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Bacteria commonly exchange genetic information by the horizontal transfer of conjugative plasmids. In
gram-negative conjugation, a relaxase enzyme is absolutely required to prepare plasmid DNA for transit into
the recipient via a type IV secretion system. Here we report a mutagenesis of the F plasmid relaxase gene traI
using in-frame, 31-codon insertions. Phenotypic analysis of our mutant library revealed that several mutant
proteins are functional in conjugation, highlighting regions of TraI that can tolerate insertions of a moderate
size. We also demonstrate that wild-type TraI, when overexpressed, plays a dominant-negative regulatory role
in conjugation, repressing plasmid transfer frequencies �100-fold. Mutant TraI proteins with insertions in a
region of approximately 400 residues between the consensus relaxase and helicase sequences did not cause
conjugative repression. These unrestrictive TraI variants have normal relaxase activity in vivo, and several
have wild-type conjugative functions when expressed at normal levels. We postulate that TraI negatively
regulates conjugation by interacting with and sequestering some component of the conjugative apparatus. Our
data indicate that the domain responsible for conjugative repression resides in the central region of TraI
between the protein’s catalytic domains.

Much of the lateral gene transfer between bacteria occurs
through the action of conjugative plasmids that encode all of
the functions necessary for their hosts to transmit them to
recipient cells. Plasmid transfer is achieved through direct
cell contact and active transport of DNA by the donor. In
gram-negative conjugation systems, typified by the F plas-
mid of Escherichia coli, only one strand of DNA is translo-
cated, so single-strand cleavage and unwinding of the sub-
strate DNA must occur prior to transfer (9). Strand scission
is performed by plasmid-encoded “relaxases” that cleave
their cognate plasmid at a specific site called nic within the
origin-of-transfer region (oriT). In the case of the F and
related plasmids, the accessory proteins TraM, TraY, and
integration host factor also bind at oriT as part of the relaxo-
some complex (15, 17, 19, 32). DNA unwinding is usually
performed by a separate helicase, though in some systems,
such as the F and R388 plasmids of E. coli, relaxase and
helicase activities are both present in the relaxase (11, 27, 42).
After making a single-stranded break at nic, the relaxase is
thought to deliver the DNA to a type IV secretory apparatus
that can translocate it across the recipient cell membrane. The
relaxase remains covalently bound to the nic site and religates
the scission once DNA transfer is complete. The replication of
single-stranded plasmid DNA in the donor and recipient re-
generates the double-stranded DNA plasmid in both cells.

The F plasmid relaxase TraI is a well-studied model of
structure and function for relaxases. The single-stranded

DNA-cleaving activity of TraI is present in the first �310
residues of this 1,756-residue protein, while the helicase motifs
are located towards the C terminus (residues �990 to 1450)
(Fig. 1) (4, 28, 41). The C-terminal region of TraI following the
helicase domain appears to play a role in conjugation and may
function in protein-protein interactions (28). TraI binds nic
with exquisite sequence specificity (40), and some structural
determinants of this specificity have been revealed by site-
directed mutagenesis and crystallographic analyses (8, 13,
14, 20).

Despite the extensive biochemical analysis of TraI, a gen-
eral mutagenesis of the traI gene has not been previously
described. We mutagenized F traI using the �TnlacZ/in sys-
tem (25, 26) to generate mutants with a defined 31-codon
insertion (the “i31”) at different positions. i31 libraries are
useful tools for studying structure-function relationships
and mapping functional regions within a protein because i31
lesions are vicinal in their effects. The i31 disrupts nearby
protein folding, which can be deleterious to the function of
the disrupted region. In some cases, however, the insert
does not affect function, and such inserts allow us to identify
“permissive sites” in the protein that can tolerate insertions
of a moderate size. Prior applications of i31 libraries include
defining the topology of transmembrane proteins, studying
protein-protein interactions, mapping functional domains,
and investigating the interactions of bacterial proteins with
eukaryotic cells (18, 21, 22, 38, 39, 44, 45). In one study
focusing on the E. coli LacI repressor, which is, like TraI, a
cytoplasmic DNA binding protein, the phenotypes resulting
from i31 mutations and previously characterized missense
mutations at nearby positions were explicitly compared and
found to agree quite well (31).

We tested the phenotypes of TraI::i31 mutants in conjuga-
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tion and in vivo oriT cleavage assays. Several mutations render
TraI nonfunctional in conjugation, while others mark permis-
sive sites in the protein. An analysis of mutant with insertions
between the consensus relaxase and helicase domains of the
protein allowed us to identify a novel role for the intervening
region, which functions as a negative regulator of F plasmid
conjugation. The mechanism of negative regulation is unclear,
though it may represent a titration or sequestration of some
vital conjugative component by TraI.

MATERIALS AND METHODS

Growth media, strains, and plasmids. E. coli strains and plasmids used in this
study are summarized in Table 1. The rich (LB) and minimal (M63) media used
in these experiments have been described previously (30). Tetracycline sensitivity
selection was performed on minimal plates as described previously (3), supple-
mented with fusaric acid (6 mg/liter), lactose (0.2% wt/vol), thiamine (100 �g/
ml), and hydrophobic amino acids (isoleucine, phenylalanine, tryptophan, and
tyrosine at 50 �g/ml). Medium supplements were used at the following concen-
trations: 100 �g/ml, ampicillin; 30 �g/ml, chloramphenicol; 15 �g/ml, tetracy-
cline; 100 �g/ml, streptomycin; 40 �g/ml, kanamycin; 5 or 10 �g/ml, gentamicin;

FIG. 1. Diagram of i31 library and conjugation phenotypes of traI::i31 mutants. The bar shows the length of the TraI protein, with four regions
highlighted by different patterns: gray, relaxase domain; lined, region of unknown function; white, helicase domain; spotted, putative protein-
protein interaction domain. Each allele (except the Q794 allele) was introduced on a pTrc-based vector to a CAW400 pOX�traI donor, and the
resulting strains were assayed for their abilities to transfer pOX�traI to an F� recipient. For the Q794 allele, the complementation phenotype was
assayed in an XK1502 F��I donor. Mutants are listed by position of i31 insert, and their phenotypes relative to the �traI/p99I� control donor are
shown by the labeled vertical lines. The pOX�traI/p99I� control donor had a conjugation frequency of 8.0 � 10�3 transconjugants/donor.

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Description Reference/source

E. coli strains
CAW400 MC4100 valR recA56 35, 46
CC191 MC1000 F�128(lacIq Z�M15) phoA�20 rpoB argE(Am) recA� 37, 38
CC1254 MC1000 F42 �recBCD::red-kan phoA�20 rpoB argE(Am) C. Manoil
HS3169 MC4100 malK�16 zjb-729::Tn10 33
XK1502 F� �lacU169 nalA 34
AG1 F� endA1 hsdR17 (rK

� mK
�) supE44 thi-1 recA1 gyrA96 relA1 Stratagene

Plasmids
F�42 F�lac JCFL0 1
F��I F�42 with traI deleted and replaced by Tn10 tetRA sequence This study
p99D� pTrc99A with wild-type traD cloned into the MCSa This study
p99M� pTrc99A with wild-type traM cloned into the MCS This study
p99I� pTrc99A with wild-type traI cloned into the MCS This study
pACYC184 Cmr cloning vector with p19A rep functions 5
pACYCM� pACYC184 with wild-type traM This study
pEG100 pACYC184-derived vector with MCS from pTrc99A This study
pEG103 pEG103 with traD cloned into the MCS This study
pGK111M0 1.2-kb BglII-Pst fragment of plasmid R1 containing oriT, traM, and finP in pUC119;

traM not expressed due to G-to-C substitution in start codon ATG
36

pLOW2 Kmr vector with p15A rep functions and MCS from pUC18 NotI 12
pLOW2traM0oriT EcoRI-Pst oriT-traM0 fragment of pGK111M0 in pLOW2 This study
pNLK5 Apr vector carrying traD under araBAD promoter 21
pKD46 Apr plasmid with � Red genes gam, bet, and exo 7
pOX�traI Gmr pOX38 derivative with dhfr gene in place of traI 46
pPD1 pHUB2-derived plasmid carrying traD and traI 43
pRFM2T75 Cloning vector carrying traM under control of a T7 promoter L. S. Frost
pTrc99A Apr cloning vector 2

a MCS, multiple cloning site.
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40 �g/ml, 5-bromo-4-chloro-3-indolyl 	-D-galactopyranoside (X-Gal); 1 mM,
isopropyl-	-D-galactopyranoside (IPTG).

The traI gene was cloned into pTrc99A as follows. The coding region of traI
was amplified from pPD1 (43) using primers that added an Acc65I site to the 5�
end and an XbaI site to the 3� end. These primers have the following sequences
(the traI coding sequence is in upper case): cgggggtacccaaagggatatacgtttATGA
(forward) and gtcctaagcgtttgtctagatgtatcaGTCTCCA (reverse). The PCR prod-
uct was digested with Acc65I and XbaI and ligated into the Acc65I and XbaI sites
of pTrc99A to generate p99I�. The construct was tested for its ability to com-
plement a traI-deficient donor for conjugation, and stable production of TraI
protein was verified by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE).

A derivative of the F plasmid lacking traI was generated as follows. The traI
gene in F�42 (Table 1) was replaced with a PCR-amplified tetracycline resistance
cassette from Tn10 by � Red recombination (7) in strain CC1254 to generate
F�42�traI::tetRA (“F��I”). The following primers were used for tetRA PCR am-
plification (homology to tetRA is shown in upper case): gggatatacgttatgatgagtat
tgcgcaggtcagatcgTTAAGACCCACTTTCACATT (forward) and tcagtctccaccca
gggttttctctttctgcaggtcgcggCTAAGCACTTGTCTCCTG (reverse). Only the first
27 nucleotides and the final 40 nucleotides of traI remained intact. This particular
arrangement was chosen because the traI termini provided sufficient homology to
the traI::i31 alleles carried on pTrc vectors (44 base pairs on either side) to allow
� Red recombination. The F��I construct was verified by PCR and by its ability
to be complemented for conjugative DNA transfer by traI in trans.

To insert mutant traI alleles into the F�42, individual alleles were cut from their
pTrc-based vectors using Acc65I and HindIII and recombined into the F��I in
strain XK1502 using the � Red system present on pKD46 (7). Putative recom-
binants were selected on lactose minimal plates containing fusaric acid (see
above) and purified on lactose minimal plates. Candidates were screened by
conjugative proficiency and/or PCR, and production of TraI::i31 proteins was
verified by Western blotting with an i31-specific antibody (25).

For increased expression of traM and traD, these genes were cloned into
pACYC184-based vectors. traM was amplified from pRFM2T75 by PCR and
cloned into the pTrc99A vector using BamHI and SalI to generate p99M�. The
SalI/BamHI fragment of p99M� was cloned into those same sites in pACYC184
to generate pACYCM�. traD was cloned from pNLK5 (21) into pTrc99A (gen-
erating p99D�) using Acc65I and HindIII and then with the same restriction
enzymes into pEG100 to generate pEG103.

To create low-copy recombinant oriT substrates for activity measurements of
TraI-catalyzed nic cleavage in vivo, we used the pLOW2 vector described by
Hansen et al. (12). A subcloned 1.2-kb BglII/PstI fragment of the IncFII R1 oriT
region was excised from pGK111M0 (36) and ligated to the polylinker of
pLOW2. To avoid transcription into the oriT region from the lac promoter
immediately adjacent to the polylinker, a subsequent step was necessary to
reverse the orientation of the insert. The polylinker of pLOW2 is flanked by dual
NotI sites. NotI digestion, followed by religation of the products, generated the
desired recombinant, designated pLOW2traM0oriT, with the lac promoter 1.2 kb
distant from oriT.

Mutagenesis of traI. �TnlacZ/in mutagenesis (25) of traI was carried out in
strain CC191 p99I�. From approximately 100,000 screened colonies, we isolated
37 plasmids with independent in-frame traI-lacZ fusions and located the inser-
tions by sequencing outwards from the transposon. Among this set of fusions,
there were 33 different insertion locations, with insertions at the Q839 and V506
codons isolated twice and the insertion at the Q6 codon isolated three times.
Transposon sequences were converted to i31 inserts as described previously (25)
to generate “p99traI::i31” plasmids. The resulting traI alleles contain in-frame
insertions of 31 codons with a defined sequence, with 27 of the 31 codons being
identical in all mutants. Mutant alleles and proteins are referred to by the codon
into which the insertion occurred (e.g., E1685 or TraIiE1685). The production of
TraI::i31 proteins was assayed by Coomassie staining of gels after SDS-PAGE
and by Western blot detection using an i31-specific antibody (25).

Internal deletions within traI were generated using the unique BamHI site
present in the i31 sequence of the p99traI::i31 plasmids as previously described
(26). To generate the deletion from codons 6 to 225, the plasmids p99traI::Q6
and p99traI::E225 were digested with BamHI and PvuI, mixed, and ligated. To
generate the deletion from codons 996 to 1753, p99traI::V996 and p99traI::L1753
were cut with BamHI and EcoRI and then mixed and ligated. Mutants were
assayed for their abilities to produce protein by Western blotting with an anti-i31
antibody in the same manner as that used to detect full-length i31 mutant
derivatives.

Quantitative conjugation. A total of 0.1 ml of donor and HS3169 recipient
overnight cultures were added to 0.8 ml LB, and the mixture was rotated slowly
at 37°C for 45 min. For the initial characterization of conjugative proficiency of

the traI::i31 mutations on pTrc99A, CAW400 pOX�traI was the donor strain; for
all subsequent experiments, the donor was XK1502 carrying the F�42 or F��I
plasmid. pOX�traI transconjugants were selected on rich plates containing gen-
tamicin and streptomycin, while F�lac transconjugants were selected on lactose
minimal agar supplemented with leucine, isoleucine, and streptomycin. The trc
promoter was not induced when donors carried traI alleles on pTrc-based plas-
mids since the amount of TraI present without induction was higher than that in
strains carrying the wild-type F�42 (see Results).

TraI expression analysis. For the quantitation of radiolabeled proteins, cells
were diluted 1:100 from overnight cultures into M63-glycerol and grown to an
optical density at 600 nm (OD600) of �0.37 with shaking at 37°C. A total of 750
�l of these cultures was labeled with 30 �Ci of 35S-Met/Cys (NEG-072
EXPRE35S35S [35S] protein labeling mix from PerkinElmer Life Sciences) for 1
min and then treated with 0.05% unlabeled methionine and immediately put on
ice. TraI::i31 protein was immunoprecipitated with i31-specific antiserum (25).
Precipitated proteins were separated using SDS-PAGE, and TraI was quantified
using a PhosphorImager (Molecular Dynamics).

For analysis by Western blotting, cells were grown to mid-log phase in rich
media without IPTG induction and then harvested. Cell extracts were separated
on polyacrylamide gels, and TraI derivatives were detected by Western blotting
using a polyclonal anti-i31 antibody (25) or a commercial polyclonal anti-LacZ
antibody (5�33�, Inc.) as the primary antibody and an alkaline-phosphatase-
conjugated secondary antibody. Bound antibodies were visualized by exposure to
nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (XP). When
appropriate, blots were then scanned and bands were quantified using Image-
Quant software (Molecular Dynamics).

Intracellular oriT cleavage assays. In vivo nic cleavage catalyzed by TraI and
various i31 mutants was assayed with a runoff DNA synthesis technique (47)
using primer 8 as previously described (17). Briefly, E. coli AG1 strains carrying
a recombinant IncF oriT traM-null cleavage substrate, pLOW2traM0oriT, and an
expression construct for the traI allele were grown in the presence of ampicillin,
kanamycin, and 0.1 mM IPTG. Cells were harvested in exponential growth
phase, and an equivalent cell mass (OD600) was used as a template for in vitro
unidirectional DNA synthesis in the presence of 
32P-labeled deoxynucleoside
triphosphate precursors (Amersham). The reaction mixtures also contained 2 ng
of a KpnI-linearized fragment of control DNA. DNA synthesis on this standard
DNA fragment generates a specific product of 72 nucleotides in length, which
can be easily distinguished from the 121-nucleotide product synthesized on the
oriT plasmids cleaved intracellularly at nic. The control product is used to
normalize the yield of each reaction. Reaction products were applied immedi-
ately to denaturing gels and resolved with a polynucleotide size marker as
described previously (17). Products were visualized by autoradiography of the
dried gels.

RESULTS

Mutagenesis of traI-generated alleles that outperformed the
wild type in conjugative complementation. We isolated a li-
brary of 33 distinct traI::i31 mutants in the vector pTrc99A.
Given the large size of TraI, an examination of the protein in
cell extracts by SDS-PAGE gives a reasonable indication of
protein production and stability. Coomassie staining of gels
with cell extracts from cultures induced with 1 mM IPTG for 30
min revealed that all of these mutants produce similar amounts
of stable, full-length protein except the V1130 mutant, which
makes a truncated product (data not shown).

The 33 alleles (in pTrc-derived vectors) were assayed for the
ability to complement transfer of the F-derived, traI-deficient
plasmid pOX�traI; the results are summarized in Fig. 1. Com-
pared to that of the pOX�traI/p99I� control, mutant conjuga-
tion frequencies fell into four broad categories corresponding
to the groups defined in Fig. 1: extremely defective (x), par-
tially defective (class 1), wild type (class 2), and higher than
wild type (class 3). Twelve alleles complemented conjugation
in a manner similar to that of the wild type, revealing permis-
sive sites scattered across the length of the protein. Ten of the
12 extremely and partially defective alleles had insertions in
the helicase domain (residues �990 to 1450). Of the remaining
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two class 1 alleles, the reduced function of the Q6 allele is not
surprising given the proximity of its insertion to active-site
residues in the relaxase domain (8), but the insertion in the
Q839 allele is not in a characterized functional motif. Strik-
ingly, all mutants with i31 lesions between residues 369 and 683
were functional in conjugation and most allowed frequencies
of conjugation higher those observed with wild-type traI (Fig.
1). An important corollary to this observation was that the
pOX�traI/p99I� donor had a conjugative efficiency of 8.0 �
10�3 transconjugants/donor, which is relatively low (approxi-
mately 1% of the conjugative efficiency of the Tra� F plasmid
under similar conditions). Some alleles, such as the A593 and
L681 alleles, complemented pOX�traI 100 times better than
did wild-type traI in this assay, achieving normal F transfer
rates. The surprising phenotype prompted further investiga-
tion of these class 3 alleles.

nic cleavage activity is unchanged in class 3 TraI mutants.
One possible explanation for the increased conjugation fre-
quencies observed with class 3 mutants is that the site- and
strand-specific cleavage catalyzed by TraI in preparation for
DNA transfer could be strongly enhanced in these insertion
mutants. This hypothesis was tested by measuring the level of
cleavage at nic catalyzed by TraI in vivo, which was determined
by using an in vitro runoff DNA synthesis assay (17). Intracel-
lular cleavage of a recombinant oriT substrate in hosts express-
ing a selection of traI::i31 alleles (six class 3 and one class 2)
was compared to cleavage of the same substrate in cells car-
rying wild-type traI (Fig. 2). One- and twofold equivalents of
cell mass (as indicated by OD600) from each strain were in-
cluded in the reaction mixtures; the number of viable cells in
each culture was determined at cell harvest and indicated sim-
ilar levels of CFU per reaction mixture. The efficiency of the
runoff DNA synthesis reaction can be normalized using the
specific product produced on a known amount of linear control
DNA added to each reaction mixture (Fig. 2B). While this is
not a strictly quantitative assay, a twofold increase in the
amount of cleaved product used for in vitro DNA synthesis
results in a visible difference in output (compare the one- and
twofold equivalent lanes for each allele). Cells with increased
TraI cleavage activity would have more cleaved product per
cell and therefore result in more runoff synthesis product per
viable cell input to the reaction. Despite variations in conju-
gative efficiency between the TraI mutants tested here, no
notable difference in oriT cleavage activity was detected be-
tween the mutants (lanes 4 to 16) and wild-type TraI (lanes 2
and 3). The observation that class 3 alleles have wild-type
conjugation phenotypes when present on the F�42 (see below)
is further evidence that they have normal relaxase activity.

Expression of traI derivatives in trans can affect conjuga-
tion phenotype. To ensure that the phenotype of class 3
mutants was not somehow related to the complementation of
pOX�traI conjugation in particular, we used p99I� and several
p99traI::i31 plasmids to complement conjugative transfer of
the plasmid F��I, a derivative of the wild-type F�42 in which the
traI gene was replaced with a tetracycline resistance marker
(Fig. 3). In this system, we again found that p99I� comple-
mented plasmid transfer at an �100-fold-reduced frequency
relative to that of F�42 (6.6 � 10�3 transconjugants/donor). All
other plasmids also complemented conjugation as they had for
pOX�traI: the V996 and Q1441 i31 mutants were still defec-

tive, class 2 mutants (the Q794 and E1685 mutants) still per-
formed equivalently to the wild type, and class 3 mutants (the
Q369, A593, and L681 mutants) again outperformed the wild
type.

One trivial explanation for the phenotype of class 3 mutants
is that strains carrying these alleles on pTrc-based vectors
might grow substantially better than do strains with pTrc-based
plasmids bearing other alleles. We followed the growth in
rich media of XK1502-derived strains carrying the traI� and
traI::A593 alleles on pTrc-based vectors and found less than a
10% difference between their doubling times. We concluded
that the class 3 phenotype could not be explained by differen-
tial effects of traI alleles on growth rate.

We next set out to test the phenotype of i31 mutants when
TraI was expressed at physiological levels. While we did not
induce TraI expression in our prior conjugation experiments,
leaky transcription from the trc promoter on the pTrc-derived
plasmids resulted in increased TraI expression relative to F�lac

FIG. 2. Intracellular oriT cleavage by TraI and TraI::i31 mu-
tants. (A) Autoradiogram of runoff DNA synthesis products mea-
suring TraI-catalyzed cleavage activity. E. coli AG1 strains harboring
pLOW2traM0oriT and TraI-expressing plasmids as shown above were
harvested after subculture in fresh medium and IPTG induction. All
reaction mixtures contained equivalent cell mass and 2 ng of a purified
DNA standard (std). The numbers of viable cells in the reaction mix-
tures resolved in lanes 1 to 16 were 2, 0.27, 0.54, 0.16, 0.32, 0.25, 0.5,
0.27, 0.54, 0.3, 0.6, 1.5, 3, 0.7, 1.4, and 0.81 (107 CFU), respectively. The
source of products that are terminated within the A stretch proximal to
nic is not known, but these and shorter extension products are consis-
tently observed when high concentrations of cells are present in reac-
tion mixtures. Also typical for this assay is the apparent double band at
nic, which is consistent with the terminal transferase activity of the
polymerase used in vitro. (B) Standard DNA product after a threefold-
longer exposure time. �, present; �, negative control reaction.
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(see below). For complementation experiments in cis, we re-
placed the wild-type traI locus of F�42 with a variety of traI::i31
alleles using � Red recombination to make markerless replace-
ments and avoid upstream or downstream lesions that might
affect expression. We chose three class 3 alleles (the Q369,
A593, and L681 alleles), two class 2 alleles (the Q794 and
E1685 alleles), and two extremely defective alleles (the V996
and Q1441 alleles). The conjugation frequencies of the result-
ing F�lac plasmids were determined and compared to the F��I/
p99traI complementation data in Fig. 3. The two defective
alleles tested remained defective on F�lac. The Q794 allele
appeared similar to the wild type in high-copy complementa-
tions but had a severe defect when present on F�lac, while the
E1685 allele was indistinguishable from the wild type in both
conjugation assays. F�lac plasmids carrying any of the three
class 3 alleles transferred in a manner similar to that of the
wild-type F�42 (though F�traI::L681 seems somewhat defec-
tive). In summary, we observed that class 3 alleles supported
robust transfer efficiencies regardless of copy number, while
the wild-type traI and the functional E1685 mutation repressed
conjugation when expressed from pTrc-derived plasmids. We
therefore designated the class 3 alleles as “unrestrictive” to
describe their inability to repress conjugative efficiency.

The inability of unrestrictive alleles to suppress conjugation
at high copy suggested that the region mutated might be a
negative regulatory domain. To test this conjecture, we per-
formed conjugative dominance experiments in which wild-type
traI was present on unmodified F�42 and a second allele was
introduced on a pTrc derivative (Fig. 3). Conjugation frequen-
cies ranged widely, depending upon the pTrc-expressed allele.
p99I� and p99traI::E1685 displayed negative dominance over
F�42, reducing the frequency of conjugation by 2 orders of mag-
nitude (compare F�42 or traI::i31 and F�42 � p99I� or
p99traI::i31s in Fig. 3). The V996 and Q1441 alleles, two de-
fective alleles with lesions well outside the domain associated
with unrestrictive mutations, reduced F�42 conjugation fre-
quency in a manner similar to that of wild-type traI when
present on the pTrc vector but did not show further dominance
beyond that noted for p99I�. In contrast, plasmid-borne class

3 alleles (the Q369, A593, and L681 alleles) did not exhibit
conjugative repression of coresident F�42. While the Q794 al-
lele did not display negative dominance for conjugation, the
Q839 allele did, suggesting that the C-terminal boundary of the
“restrictive” domain lies between residues 794 and 839.

We continued our conjugative dominance experiments by
determining the conjugation frequencies of two strains carry-
ing p99I� and F�traI::i31 plasmids (Fig. 3). The V996 allele was
recessive to wild-type traI on the high-copy plasmid, while the
A593 allele showed partial sensitivity to the high-copy repres-
sion. We concluded that the expression of TraI from the pTrc-
derived multicopy plasmid led to a significant and dominant
decrease in conjugative efficiency for coresident F�lac plas-
mids, which could be rescued by insertions in the region be-
tween residues 369 and 794 of TraI.

To determine whether the restrictive domain could function
in the absence of the other functional domains of TraI, we used
the i31 library to generate two internal deletions: an N-termi-
nal deletion from residues 6 to 225 (deleting the majority of the
relaxase domain) and a C-terminal deletion from residues 996
to 1753 (deleting the helicase and putative protein-protein
interaction domains). When expressed from the pTrc vector,
neither of these mutants had an effect on the conjugation
frequency of a coresident F�42 plasmid in conjugative domi-
nance experiments, but the levels of mutant proteins produced
by donor cells were determined by Western blotting to be quite
low relative to the levels of full-length TraI::i31 proteins (data
not shown). Because the overexpression of TraI is probably a
critical factor in conjugative repression (see below), we do not
find it surprising that the deletion mutants failed to exert
dominant effects on conjugation.

To address the question of domain sufficiency in a different
way, we assayed the conjugative dominance phenotypes of a
number of TraI-LacZ fusions. These fusions are generated as
part of the i31 mutagenesis, so we have a TraI-LacZ transla-
tional fusion at the same position as each i31 allele in the
library (see Materials and Methods). At the point of fusion,
native TraI sequence ends and the sequence of LacZ follows,
resulting in a C-terminally truncated TraI derivative. Various

FIG. 3. Complementation and dominance phenotypes of traI and traI::i31 alleles in conjugation. XK1502 donors carrying different combina-
tions of F�42- and pTrc-derived plasmids (as indicated) were assayed for their ability to transfer an F�lac plasmid into an F� recipient. Each bar
represents the conjugative efficiency of one donor strain. Similarly, colored bars represent the four types of experiments: gray, complementation
of F��I in trans; black, phenotype of traI::i31 mutants in cis; white, dominance of p99I� or p99traI::i31s over the F�42; hatched, dominance of p99I�

over F�traI::i31s. Alleles are listed by position of insert (and functional class); “wild type” denotes wild-type traI. An F�42/pTrc99A donor had the
same conjugation frequency as did a donor carrying the F�42 alone. Error bars represent �standard errors of the means of results of two to four
independent biological replicates.
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TraI-LacZ fusions were expressed from the pTrc vector in the
presence of wild-type F�42; the conjugative frequencies associ-
ated with each tested donor are shown in Table 2, which also
summarizes which domains are thought to be present in each
mutant. Most fusion proteins had little, if any, effect on con-
jugative efficiency. The only fusion protein which had a con-
siderable dominant-negative effect on conjugation was the pro-
tein with a fusion at position 1753, and this fusion caused only
a fivefold decrease in conjugative efficiency (relative to �100-
fold for wild-type TraI). Western blot analysis showed that all
of the fusion proteins were expressed at levels comparable to
those of full-length TraI::i31 proteins (data not shown). These
results suggest that the restrictive domain may require the
C-terminal region of the protein to function properly. We
cannot, however, rule out the possibility that the tetrameriza-
tion of LacZ interferes with the function of the TraI restrictive
domain by sequestering it or decreasing its effective concen-
tration within the cell.

TraI expression is higher from pTrc vectors than from F�lac.
We predicted that pTrc-derived plasmids might allow higher
expression of TraI than would F�lac, which could potentially
cause the observed repression of conjugation. To assess TraI
production, we radiolabeled cells carrying traI::L681 on F�lac
or on a pTrc vector and quantified the amount of TraIiL681
present in these strains after immunoprecipitation with i31-
specific antibodies and SDS-PAGE. To ensure that expres-
sion levels were comparable to expression during conjuga-
tion experiments, we did not induce the trc promoter on
p99traI::L681. We found that cells carrying p99traI::L681 ex-
pressed �7.5 times as much TraI as did those harboring
F�traI::L681, and quantitative analysis of protein stability
showed no degradation of TraIiL681 over 15 min (data not
shown).

We also used Western blotting to compare the expression
levels of TraIiQ369, TraIiL681, and TraIiE1685 from F�lac and
pTrc-derived plasmids (without inducing the trc promoter).
Qualitatively, the ratios of TraI expression from pTrc to that
from F�lac looked consistently similar; quantitation of TraI
bands gave mean pTrc:F�lac expression ratios in the range of
10:1 for all three mutant proteins. We infer that cells carrying
a traI allele on a pTrc-based vector, without induction of the trc

promoter, express on the order of 10-fold-more TraI protein
than do cells carrying the same allele on F�lac.

Increasing traD or traM copy number did not reverse re-
pression by TraI. The conjugative repression caused by ele-
vated levels of TraI might be the result of TraI binding to and
sequestering of another protein. We considered two possible
candidates for sequestration: TraM, a protein that associates
with TraI and stimulates nic cleavage in the related R1 plasmid
system (17, 19), and TraD, the coupling protein of the F Tra
system that connects the relaxosome to the membrane-span-
ning DNA transfer complex (23, 38). Introduction of traM or
traD on a pACYC184-based plasmid had little effect on con-
jugation whether traI was present at low or high copy, suggest-
ing that neither is uniquely limiting for conjugation during
traI-mediated repression (Table 3).

DISCUSSION

To aid in the structure-function characterization of the F
plasmid relaxase TraI, we generated a mutant library in which
each mutant has a 31-residue insertion at a defined location in
the protein. In conjugation and strand cleavage assays, the
phenotypes of our mutants were consistent with the prevailing
model that the core biochemical activities of DNA cleavage
and unwinding lie in conserved regions between amino acid
residues �1 to 310 and �990 to 1450 (4, 13, 14, 16, 28, 29).
Furthermore, we identified numerous “permissive sites” at
which the 31-residue insertion was functionally tolerated. We
also found that the expression of wild-type TraI from our
multicopy plasmid led to a dominant �100-fold reduction in
the frequency of conjugation. Several of the mutations did not
cause a dominant decrease in conjugation frequency, though
they appeared otherwise normal in conjugation and oriT cleav-
age assays. Using three functional alleles, we found that the
high-copy pTrc vector expressed �10-fold more TraI during
growth under noninducing conditions than did F�lac. We hy-
pothesize that increased amounts of TraI protein cause the
repression of conjugation and that the unrestrictive mutant
proteins have a defect in the normal repressive function.

Others have previously reported that complementing a �traI
strain with traI on a multicopy plasmid led to a reduction in
conjugation frequency relative to the parental F-derived plas-
mid and speculated that the decrease in conjugation efficiency
occurred because recipients were traI deficient and therefore
unable to facilitate plasmid retransfer (28, 29). To test the
hypothesis that a lack of plasmid retransfer could explain our

TABLE 2. Conjugative dominance of TraI-LacZ fusionsa

Position of
fusion

Relaxase
domain

Restrictive
domain

Helicase
domain

Interaction
domain

Fraction of
positive
control
transfer

frequencyb

Q6 � � � � 0.77
Q369 � � � � 0.99
L930 � � � � 0.79
V996 � � � � 0.78
V1130 � � � � 0.84
L1208 � � � � 0.81
E1685 � � � � 0.59
L1753 � � � ? 0.18

a �, domain is present; �, domain is absent or disrupted; ?, domain may be
disrupted.

b Positive control strain was XK1502 F�42 pTrc99A. Values shown are means
of two to four independent biological replicates.

TABLE 3. TraI repression rescue experiments

Relevant donor genotype Transfer frequencya

(transconjugants/
donor)

F�lac allele
(single copy)

pTrc allele
(15 to 30 copies)

pACYC allele
(10 to 12 copies)

traI� Vector only Vector only 0.09 � 0.01
traI� Vector only traD 0.14 � 0.03
traI� Vector only traM 0.18 � 0.07
�traI traI� Vector only 0.0011 � 0.0001
�traI traI� traD 0.0009 � 0.0001
�traI traI� traM 0.0008 � 0.0003

a Values are shown as means � standard error of the means of two to four
independent biological replicates.
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data, we performed conjugation experiments in which the do-
nors carried p99I� in the presence of intact F�lac instead of
F��I. F transfer frequencies using these donors were reduced
100-fold relative to those of donors carrying the empty vector
in place of p99I�, even though recipients were fully capable
of plasmid retransfer. p99traI::Q839, p99traI::V996, and
p99traI::Q1441 also displayed negative dominance in the
presence of intact F�lac. p99traI::Q369, p99traI::A593,
p99traI::L681, and p99traI::Q794 showed either no dominance
or very modest negative dominance for conjugation, and
F�traI::A593 exhibited partial resistance to conjugative repres-
sion by p99I�. Based on these observations, we rejected the
retransfer hypothesis as an explanation for our results.

Taken together, our data suggest that TraI contains a neg-
ative regulatory domain that limits conjugation as TraI in-
creases in abundance. This “restrictive” domain appears to
span much of the region between the consensus relaxase and
helicase sequences, encompassing at least residues 369 to 794.
The presence of a negative regulatory domain in this region of
TraI explains why defective mutants with lesions outside the
restrictive domain (the V996 and Q1441 mutants) comple-
mented conjugation better when expressed at single copy than
at high copy, while the defective Q794 mutant complemented
conjugation better at high copy than at single copy (Fig. 3).
Such results highlight the complications inherent in perform-
ing complementation experiments in trans in this system.

TraIiQ839, which contains the i31 upstream of the con-
served helicase domain, retains the restrictive activity, and we
therefore believe that the negative regulatory domain does not
overlap the consensus helicase domain. We infer that the re-
strictive domain does not require helicase function from the
negative dominance of the V996 mutant, whose defect in con-
jugation is almost certainly due to a loss of helicase activity.
However, we were unable to recapitulate the dominant-nega-
tive conjugation phenotype of overexpressed, wild-type TraI
using internal deletions or successive C-terminal LacZ fusions.
Internal deletion mutants, consistent with their lack of conju-
gative dominance, did not express levels of protein comparable
to those of the full-length alleles. The failure of TraI-LacZ
fusions to repress conjugation in trans suggests that the C-
terminal region of TraI may be important for proper folding or
function of the restrictive domain. Work is ongoing to assess
the requirement for an intact C terminus in restrictive activity.

We observed that a 10-fold increase in TraI levels could have
a large effect on the conjugative efficiency of a strain. Tenfold
changes in TraI expression could conceivably occur during the
lifetime of a given cell, depending on the conditions; for ex-
ample, Frost and Manchak observed differential expression of
TraI during different stages of growth in batch culture (10).
The mechanism by which TraI’s negative regulatory domain
restricts conjugation remains unclear, however. This region of
TraI is not similar to that of other proteins except closely
related relaxases, so we cannot derive clues about its function
by analogy to homologous sequences. We have ruled out the
hypothesis that unrestrictive mutant proteins have an intrinsi-
cally higher single-stranded DNA cleavage activity in vivo, but
it is possible that the negative regulatory domain could regu-
late TraI relaxase or helicase activity at some point during
conjugation. However, the observation that increased TraI ex-
pression drives down conjugation frequency in trans and that

this effect can be abrogated by specific mutations suggests
instead that the protein may titrate out some vital component
of the conjugative apparatus. Our data suggest that neither
TraD nor TraM is limiting under conditions of TraI-mediated
repression, but we do not rule out the sequestration of a
binding partner(s) by TraI.

In conjugative dominance assays, neither of the tested heli-
case domain insertion mutations lowered conjugation frequen-
cies more than wild-type TraI did. One dominant-negative
helicase mutation has been described for the related relaxase
TrwC, and it was postulated that the mutant protein cleaved
plasmid DNA and then interfered with unwinding (24). Other
helicase-defective TrwC mutants did not display negative dom-
inance, however. Further work on the dominance of helicase
mutants may shed light on the cooperativity of multiple relax-
ase molecules in processing plasmid DNA.

In addition to broadening our understanding of the func-
tional domains of TraI, our mutant library allowed us to iden-
tify a number of permissive sites in the protein. These are sites
at which insertions of a moderate size are tolerated, allowing
experimenters to engineer in a tag or functional moiety with
relative impunity. In this vein, one of our mutants has been
used to construct a cuprous oxide binding derivative of TraI
that enables the assembly of cuprous oxide nanoparticles un-
der conditions in which Cu2O precipitation would normally be
thermodynamically unfavorable (6). The development of other
TraI derivatives with novel characteristics is ongoing.

In summary, we have generated a mutant library for assess-
ing structure-function relationships of the F plasmid relaxase
TraI. We have demonstrated the utility of this library by iden-
tifying and mapping a previously undiscovered regulatory do-
main with no known homologs outside of closely related re-
laxases. The library was generated on a cloning vector, but we
recombined several different alleles onto the F plasmid in a
markerless manner for complementation experiments in cis.
The traI::i31 library should facilitate further characterization of
the role of TraI in F plasmid conjugation, shedding light on
relaxases, helicases, and the mechanisms of conjugation in
general.
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