995) A proposal for the conformation
of loop E in Escherichia coli 5SrRNA. Biochem Cell Biol 73:887–
897

Dykhuizen DE, Hartl DL (1983) Selection in chemostats. Microbiol
Rev 47:150–168

Fig. 3. Alternative pathways between the V. alginolyticus and V.
nereis wild-type sequences. The nomenclature is as in Figure 2. There
are three variable positions in this case, 19, 64, and 107. The 19/64 pair
is indicated as present by shading when the pairing is either the wobble
G-U or the Watson-Crick A-U.

283



Eigen M, Winkler-Oswalitsch R, Dress A (1988) Statistical geometry
in sequence space: a method of quantitative comparative sequence
analysis. Proc Natl Acad Sci USA 85:5913–5917

Gautheret D, Damberger SH, Gutell RR (1995) Identification of base-
triples in RNA using comparative sequence analysis. J Mol Biol
248:27–43

Godson GN, Sinsheimer RL (1967) Use of Brij lysis as a general
method to prepare polysomes from Escherichia coli. Biochim Bio-
phys Acta 159:489–495

Gutell RR (1993) Comparative studies of RNA: inferring higher-order
structure from patterns of sequence variation. Curr Opin Struct Biol
3:313–322

Hartl DL, Dykhuizen DE, Miller RD, Green L, de Framond J (1983)
Transposable element IS50 improves growth rate of E. coli cells
without transposition. Cell 188:503–510

Hedenstierna KOF, Lee Y-H, Yang Y, Fox GE (1993) A prototype
stable RNA identification cassette for monitoring plasmids of ge-
netically engineered microorganisms. System Appl Microbiol 16:
280–286

Hillis DM, Bull JJ, White ME, Badgett MR, Molieux IJ (1992) Ex-
perimental phylogenetics: generation of a known phylogeny. Sci-
ence 255:589–592

Jermann TM, Opitz JG, Stackhouse J, Benner SA (1995) Reconstruct-
ing the evolutionary history of the artiodactyl ribonuclease super-
family. Nature 374:57–59

Lee Y-H, DSouza L, Fox GE (1993) Experimental investigation of an
RNA sequence space. Orig Life & Evol Biosphere 23:365–372

Lenski RE (1988a) Experimental study of pleiotropy and epistasis in
Escherichia coli. I. Variation in competitive fitness among mutants
resistant to virus T4. Evolution 42:425–432

Lenski RE (1988b) Experimental study of pleiotropy and epistasis in
Escherichia coli. II. Compensation for maladaptive effects associ-
ated with resistance to virus T4. Evolution 42:433–440

MacDonell MT, Colwell RR (1985) Phylogeny of the Vibrionaceae
and recommendation for two new genera, Listonella and
Shewanella. System Appl Microbiol 6:171–182

Ninio J (1983) Molecular approach to evolution. Princeton University,
Princeton, NJ

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a labo-
ratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY

Schuster P, Fontana W, Stadler PF, Hofacker, IL (1994) From sequenc-
ing to shapes and back: a case study in RNA secondary structures.
Proc R Soc Lond B Biol Sci 255:279–284

Smith JM (1970) Natural selection and concept of a protein space.
Nature 225:563–564

Szeberenyi J, Apirion D (1984) Synthesis and processing of 5S rRNA
from an rrnB minigene in a plasmid. Biochim Biophy Acta 783:
15–25

Vandeyar MA, Weiner MP, Hutton CJ, Batt CA (1988) A simple and
rapid method for the selection of oligonucleotide-directed mutants.
Gene 65:129–133

Wallace DM (1987) Large- and small-scale phenol extraction. Methods
Enzymol 152:33–41

Zoller MJ, Smith M (1984) Oligonucleotide-directed mutagenesis: a
simple method using two oligonucleotide primers and a single-
stranded DNA template. DNA 3:479–488

284


