PERSPECTIVE

Molecular genetics has greatly extended our knowl-
edge of how genomic systems are organized, how they
change and how cellular complexes acting on the gen-
ome respond to regulatory circuits. This new under-
standing is fundamental to thinking about the genomic
reorganization processes that are at the heart of evo-
lutionary change. Here I discuss a specific example of the
adaptive mutation phenomenon and attempt to integrate
research on organization patterns of genetic systems, mol-
ecular mechanisms of genetic change and signal trans-
duction networks. While the discussion focuses on work
with bacteria, the general principles exemplified by
prokaryotic systems are applicable to all organisms.

The term ‘adaptive mutation’ has been applied to
mutational events that occur more frequently under
selective conditions, when the resulting genetic changes
are adaptively useful, than during normal growth. Sug-
gestions that mutations can be directed by selective
conditions to produce only certain beneficial changes
have not been substantiated. In this article, ‘adaptive
mutation’ is understood to mean two things: (1) muta-
genesis increases in response (or adaptation) to new
physiological conditions during selection for a particu-
lar trait; and (2) the ability to increase the frequency of
potentially useful mutations is beneficial (adaptive) for
the bacterial population undergoing selection. It is worth
noting that observations on the influence of environ-
mental conditions on the levels of hereditary variation
are hardly novel and go back at least as far as the open-
ing chapter of Darwin’s Origin of Species.

What has molecular genetics taught us about genomic
organization?

One of the earliest and most intensively studied
genetic systems is the Escherichia coli lac operon. A his-
torical survey of changes in how we have depicted /ac
over the past 50 years reveals the revolutionary impact
of molecular genetics on our conceptions of genetic
elements!. The lac operon has been deconstructed from
a dimensionless point on a genetic map into an intricate
complex of polypeptide coding sequences and DNA
binding sites for transcription factors (Fig. 1). All the
basic elements of ‘gene structure’ as we understand
them today are found in the lac operon. Of particular
importance were the realizations that lac encoded four
different proteins, that one of these proteins was a regu-
latory DNA-binding molecule, and that the operon con-
tained several different classes of cis-acting regulatory
sites that are fundamentally different from polypeptide-
encoding sequences. The discovery of the promoter and
the CAP-binding site for the catabolite activator protein
(cAMP-Crp) complex are additionally important because
they represent repetitive genetic elements dispersed at
many genetic loci. These repetitive elements constitute
the physical basis for integrating distributive genomic
networks, such as the family of catabolite-sensitive
functions in E. coliZ.

Beyond what is illustrated in Fig. 1, we know
that each component of the lac operon has its own
internal organization composed of smaller elements.
For example, /acl contains sequences encoding protein
domains involved in DNA binding, inducer binding
and oligomerization3. Sequence database comparisons
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indicate that this modular organization into separate
domains is the rule among coding sequences in all
organisms?. Similarly, each promoter contains —10 and
-35 consensus elements as well as spacer regions of
defined length5. In other words, the Jac operon, like
all expressed genetic loci, is organized hierarchically in
a modular fashion out of a series of DNA sequence
elements. Other kinds of genetic determinants, such as
replication origins and replicon partitioning sites, dis-
play analogous but distinct patterns of modular organiz-
ation. At higher levels, plasmids, viruses, multilocus
regulons (e.g. for chemotaxis, symbiosis, protein secre-
tion), and even whole genomes all display their own
characteristic architectures integrating smaller and smaller
subsystems®. Molecular taxonomy of E. coli plasmids
provides additional evidence for such evolutionary
mosaicism’.

In thinking about how such determinants and higher-
order systems could have evolved by reassortment of
genetic motifs, it is hard to avoid postulating a role for
cut-and-splice processes to stitch different sequence el-
ements together3?. Following this line of thought one step
further, we need to ask whether the DNA rearrange-
ments, which used to be called ‘illegitimate recombi-
nation’, might not ultimately prove to be key genetic
events in generating functionally significant evolution-
ary variability. The conventional alternative is to assume
that repeated motifs have all evolved independently by
random mutation. One would expect this process to be
relatively slow. The existence of well-documented mol-
ecular mechanisms for amplifying and dispersing repeti-
tive elements throughout the genome means that DNA
rearrangement processes offer a biochemically plausible
and more rapid alternative8.9.
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What has molecular genetics taught us about the
mechanisms of mutational change?

The molecular analysis of bacterial mutagenesis has
taught us two fundamental and complementary lessons.
The first lesson is that cells possess a wide range of repair
and proofreading functions to remove accidental changes
in DNA sequence informationl®, It has been surprising
to learn how much of the bacterial genome is dedicated
to encoding functions that correct stochastic genetic
changes resulting from replication errors and physico-
chemical insults, suggesting that bacteria have little tol-
erance for purely random variability. The complex bio-
chemistries of repair and proofreading systems provide
many opportunities for regulation. Regulation operates
in response to damage itself, such as UV induction of
the SOS system!1, but can also respond to other physio-
logical inputs, such as cAMP control of SOS (Ref. 12).

The second lesson of molecular studies of muta-
genesis is that cells possess numerous biochemical
systems capable of changing and reorganizing DNA
sequence information (Table 1). These biochemical
complexes can be characterized collectively as natural
genetic engineering systems’. The discovery of cellular
systems for genome restructuring dates back to the
1940s with McClintock's work on transposable elements
in maize and the study of episomes (temperate bac-
teriophages and sex factor plasmids) by the pioneers of
bacterial genetics (summarized in Refs 13, 14). They are
the tools cells can use to modify their genomes in ways
that resemble our own genetic engineering.

The ecological and evolutionary relevance of
natural genetic engineering can be seen most clearly
in the emergence of bacterial antibiotic-resistance sys-
tems based on plasmids, transposons and gene cassette/
integron systems for exchanging specific resistance
determinants!!516 In the case of operons encoding
multiple antibiotic resistance functions, we have explicit
examples of their origin by a genetic engineering pro-
cess involving successive site-specific recombination
events!®. In thinking about possible theories of evolu-
tionary change, it is useful to remember that the discov-
ery of plasmids encoding multiple antibiotic resistances
in the 1950s (Ref. 15) was a surprise that contradicted
the established view that antibiotic resistance in bac-
teria would emerge by the accumulation of point mu-
tations modifying cellular targets. Antibiotic resistance
transposons (Tn3, Tn5, TnI0 and so on) further exem-
plify the natural genetic engineering concept because
they not only mobilize their own resistance determi-
nants but also generate deletions, inversions and
translocations of adjacent sequences!7-19,

Adaptive mutation as an example of natural genetic
engineering systems at work: araB-lacZ fusions

It has been known for many years that mutations
occur at low levels in starved bacterial cultures??. The
distinct phenomenon we now call adaptive mutation
(increased mutagenesis activated by selective condi-
tions) was first clearly documented in the araB-lacZ
fusion system (Fig. 2)2L. I focus on this system as a para-
digm because of my own familiarity with it. The depth
of understanding of the araB-lacZ fusion system is built
upon a foundation of elegant studies of Mu genetics,
biochemistry and regulation from many laboratories?2.
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Ficure 1, Historical deconstruction of the lac operon (expanded
from Ref. 1). In the late 1940s, Lederberg and Tatum used lactose
utilization (/ac) as a marker to construct genetic maps where each
locus was a single dimensionless point. In the 1950s, Monod and
his colleagues discovered first that lac consisted of two coding
units for B-galactosidase (Z) and permease (Y), and then found
an additional enzymatic activity (A for transacetylase) as well as a
protein governing inducibility (I). With the operon theory in
1961, a new class of genetic element appeared, the operator (O),
a cis-acting site in the DNA that did not encode a protein product.
Later in the same decade, the repressor binding and
transcriptional initiation functions were found to be separable
and a new cis-acting site, the promoter (P). was defined as the
site for binding of RNA polymerase and the start of transcription.
In 1970, a third cis-acting site was identified (CAP) as the locus of
catabolite repression. Over the following two decades, it was
realized that there are multiple copies of each of these cis-acting
sites and that effective regulation of the lac operon involves
cooperative interactions between these sites and the proteins that
bind to them. In this figure, which is not drawn to scale,
designations for cis-acting sites are green and protein encoding
sequences are purple. Note that there are some regions where
cis-acting sites and coding sequences overlap.

Casadaban had devised a way to fuse the 5" region of
any cistron in E. coli to lacZ, thereby creating a model
system for studying the formation of two-domain
hybrid protein coding sequences?3. He used the trans-
posable phage Mu as a region of portable genetic
homology to construct the prefusion strain, aligning a
promoterless lacZ (carrying an ochretriplet at codon 17)
with the other coding sequence (araB in the present
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Tasie 1. Some natural genetic engineering systems?

System DNA substrate DNA rearrangement Functional consequence Refs
SOS mutagenesis Non-specific, Point mutations Loss, alteration, gain of function 11
(UmuCD’-RecA -~ UV-damaged DNA
complex)
Homologous Netsseria gonorrboeae silent Gene conversion in Alteration in pilin structure 67
recombination pilin cassettes and the pilin the pilin coding (antigenic variation), gain or
expression locus sequence loss of function
F plasmid and chromosomal Reciprocal crossing Hfr formation, F excision 68
IS elements over
Plasmid IS elements or Unequal crossing Amplification of resistance 13, 52
tandem r-det repeats over determinants
Site-specific Antibiotic resistance cassettes, Integration Generation of muitiple resistance 16
recombination integrons operons
Salmonella typbimurium Promoter inversion Flagellar phase variation 51
H2 flagellar region
Phage Mu G region Partial coding sequence Host-range variation 51
(encoding tail-fiber proteins) inversion
Transposition Plasmid 157 elements Replicon fusion Formation of cointegrate R plasmids 13, 52
157 or IS5 termini, bg! operon Transposition/insertion  Silent promoter activation 69
promoter region
IS2 termini, silent chromosomal ~ Transposition/insertion ~ Creation of a new promoter 70

ampClocus

2Except where indicated, these cases are documented in Escherichia coli. (Additional examples of functionally significant bio-
chemically mediated DNA rearrangements can be found in Refs 9, 13,52, 67.) The inclusion of point mutations in the Table
deserves special comment. While the role of protein factors, such as the UmuCD’-RecA complex, in SOS point mutagenesis is
usually interpreted as a passive one, merely creating the necessary conditions (bypass replication) that allow mutagenesis to
occur, the full details of this process have yet to be elucidated, and it remains true that point mutations are formed under SOS
conditions by these protein factors. Many kinds of point mutation (such as the lac33 frameshifts discussed in the text) require
biochemical input in the form of glycosylases, nucleases, helicases, polymerases, ligases and DNA-binding proteins. The thesis
of this Perspective is that all these inputs can be considered to represent active cellular participation in the mutagenic
process and to present opportunities for regulation. As the example of pilin antigenic variation in Neisseria gonorrhoeae further
demonstrates, Rec-mediated gene conversion can introduce nucleotide substitutions within a specific small region of the
genome. Thus, bacterial cells may be thought to have the biochemical tools needed to carry out localized mutagenesis.

case) so that the appropriate in-frame deletion events
could form an active genetic fusion leading to growth
on selective medium with lactose as the sole carbon
source (Fig. 2). The original idea was that the Mu
prophage would be a passive source of homology and
that ‘spontaneous’ breakage-rejoining events would
generate the actual fusions by removing all blocks to
transcription and translation between araB and a site in
lacZ downstream of the U118 ochre triplet at codon 17.
However, detailed study of the fusion process showed
that the Mu prophage played an active role in gener-
ating araB-lacZ fusions and did so in a way that was
regulated by cellular physiology.

It was common laboratory lore among workers who
used the Casadaban technique that thick plates were
needed to obtain fusions because long incubations were
necessary. Detailed examination of fusion kinetics on
arabinose—lactose plates confirmed these anecdotes?!,
Fusion colonies only appeared after a delay of 4-19 days,
and then the number of new colonies per day increased
until the plate was saturated. Appropriate control experi-
ments demonstrated that any araB-lacZ fusions formed

before plating onto selective medium would have sup-
ported visible colony growth within two or three days.
Thus, surprisingly, fusion events were undetectable
during normal growth (at a frequency of less than one
fusion per 3 X 1010 cells). Although it was suggested
that selective substrates might play a ‘directing’ role in
the fusion process#*, this notion was undermined by the
finding that long-term aerobic starvation in glucose
medium led to fusion colony appearance within two
days of plating?>. The subsequent demonstration that
araB—lacZ fusion clones could be purified from glucose-
starved cultures that had never been exposed to arabi-
nose or lactose provided definitive evidence that selec-
tive substrates played no essential role at any stage of
fusion formation26. Although the idea of ‘directed mu-
tation’ was excluded in this case, the remarkable effect
of prolonged selection or aerobic starvation in turning
on the fusion process remained to be explained. Clearly,
the ability to trigger mutagenic events under stress con-
ditions could be extremely useful to organisms at key
moments in their evolutionary history when genetic
change was essential to survival.
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Initial understanding of how cellular physiology
could affect the formation of araB-lacZ fusions came
from molecular mechanistic studies. Examination of a
number of hybrid /acZ coding sequences derived by
the Casadaban technique revealed the presence of Mu
linkers?7, These linkers came from the Mu extremity adja-
cent to the 5" domain in the prefusion strain, but were
found inverted adjacent to the 3’ lacZ domain in the
fusion, indicating a rearrangement more complex than
a simple two-site deletion (Fig. 2). The additional finding
that MuA transposase activity was needed for araB-lacZ
fusions led to the formulation of a molecular model in
which the Mu strand-transfer complex (STC) served as a
precursor both to non-replicative fusion events and to
Mu replication (Fig. 3)%. In fusion formation, virtually
all of the Mu genome is lost, and only short linkers com-
posed of several MuR nucleotides remain (Fig. 2). The
fusion process is, therefore, advantageous from the point
of view of the host cell, but disadvantageous for Mu
considered as an autonomous genetic element. The
results of sequencing 84 independent araB—lacZ fusions,
including unselected fusions with a distinct structure,
are consistent with this model?. The distinct structures
of selected and unselected fusions appear to reflect the
influence on the molecular details of STC processing of
physiological factors, such as araB transcription and/or
differences between solid and liquid growth. Experiments
are in progress to identify these factors.

The mechanistic scheme in Fig. 3 shows that many
different proteins and DNA sequences have to come
together in an intricate sequence of events involving the
formation and rearrangement of nucleoprotein com-
plexes necessary to direct precise phosphodiester bond
cleavages and ligations30-32, Thus, each araB-lacZ fusion
results from a multicomponent-cell-biological process,
not just a simple biochemical reaction. The distinct bio-
chemical steps constitute targets for physiological regu-
lation. To date, genetic studies have demonstrated the
involvement of the following E. coli regulatory factors:
IHF (integration host factor) and HU (Ref. 28), ClpPX
protease (Ref. 33; G. Maenhaut-Michel, M-J. Gama,
A. Toussaint and J.A. Shapiro, unpublished), adenylate
cyclase and catabolite activator protein (G. Maenhaut-
Michel, M-J. Gama, A. Toussaint and J.A. Shapiro, unpub-
lished), and the growth-phase specific regulators HNS
and RpoS (J.M. Gomez, J. Blazquez, F. Baquerol and
J.L. Martinez, pers. commun.).

The initial expectation was that all regulation would
occur at the level of derepressing the Mu prophage, and
some results supported this idea. For example, ClpPX
protease is known to function at the level of repressor
inactivation®, and IHF is needed for Mu early protein
expression3>. However, using Mu genetics to separate
the derepression step from the rest of the fusion pro-
cess suggests that significant physiological regulation
operates at stages other than derepression (Fig. 3
G. Maenhaut-Michel, M-J. Gama, A. Toussaint and
J.A. Shapiro, unpublished). We can derepress prefusion
strains carrying mutations in the Mu prophage Band kil
loci without provoking cell death. Derepression can be
accomplished either by thermal inactivation of the Mu
cts62 repressor or by aerobic growth to saturation in
broth. (Static broth cultures are not derepressed.) Once
induced, B-kil- lysogens can remain derepressed for
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FIGURE 2. Schematic outline of the Casadaban scheme for
generating a hybrid araB-lacZ fusion coding sequence23. The
pre-fusion strain is formed by homologous recombination between
an araB::Mucts62 prophage insertion and a Mu fragment in the
Aplac209 phage to align a promoterless lac operon downstream
of the " portion of araB. Note that the araB and lacZ sequences
to be fused are separated by a complete Mucts62 prophage, and
that both JacYand a \ prophage are located downstream of lacZ
(not shown here). The lacZ in the pre-fusion strain cannot be
expressed because it lacks a functional promoter and because it
has the U118 ochre mutation at codon 17. In order to recover the
ability to grow on lactose when arabinose is present as inducer,
the bacteria must undergo an in-frame deletion distal to U118 to
create a hybrid araB-lacZ cistron. The fused coding sequence
can be transcribed from the araBAD operon promoter, pBAD,
which is activated in the presence of arabinose by the cAMP-Crp
complex and the AraC transcription factor encoded by araC.
When araB-lacZ hybrid cistrons are sequenced (Refs 26, 29),
the fusion joints invariably carry the MuR extremity (nucleotides
labelled M) between nucleotides derived from araB (B) and from
lacZ (Z). Note that the orientation of MuR adjacent to JacZ
nucleotides in the graB-lacZ fusion is inverted from its original
orientation adjacent to araB in the prefusion strain.

many generations during normal growth at low tempera-
ture. While derepression is necessary for fusions, it is
not sufficient. Derepressed bacteria do not immediately
make fusions; they must first spend some time under
starvation conditions on selection plates.

A key component of the E. coli response to starvation
is Crp, the cAMP receptor protein, which is activated
under carbon substrate limitation?. Mutations inactivat-
ing Crp block fusion formation when araB transcription
has been rendered independent of catabolite activation
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FIGURE 3. Some steps involved in araB-lacZ fusion formation. The steps leading to the
strand-transfer complex (STC) are based on Mu biochemistry3!32. The type 0 transpososome
is the complex between Mu ends and MuA protein; the type I transpososome or cleaved

donor complex (CDC) is formed by cleavage of the prophage 3’ termini. The MuA-Mu
termini complex maintains the prophage as a separate supercoiled domain. The CDC selects
a5 bp genomic target just downstream of the U118 ochre triplet, cleaves on each side of

the target, and ligates the exposed 3" termini to the 3" Mu prophage termini to complete
strand transfer and generate the STC (Refs 31, 32, 64). (The details of these cleavages and
ligations are in Ref. 28.) MuB protein participates in target sequence selection during active
Mu replication, but DNA rearrangements, transpositions and fusions can occur in the
absence of B protein. During exponential growth with MuB protein, the Mu prophage in the
STC replicates. The first round produces an adjacent inversion of the proximal lacZ segment
carrying the U118 mutation between inverted Mu copies®; subsequent rounds of replication

are lethal. Under starvation on arabinose-lactose plates, isomerization of the STC to a four-way

branched structure containing short araB:MuR heteroduplexes (yellow) and subsequent
resolution by an activity similar to a Holliday junction resolvase have been postulated2?.
Mu or host gene products known to be involved at particular steps are indicated.
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by an araCe¢ plasmid. This, too, was
initially thought to be an effect on
derepression. However, it has been
shown that Crp is not required for
Mu derepression under starvation
conditions, and the B-kil- prophage
mutations create a partial bypass of
the crp~ block to fusion formation
(G. Maenhaut-Michel, M-J. Gama,
A. Toussaint and J.A. Shapiro, un-
published). As the B- mutation
prevents prophage replication, we
hypothesize that some cAMP+Crp-
dependent function prevents repli-
cation of the STC intermediate under
starvation conditions. Because it is
lethal, replication would pre-empt
fusion formation from the STC inter-
mediate (Fig. 3). Choosing between
replicative and non-replicative STC
processing is proposed to constitute
a second decision point in the fusion
process. The need for starvation-
dependent events in at least two
distinct steps of the fusion process
would explain one of the most strik-
ing features of the araB-lacZ system,
namely that fusions are never recov-
ered after normal growth, but only
after prolonged aerobic starvation.

How general are the conclusions
drawn from the araB-lacZ system?
Mobile genetic elements like Mu
are found in all organisms. It, thus,
seems reasonable to hypothesize
that the regulatory aspects of the
mutational process exemplified by
the araB-lacZ system might have
some general applicability. Are there
other examples of mutagenesis that
illustrate physiological regulation?
One other adaptive mutation
system has been the object of care-
ful genetic and molecular scrutiny.
Selection greatly stimulates pseudo-
reversion of a plasmid-borne lac33
mutation, a lacl-Z fusion contain-
ing a +1 frameshift in the Jacl por-
tion of the hybrid coding sequence
which prevents B-galactosidase ex-
pression30:37. The mutations stimu-
lated by selection are a specific class
of -1 frameshifts that restore the
proper reading frame to encode an
enzymatically active Lacl-LacZ fu-
sion peptide, and these frameshifts
are different from the ones that occur
during normal growth3%.39. Genetic
studies have revealed that adap-
tive lac33 pseudoreversion requires
homologous recombination4®42 and
F'lac conjugation (Tra) functions®3%,
Mutations or culture conditions that






