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cis-Acting Proteins
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The cis-trans complementation test (3), widely used in the
analysis of gene function, is predicated on the assumption
that gene products are diffusible. Thus, a merodiploid cell of
genotype X*Y/X"Y* should appear phenotypically wild
type. In principle, separate genetic entities that specify
products should be distinguishable on the basis of comple-
mentation in merodiploids. A mutation in a site of action, on
the other hand, should not be complemented. In general
these expectations have been borne out, with most apparent
exceptions traceable to subunit mixing and polarity effects.
Such results are to be expected with genes that are ex-
pressed efficiently and whose products act in the cytoplasm.
However, it is in retrospect not so obvious that DNA-
binding proteins, especially those which are specified by
genes located close to their targets, should act as efficiently
in trans as in cis.

DNA-binding proteins generally have high affinity for
specific sites of action and lower but significant affinity for
nonspecific DNA. Analyses of Berg et al. (4, 5) showed that
the rates at which lac repressor and RNA polymerase locate
their targets in Escherichia coli dre consistent with one-
dimensional random searches along the DNA. Three-dimen-
sional random searches through the cytoplasm were ruled
out on the basis of the rates of the interactions. It was
suggested that DNA-binding proteins might also translocate
across DNA segments, however. .

Given that transcription and translation in procaryotes
appear to be closely coupled (21, 29), a newly synthesized
protein is presumably released in the immediate neighbor-
hood of the parental gene. If there were a site of action on a
closely linked DNA segment, it might be expected, on the
basis of a one-dimensional random search, that this local
target would be preferred over a more remote one. Whether
trans sites would also be occupied effectively should depend
on the numbers of molecules and subunits of the binding
protein, the distance to the trans sites, the affinity of the
protein for specific and nonspecific binding sites, the stabil-
ity of the protein in the absence of its target, and the stability
of the target in the absence of the protein.

In considering apparent cis effects, it is necessary to rule
out trivial explanations. Thus, a regulatory gene cloned onto
a multicopy plasmid may not be expressed simply because of
structural considerations, e.g. plasmid promoters, or exces-
sive expression may result in the accumulation of inactive
multimers. Transcriptional polarity could mimic cis action,
as Kleckner (22) showed in a study of amber mutations in A
gene O. She found that O amber mutants of N~ phages were
not complemented by O" N~ phage. Such a result would
suggest that an O* gene product is cis acting. However,
nonamber O N mutants were complemented. This suggested
rather that the polar effect of the amber codons interfered
with transcriptional activation of DNA replication. Indeed, a
secondary mutation dowrnstream which relieved the amber
polarity also allowed complementation, indicating that tran-
scription of the O P region of a given phage is necessary for
replication of that phage.
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There are three well-defined classes of proteins whose
action is preferentially cis: the A gene proteins of the
isometric single-stranded-DNA phages and perhaps analo-
gous proteins in other systems, the insertion sequence (IS)
transposases, and two regulatory proteins, the D-serine
deaminase activator and A Q gene product. This review will
discuss cis effects in the context of the functions of these
proteins and will consider the circumstances that result in cis
action.

DNA REPLICATIVE PROTEINS

The first observation of procaryotic cis dominance was by
Tessman (35, 36). She found that complementation of gene A
amber mutants of the single-stranded-DNA phage S13 by
wild-type phage was barely detectable (35, 37). Similar
results were obtained in analogous experiments with A
protein mutants of the related phages $X174 and G4 and
with amber and thermosensitive mutants for a replicative
protein of the double-stranded-DNA phage P2 (14, 24, 38).
The gene A product is a multifunctional protein which has a
central role in the replication and maturation of the isometric
single-stranded phage DNAs. The protein attaches to a
specific site within the A gene itself on the covalently closed
superhelical replicative form I of the phage (1, 2, 13, 15). At
this site, the origin of replication, the protein introduces a
single nick, converting the DNA to the relaxed replicative
form II. The protein remains attached to the replication
complex, cuts newly synthesized progeny DNAs into unit
lengths as they emerge from the rolling-circle intermediate,
and ligates them into circular viral molecules (12, 18, 19, 41).
Francke and Ray (14), using 3H-labeled wild-type and 3?P-
labeled gene A amber mutant $X174 phage in mixed infec-
tions of sensitive cells, were able to show the cis effect
conclusively. Regardless of multiplicity of infection, nearly
all of the 3P label was recovered in replicative form I DNA
(not nicked), whereas the 3H label was recovered almost
entirely in replicative form II (nicked) and progeny DNA.

As the A protein is apparently synthesized in considerable
excess of its replicative function and is sufficiently stable
that it can promote $X174 DNA replication in vitro, its cis
dominance is surprising. Since partially purified protein
functions in vitro (12, 18, 19, 41), it can apparently retain
activity while searching for its target. Tessman et al. (37)
showed, however, that the protein is also required for
superinfection immunity, and van der Mei et al. (39) found
that it is trapped by the cell membrane, which is presumably
the site of the exclusion function. Thus, unless the newly
synthesized gene product binds immediately to a free DNA
origin of replication, it is apparently channeled to its alter-
native site of action. Such a trap may be necessary to
prevent formation of excessive amounts of active replicative
form II. If the parental DNA is in contact with the membrane
during its replication, the protein could locate the membrane
by searching along it, but would presumably have to move
through the cytoplasm to find another DNA molecule.
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TRANSPOSASES

Several of the IS transposases, including those of IS10
(Tn10), IS50R (TnS5), IS903 (Tn903), and IS/, have been
shown to act preferentially in cis (16, 20, 25, 28). Morisato et
al. (28) provided a conclusive and quantitative demonstra-
tion of the phenomenon for the IS10 transposase of Tnl0.
They fused the IS/0 transposase gene to the inducible ptac
transcriptional promoter and integrated this construction in
either orientation to and at varying distances from a trans-
position-defective Tnl0 Tc' element. The recipient strain
also contained a transposition-defective Tn/0 Km' element,
at a site remote from both the Tc' and the transposase
elements. Morisato et al. found that the transposition ratio
Tc/Km" varied inversely with the distance between the
transposase gene and the Tc transposon ends. The effect
was independent of the orientation of the transposase gene
relative to its targets, the nature of the intervening DNA, and
the level of transposase. When the amount of transposase
per cell was increased by induction of the ptac gene,
however, the absolute level of transposition of both elements
increased accordingly.

In this experiment one can account for the gradient of
activity of the transposase by assuming that the protein
interacts more efficiently with target sites close to its paren-
tal gene than with distant ones. It cannot be explained by
transcriptional activation, because neither the orientation of
the transposase gene nor the nature of the intervening DNA
affects the transposition ratio. The level of IS/0 transposase
is very low, less than one molecule per cell in wild-type cells
(33). Why, when transposase synthesis is increased by
induction of the tac promoter, is the protein not more
effective at a distance? Morisato et al. (28) suggest that it
may be intrinsically unstable, like the Mu transposase (30),
so that most molecules do not reach distant targets in an
active form. They point out that preferential cis action of the
transposase may be essential to prevent excessive transpo-
sition. If the rates of transposition and mutational loss of
ability to transpose are similar, such a mechanism would
maintain the number of functional transposable elements in
the cell at a constant level.

Roberts et al. (34) have shown that there are methylation
sites in the DNA of the IS10 transposase promoter and in the
inner terminus and that both sites are severalfold more
active in dam (nonmethylating) mutants that in wild-type
cells. Thus, an additional factor in the preferential cis action
of the IS10 transposase on ISI0 transposition in wild-type
cells may be the inactivity of both the promoter and the IS/0
end, except immediately after replication when the newly
synthesized DNA would be hemimethylated—that is, a
target would be active just when the protein was being
produced. The authors point out that the mechanism may be
a more general one, as there are analogous methylation sites
in other IS elements. They note that such a control on IS10
transposition protects the cell from possible irreparable
damage resulting from transposition, as transposition would
occur only when the transposing region was duplicated.

D-SERINE DEAMINASE ACTIVATOR AND THE A Q
GENE PRODUCT

The D-serine deaminase activator protein (dsdC gene
product) is required for the induction of D-serine deaminase
(dsdA gene product) mRNA syrthesis in wild-type E. coli
K-12. The protein also represses its own synthesis fivefold in
the absence of its ligand, D-serine. The two genes are
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adjacent and are divergently transcribed from a central
control region (27; unpublished results). The cellular con-
centration of activator is extremely low; in the absence of
D-serine, it is similar to that of the parental gene itself (17).

‘We observed an apparent cis action of the dsdC* gene
when we cloned it, together with the dsd control region, on
the plasmids pACYC177 (copy number, 20) and pUCS8 (copy
number, 100 to 200). D-Serine deaminase synthesis was
highly inducible in A(dsdA dsdC) strains bearing plasmid
pAC131 (dsdA* dsdC*)and in dsdA™* dsdC™ strains bearing
plasmid pAC51 (AdsdA dsdC*). However, we could detect
no induceéd synthesis in a dsdA* AdsdC strain bearing
plasmid pAC51 or in a AdsdA dsdC™ strain bearing plasmid
pACS53 (dsdA* AdsdC) (6, 17; unpublished results). More-
over, constitutive D-serine deaminase synthesis was not
repressed in either of two dsdA* dsdC® strains (dsdC*®
denotes a dsdC allele that results in a constitutive pheno-
type) bearing dsdC* plasmids (unpublished results). Plas-
mid-borne activator genes program activator synthesis in
vivo and in vitro. We have used dsdC* plasmids to enhance
activator synthesis in vivo (17); the gene is expressed as
efficiently from plasmids as from the chromosome. The
purified protein activates D-serine deaminase synthesis in a
cell-free system (8, 17); thus, it does not seem to be unstable
in the absence of its target. Therefore, the activator appar-
ently does not diffuse freely between plasmids and the
chromosome.

The cis effect observed with plasmids is in contrast to the
usual situation with the F'-borne dsdC* gene. The introduc-
tion of an F’ dsdC* gene into a dsdA* dsdC°® strain results
in a 3- to 10-fold decrease in the rate of constitutive D-serine
deaminase synthesis in both recA* and recA strains, if the
pattern of F'-mediated transfer of chromosomal genes in the
merodiploid is normal (6, 26). This trans effect of the dsdC*
gene has been attributed to repression of dsdC® expression
by the wild-type activator (17). However, in one dsdA™
dsdC°/F' dsdA* dsdC* merodiploid there was no trans
effect of the dsdC* gene on constitutivity (26). This
merodiploid, in contrast to the others, showed an aberrant
gradient of chromosomal transfer, indicating that the F’
plasmid is not paired with the chromosomal dsd region but
might be integrated to its left. The merodiploid was shown to
contain the dsdC* gene because it could transfer the gene
(26). We know that dsdC expression is very weak, such that
there are only a few molecules of activator per wild-type cell
(17). We think that these few molecules are preferentially
bound by dsd promoter sites in the immediate vicinity of
their synthesis. There is some evidence that this is the case
and that there may be multiple activator-binding sites in the
dsd control region. S. Bernstein (unpublished results) cloned
a 1.1-kilobase Sphl-EcoRI dadC* fragment into the Sphl-
EcoRlI sites of pUC18 and pUC19 (copy number, about 100)
(40). The cloned fragment lacks a major part of the dsd
contiol region, the 300 base pairs adjacent to the dsdA gene.
Introduction of the hybrid plasmids containing this region
into the same dsdA™* dsdC*® strains described above resulted
in a two- to fivefold decrease in the constitutive rate of
synthesis. Since removal of control region DNA evoked
such a trans effect, it may be that the deleted DNA contains
one or more activator target sequences. In the wild-type cell,
newly formed activator would be quickly trapped by such
nearby binding sites and would not be available to distal
sites.

Echols et al. (11) demonstrated the apparently preferential
cis action of another regulatory protein, the A Q gene
protein, which activates expression of adjacent late genes.
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They found that synthesis of endolysin, the product of the
late gene R, was about eightfold lower in cells mixedly
infected with Q~am R* and Q* R~ phage than in cells
infected with Q~am R~ and Q* R* phage. The result was
the same when the host strain carried the polarity suppressor
SuA. In all cases the yields of the two types of infecting
phage were similar. The authors noted the close proximity of
the A Q gene to its site of action and suggested that such an
arrangement might be advantageous, in that it should result
in a locally high concentration of a regulatory protein near its
target. They considered that the preferential cis action of the
Q gene product might be due to failure to reach trans sites
because of instability or excessive nonspecific binding to
intervening DNA. Recent work of M. Benedik (personal
communication), however, suggests that DNA structure in
the vicinity of the Q gene may be involved in the effect.

CONCLUSIONS

Many genes that specify DNA-binding proteins are adja-
cent to target sites of the gene products, which, as Echols et
al. have pointed out (11), suggests that such arrangements
have some functional significance. Well-characterized exam-
ples include the lac, hut, \ repressor, and A ¢ro genes and the
ara and mal activators as well as the cases described above.
Most, including the lac repressor gene of Klebsiella pneu-
maniae (7), are either part of a regulated operon or are
transcribed with opposite polarity from that of the target
operon. The fact that synthesis of most of the proteins is
weakly autoregulated, although the effect of the regulation
on total protein synthesis must be miniscule, is also thought
provoking. The existence of autoregulatory sites means that
these proteins are always bound to DNA near at least some
of their targets, whether their functions are required or not.
Even the E. coli lac repressor, whose synthesis is apparently
not regulated, has secondary binding sites in lacl and lacZ
which may increase the efficiency of lac repressor-operator
interaction (31). Such a tracking mechanism could make
regulatory proteins that are present in the cell only in very
small amounts readily available to their targets.

Why, given the apparently felicitous location of many
regulatory genes with respect to their targets, have not more
preferential cis effects been observed? Certainly one very
important reason is that nearly all of the proteins must also
act at a distance, to regulate unlinked sets of genes as well as
adjacent ones. Thus, the ara activator must be able to
activate expression of an unlinked permease gene as well as
the adjacent araBAD operon (23), the \ repressor must be
able to act in trans to block superinfection of lysogens (32),
etc. As might be expected, the proteins that act at a distance
are produced in significantly greater amounts than the I1S10
transposase (33) or the D-serine deaminase activator (17).
There are estimated to be more than 100 molecules each of
the ara and mal activators per cell (9, 10), for example.
Another reason may be that it is very difficult to detect
moderately preferential cis effects. The three cases dis-
cussed here are fairly stringent. The phage S13 A protein
seems to be efficiently trapped in the absence of its target
(39). The synthesis of ISI0 transposase and D-serine
deaminase activator in wild-type cells is very inefficient, and
the proteins are not required to act at a distance (17, 33).
Moreover, at least some IS transposase ends are probably
not active except when transposase is being synthesized
(34). In intermediate situations, with more protein synthe-
sized, less efficient traps, or both, significant amounts of
protein may diffuse to distal sites. Thus, although there
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might be severalfold more molecules available to an adjacent
site than to a distal one, both sites could still be saturated,
and no cis effect would be apparent. Distance might also be
partially compensated for by the presence of secondary
binding sites, at distant promoters, that maintain significant
local concentrations of proteins at strategically located park-
ing places.
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