L

P
brought to you by .. CORE

View metadata, citation and similar papers at core.ac.uk

provided by Carolina Digital Repository

THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2002 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 277, No. 45, Issue of November 8, pp. 42645-42653, 2002
Printed in U.S.A.

Structure-Function Analysis of Escherichia coli DNA Helicase I
Reveals Non-overlapping Transesterase and Helicase Domains*

Received for publication, June 17, 2002, and in revised form, August 23, 2002
Published, JBC Papers in Press, August 30, 2002, DOI 10.1074/jbc.M205984200

Devon R. Byrdi$§, Juliana K. Sampsoni, Heather M. Ragonese}, and Steven W. Matson1|**

From the tDepartment of Biology, the 1Curriculum in Genetics and Molecular Biology, and the |Program in Molecular
and Cellular Biophysics, University of North Carolina, Chapel Hill, North Carolina 27599-3280

Tral (DNA helicase I) is an Escherichia coli F plasmid-
encoded protein required for bacterial conjugative DNA
transfer. The protein is a sequence-specific DNA trans-
esterase that provides the site- and strand-specific nick
required to initiate DNA strand transfer and a 5’ to 3’
DNA helicase that unwinds the F plasmid to provide the
single-stranded DNA that is transferred from donor to
recipient. Sequence comparisons with other transester-
ases and helicases suggest that these activities reside in
the N- and C-terminal regions of Tral, respectively. Com-
puter-assisted secondary structure probability analysis
identified a potential interdomain region spanning res-
idues 304-309. Proteins encoded by segments of #ral,
whose N or C terminus either flanked or coincided with
this region, were purified and assessed for catalytic ac-
tivity. Amino acids 1-306 contain the transesterase ac-
tivity, whereas amino acids 309-1504 contain the heli-
case activity. The C-terminal 252 amino acids of the
1756-amino acid Tral protein are not required for either
helicase or transesterase activity. Protein and nucleic
acid sequence similarity searches indicate that the oc-
currence of both transesterase- and helicase-associated
motifs in a conjugative DNA transfer initiator protein is
rare. Only two examples (other than R100 plasmid Tral)
were found: R388 plasmid TrwC and R46 plasmid
(pKM101) TraH, belonging to the IncW and IncN groups
of broad host range conjugative plasmids, respectively.
The most significant structural difference between
these proteins and Tral is that Tral contains an addi-
tional region of ~650 residues between the transester-
ase domain and the helicase-associated motifs. This re-
gion is required for helicase activity.

Bacterial conjugation is the primary mechanism by which
many plasmids and conjugative transposons are spread
throughout a bacterial population. The process begins with the
formation of a stable mating pair involving a donor cell that
contains a conjugative plasmid (or transposon) and a recipient
cell that lacks the plasmid. This establishes the close cell-cell
contact required for physical transfer of single-stranded DNA
(ssDNA)! from the donor to the recipient. A site- and strand-
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specific nick is then introduced in oriT (origin of transfer), and
the DNA is unwound to provide ssDNA for transfer to the
recipient. Upon entering the recipient cell, the transferred
ssDNA is converted into double-stranded DNA by host enzymes
and either circularized to form a plasmid or recombined into
the recipient chromosome. This stabilizes the transferred DNA
in the recipient and ensures the transfer of genetic traits (for
review, see Ref. 1).

The enzymology of DNA strand transfer has been of interest
since conjugation was first discovered over 50 years ago (2). In
the last decade, it has become clear that transmissible plas-
mids encode a conjugative DNA transfer (CDT) initiator pro-
tein that plays a key role in initiating DNA strand transfer.
These proteins nick their cognate supercoiled DNA substrate
via a site- and strand-specific transesterification, resulting in a
covalent protein-DNA intermediate (for reviews, see Refs. 3
and 4). A small minority of the characterized CDT initiator
proteins also catalyze a helicase reaction (5-13). Because only
a single strand of the duplex plasmid DNA is transferred to a
recipient cell, unwinding of the plasmid is required to produce
the transferred DNA strand. This can be accomplished by a
DNA helicase or, perhaps, through strand displacement syn-
thesis by a DNA polymerase. Recently, the helicase activity of
the Escherichia coli F plasmid CDT initiator protein (Tral
protein) has been shown to be essential for DNA transfer (14).

Based on the above description, known conjugative transes-
terases may be grouped into two classes: (i) those lacking an
intrinsic helicase activity (e.g. RP4 plasmid Tral) (15) and (ii)
those in which transesterase and helicase activities have been
shown to reside within a single protein, as is the case only for
the R388 plasmid TrwC protein and the F plasmid Tral protein
(the F and R100 plasmid ¢ral genes and deduced amino acid
sequences share >95% identity and will be treated as alleles of
the same gene in this report) (8, 10, 12). The overwhelming
majority of described CDT initiator proteins fall into the first
class based on sequence homologies (16)?> and known biochem-
ical properties. However, regardless of class, the CDT transes-
terases exhibit structural motifs and functional similarities
that reflect conservation of the catalytic mechanism (4, 16, 17).
The majority of these do not have helicase motifs. Conversely,
the vast majority of available helicase sequences do not exhibit
transesterase motifs. Where present in proteins exhibiting
both functions, it is tempting to predict that the two activities
will reside in independently folding and potentially separable
domains.

Support for this idea has been provided by the work of Llosa
et al. (10) using the plasmid R388-encoded TrwC protein. Like
F plasmid-encoded Tral (F-Tral), TrwC exhibits both 5" to 3’

conjugative DNA transfer; F-Tral, F plasmid-encoded Tral; ATPyS,
adenosine 5'-O-(thiotriphosphate).
2D. R. Byrd, unpublished data.
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TABLE I
DNA oligonucleotides
Name Sequence (5’ to 3') Description
St30 CTTGTTTTTGCGTGGGGTGTGGTGCTTTTG F oriT nic site 30-mer
077 GCGGGTACCCATGGGCCCGCCGGAAAATGGTGTGATTGAACG 5'-PCR primer for 348C intein fusion construct
078 GCGGGTACCCATGGCTTCACAGGACGGGCCGGATGTG 5'-PCR primer for 309C intein fusion construct
079 GCGGGTACCCATGGGTGTACCGGTGGAGGCCTTTTCC 5'-PCR primer for 226C intein fusion construct
080 GTCTCCACCCAGGGTTTTCTCTTTCTGC 3’-PCR primer for tral helicase-intein fusions
081 GGTCTAGAGTGGGATTGATGCCGGGATATG 5'-PCR primer for unique Xbal site upstream of tral
Shine-Dalgarno sequence
085 CATGCTCTTCCGCACCCCATGGGCGTCAGCGTGCGGAGATC 3’-PCR primer for N306 construct
086 GGTGGTCCCGGGGTAGAGCCTGCCAAAGG 3'-PCR primer for N235 construct
087 GGTGGTCCCGGGGTAGAGCCTGCCAAAGG 3'-PCR primer for N200 construct
088 TTTTTCATATGATGAGTATTGCGC 5'-PCR primer for TralA252 construct
089 TTTGGATCCTCACTACGCCTGACGGAGAACAGC 3'-PCR primer for TralA252 construct

DNA helicase and R388 oriT-specific transesterase activities in
a single polypeptide chain (7, 18). Using recombinant DNA
techniques, these investigators showed that the transesterase
and helicase activities of TrwC could be separated into two
overlapping segments of the protein. Coexpression of active
overlapping segments of TrwC in a trwC mutant background
resulted in poor functional complementation compared with an
allele expressing native TrwC (10).

F-Tral is the 1756-amino acid product of the tral gene (19)
and is essential for conjugation (20). Also known as E. coli DNA
helicase I, Tral was initially purified based on its DNA-stimu-
lated ATPase and DNA helicase activities (21, 22). Tral-cata-
lyzed unwinding of duplex DNA was subsequently shown to
occur with a 5’ to 3’ polarity (6, 23). The idea that Tral is the
helicase that unwinds the F plasmid during conjugative trans-
fer was suggested when the gene encoding helicase I was
mapped to the tral gene on the F plasmid (19). This has now
been shown to be the case (14). The transesterase activity of
Tral was not discovered and characterized until sometime later
(5, 8,9, 24).

Tral and TrwC exhibit a significant degree of amino acid
sequence similarity that includes both the transesterase and
helicase motifs (4, 18). It is currently thought that the trans-
esterase acts in initiation complex formation, whereas the he-
licase activity is involved in the subsequent unwinding stage of
DNA transfer. Computer-assisted sequence analysis of Tral
suggested the possibility of an interdomain segment spanning
residues 304-309. Biochemical characterization of purified
proteins encoded by segments of ¢ral terminating at this point
revealed the transesterase and helicase activities of F-Tral to
reside in non-overlapping, physically separable domains.

EXPERIMENTAL PROCEDURES
Materials

Bacterial Strains—Bacteria were grown in LB medium (25) supple-
mented with 1.5% agar for plates. The medium was supplemented with
antibiotics, as appropriate, at the following concentrations: ampicillin,
100 pg/ml; tetracycline, 12 pg/ml; and chloramphenicol, 20 ug/ml (in
methanol). The donor strain for CDT complementation studies was a
derivative of DBH10B (Invitrogen). A NaCl-inducible allele of phage T7
gene 1 (T7 RNA polymerase) was moved into DBH10B by P1 transduc-
tion. Several transductants were assessed for the presence of appropri-
ate genetic markers and the ability to express T7 RNA polymerase upon
the addition of 0.3 M NaCl to the growth medium. A representative
isolate was designated DB51. The pOX38TAt¢ral plasmid (14) was elec-
troporated into DB51, and a representative isolate was designated
DB52. DB52 was transformed with the appropriate complementation
plasmids (see below) in single- and double-plasmid transformations.
DB52-N contains only the plasmid expressing the N306 allele of ¢ral;
DB52-C contains only the plasmid expressing the 309C allele of ¢ral;
and DB52-NC contains both complementation plasmids.

DNA, Nucleotides, and Enzymes—DNA oligonucleotides are listed in
Table I. Nucleic acids were quantified by spectroscopy at 260 nm.
Unlabeled nucleoside 5'-triphosphates were from U.S. Biochemical
Corp. [*?PJATP and [*’P]dCTP were from Amersham Biosciences. Re-

striction enzymes, DNA polymerase I (large fragment), and Vent DNA
polymerase were from New England Biolabs Inc. and were used as
specified by the supplier. Phage T4 DNA ligase was from Roche Molec-
ular Biochemicals.

Plasmid Constructions—Standard cloning techniques were employed
essentially as described (25). With the exception of the fragment encod-
ing N365, segments of tral were generated by PCR using Vent polym-
erase and pMP8 (26) as the template. Constructs were sequenced to
ensure the absence of PCR-derived mutations.

The IMPACT protein purification system (New England Biolabs Inc.)
was used to express and purify the segments of Tral used in this study.
The vector pCYB3 was modified by replacing the lac promoter and
sequences upstream of the Ncol site with the T7 RNA polymerase
promoter and ribosome-binding site from pET11d (Novagen) by frag-
ment exchange. PCR-generated segments of ¢tral were cloned into the
Ncol and Smal sites of the modified vector. This results in the addition
of a glycine (GGG) codon to the extreme 3’-end of the tral allele. The
proteins were purified from HMS174(DE3) (Novagen) according to the
manufacturer’s instructions. Protein concentrations were determined
using the Bradford protein assay (Bio-Rad) with bovine serum albumin
as the standard.

N365 was generated by digestion of pET11d-tral with Clal and
HindIIl, fill-in of the 5'-overhangs with E. coli DNA polymerase I (large
fragment), gel purification, and self-ligation. These manipulations re-
sult in a segment of Tral with wild-type sequence up to residue 361, a
conservative Asp-to-Glu substitution at position 362, and the non-na-
tive sequence LPM at position 363-365, followed by a TGA stop codon.
The protein was purified essentially as described for Tral (6).

N200 and N235 were constructed using PCR to amplify the appro-
priate Tral segment from the N306 construct. The PCR primers used
for these amplifications are listed in Table I. The amplified DNA frag-
ments were digested to completion with Ndel and Smal and cloned into
pTYB2 (New England Biolabs Inc.). Both proteins were expressed in
E. coli BL21(DE3) (Novagen) and purified according to the manufac-
turer’s instructions (IMPACT system, New England Biolabs Inc.).

TralA252 was constructed using PCR to amplify the ¢ral gene on
pET11d-tral (14). The downstream PCR primer contained two stop
codons immediately following codon 1504 in the ¢ral sequence to pro-
duce this C-terminal truncation of the ¢ral gene. The protein was
expressed in E. coli BL21(DE3) cells and purified using the standard
Tral purification.

The plasmids used in CDT complementation studies were con-
structed as follows. The pBR322-derived replication origin present in
pET11d-N306 was replaced with the pACYC184 origin by fragment
exchange to generate an N306 expression plasmid with a pl15A repli-
cation origin. The allele of ¢ral encoding 309C was subcloned from the
intein fusion expression plasmid into a pUC-derived plasmid encoding
resistance to chloramphenicol. The resulting plasmid retained the
phage T7 gene 10 transcription/translation signals to drive expression
of the gene. Expression of the appropriate functional domain of Tral
was verified for each of the constructs in the appropriate donor strain.

Methods

DNA Helicase Assays—A partial duplex unwinding substrate was
made essentially as described (27). Briefly, a 91-nucleotide oligonucleo-
tide was annealed to its complementary sequence on purified M13mp6
ssDNA at a molar ratio of 1:1. The 3’-end of the annealed oligonucleo-
tide was extended using E. coli DNA polymerase I (large fragment) and
[a-3?P]dCTP. The final length of the oligonucleotide was 93 nucleotides.
The preparation was phenol/chloroform-extracted and passed over a
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Bio-Gel A-5m column. The void volume fractions were pooled, ethanol-
precipitated, and suspended in 10 mm Tris-HCI1 (pH 7.5) and 1 mm
EDTA to a final concentration of ~5 fmol/ul (DNA phosphate).

DNA unwinding reaction mixtures (typically 20 ul) contained 25 mm
Tris-HCI (pH 7.5), 20 mm NaCl, 3 mm MgCl,, 5 mM B-mercaptoethanol,
10 fmol of DNA substrate, and 2 mm ATP. Reaction mixtures were
assembled at room temperature, and the reaction was initiated by the
addition of enzyme. Incubations were carried out at 37 °C for 10 min.
The reaction mixtures were quenched by the addition of EDTA to 25 mm
and SDS to 1%. Reaction products were resolved on an 8% native
polyacrylamide gel (20:1 cross-linking) and quantified using a Molecu-
lar Dynamics PhosphorImager.

ATPase Assays—Reaction mixtures (30 ul) were essentially identical
to those used for helicase assays with the following exceptions.
[y->?P]ATP (15 pmol) was added to each reaction mixture (final ATP
concentration of 2 mm), which contained 0.75 pg of M13mp6 ssDNA
instead of the partial duplex helicase substrate. Reactions were assem-
bled at room temperature and initiated by the addition of enzyme, and
incubation was carried out at 37 °C. Aliquots (5 ul) were removed at
1-min (Tral) or 2-min (all truncation mutants) intervals and quenched
by the addition of 5 ul of 50 mm EDTA, 7 mm ADP, and 7 mm ATP. 5 ul
was spotted onto a polyethyleneimine-cellulose TLC plate (J. T. Baker,
Inc., Phillipsburg, NJ) and allowed to dry, and the plates were devel-
oped with a mobile phase consisting of 1.0 M formic acid and 0.8 m LiCl.
The plates were allowed to dry, and the degree of ATP hydrolysis was
quantified using phosphor-storage technology.

Duplex DNA Relaxation Assays—Assays were done in a manner
slightly modified from that previously described (8). In addition to the
protein (present at the indicated concentrations), a typical reaction
mixture (16 ul) contained 7 nM supercoiled pBSoriT (or pBS) DNA, 40
mM Tris-HCI (pH, 7.5), 6 mm MgCl,, and 15% glycerol. Reactions were
assembled at room temperature and incubated at 37 °C for 20 min.
Reactions were stopped by the addition of proteinase K (Roche Molec-
ular Biochemicals) and SDS to final concentrations of 1 mg/ml and
0.25%, respectively, and allowed to incubate at 37 °C for an additional
20 min. The products were resolved on 0.8% agarose gels and visualized
by ethidium bromide staining (0.5 ug/ml).

DNA Binding Assays—DNA binding assays using 226C, 309C, and
348C utilized the double-filter (nitrocellulose + DE81) technique pre-
viously described (38). Protein concentration was varied as indicated,
and a 93-bp partial duplex DNA substrate was used as the ligand.
Experiments were repeated three or four times, and the data were
averaged and fit to a rectangular hyperbola to obtain an apparent K, for
DNA binding. The reaction conditions used were the same as described
above for the DNA helicase reactions, except that ATPyS was substi-
tuted for ATP at a final concentration of 1 mm.

Gel retardation assays were used to measure the binding of N306
and N235 to a ssDNA oligonucleotide containing the relaxase recogni-
tion sequence (see Table I for sequence). The reaction conditions were
those used for relaxation assays without the SDS/proteinase K incuba-
tion. After a 20-min incubation at room temperature, the binding reac-
tion mixtures were loaded onto a 5% polyacrylamide and 0.125% bisac-
rylamide gel, and electrophoresis was performed at 200 V for 2 h at
4 °C. The running buffer was 2X Tris/glycine (50 mM Tris, 380 mm
glycine, and 2 mm EDTA (pH 8.3)). Gels were visualized using a Mo-
lecular Dynamics PhosphorImager.

Genetic Assays—The liquid mating assay protocol was carried out as
previously described (14). Briefly, DB52-N, DB52-C, and DB52-NC
were used as donor strains; DH5a was used as the recipient strain.
Donor and recipient strains were diluted 1:50 into LB medium from
saturated overnight cultures grown under antibiotic selection and al-
lowed to grow to mid- or late-log phase in the absence of selection at
37 °C. Donors and recipients were then mixed at a volume ratio of one
donor to nine recipients and incubated at 37 °C. After 5 min, the mating
mixtures were diluted 1:10 into LB medium and incubated at 37 °C for
an additional 30 min. The mating mixtures were then vigorously vor-
texed to disrupt mating pairs, and 10-fold serial dilutions were pre-
pared in phosphate-buffered saline. Appropriate dilutions were plated
onto LB plates containing streptomycin and tetracycline to counter-
select donors and unmated recipients while selecting for transconju-
gants. Aliquots of the unmated donor and recipient cultures were sub-
jected to 10-fold serial dilution and plated onto LB plates containing the
appropriate antibiotics to determine viable donor cell count and viable
recipient cell count. Mating frequency was calculated as the number of
transconjugants/100 viable donor cells.

Data Base Searching—A degenerate amino acid sequence (YYX, 5(D/
E)X, »(D/E)X, ,YY) was used to search the Swiss Protein and TREMBL
Sequence Databases for proteins encoded by bacterial conjugative plas-
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mids with the N-terminal two-tyrosine doublet motif shared by Tral
and TrwC.? Hits were manually scanned for the presence and position
of the known transesterase and helicase motifs (16, 28, 29).

Computer-assisted Sequence Analysis—F-Tral, plasmid R388 TrwC,
and plasmid R46 TraH were aligned in a binary fashion using the SIM
algorithm (30). The gap opening and extension penalties were 10 and 2,
respectively, and the comparison matrix was PAM 200. The amino acid
sequence of Tral spanning residues 281-380 was submitted to the PSA
server at the BioMolecular Engineering Research Center for secondary
structure analysis.*

RESULTS

To begin an investigation of the functional domains of the F
plasmid-encoded Tral protein, the sequence of F-Tral was com-
pared with that of two related proteins, TrwC and TraH. This
analysis was aided by a previous study (10) that identified the
functional transesterase and helicase domains of TrwC in two
separate and overlapping protein segments. The region of over-
lap (amino acids 192-348) brackets the point at which the
N-terminal sequence similarity between TrwC and Tral falls
off sharply (Fig. 1). We speculated that an interdomain seg-
ment in Tral would fall within this region, if present at all. The
200-amino acid sequence of Tral that spans this region was
subjected to computer-assisted secondary structure analysis as
described under “Experimental Procedures.” The output of this
analysis (Fig. 1) was inspected for regions that had a reasona-
ble probability of being able to form a flexible linker. Con-
strained structures such as helices and sheets were excluded
from consideration in favor of segments more likely to adopt an
unconstrained loop/turn conformation. The Tral sequence in
this region with the highest predicted probability of a loop/turn
structure was LTPGPA (residues 304-309). These coordinates
are nearly coincident with the end of significant sequence iden-
tity (as opposed to similarity) between Tral and TrwC. The
sequence LTPGPA is not present in TrwC. Two additional
regions, on either side of residues 304-309, with slightly lower
probabilities of similar conformation were identified at posi-
tions 227-230 and 346-352.

Using these results as a guide, fragments of the ¢ral gene
were cloned, overexpressed, purified, and assessed for biochem-
ical activity. Fig. 2 shows several of the purified proteins used
in this study (full-length Tral, two N-terminal segments (N306
and N365), and three C-terminal segments (226C, 309C, and
348C)) resolved on an SDS-polyacrylamide gel. Purified pro-
teins not shown in this figure (N235 and TralA252) were of
comparable purity. The names of the protein segments indicate
the first native amino acid in the case of 226C, 309C, and 348C
and the fact that the protein extends to the native C terminus.
N235, N306, and N365 begin at the native N terminus and
extend to the indicated native residue. Deviations from native
amino acid sequence, where they exist, are described under
“Experimental Procedures.” TralA252 begins at the native N
terminus and extends to residue 1504 of the native protein
located ~60 residues C-terminal to helicase-associated motif
VI. Thus, this protein lacks the C-terminal 252 residues of
Tral, but retains both the putative transesterase and helicase
domains. The constructions, shown schematically, and the data
derived from in vitro biochemical analysis of various segments
of Tral are summarized in Fig. 3.

DNA Helicase Domain—The 226C, 309C, and 348C proteins
were the logical candidates for an active helicase because the
helicase-associated motifs are located within this portion of the
protein. Each protein was purified to apparent homogeneity
from an expression strain (see Fig. 2), and the purified protein
was assayed for its ability to catalyze a helicase reaction using

3 Available at www.expasy.ch/sprot/scnpsit2.html.
4 Available at bmerc-www.bu.edu/psa/.
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Fic. 2. SDS-PAGE of purified Tral protein fragments. Approx-
imately 2 pg of each protein was resolved on a 9.6% SDS-polyacryl-
amide gel and stained with Coomassie Brilliant Blue. Lane 1, high
range molecular mass standards (Bio-Rad) with sizes (in kilodaltons)
indicated on the left; lane 2, native Tral; lane 3, 226C; lane 4, 309C; lane
5, 348C; lane 6, N365; lane 7, N306; lane 8, low range molecular mass
standards (Bio-Rad) with sizes indicated on the right.

a 93-bp partial duplex substrate. Both 226C and 309C cata-
lyzed unwinding of the 93-bp partial duplex substrate (Fig. 4A).
The specific activities of 226C and 309C were 70 and 65%,
respectively, that of the native protein based on the slope of the
linear portion of the titration curve. On the other hand, the
348C protein was incapable of catalyzing detectable unwinding

» \ . AU

A l ; . , s \ .

220 240 260 280 3,06 320 340, 360 380 400
/ /Residue

227-PGVPV-231

304-LTPGPA-310  347-LPPE-350

despite the fact that it is only 39 residues shorter than 309C.
Additional studies have shown that 226C and 309C also cata-
lyze unwinding of long (851-bp) partial duplex substrates (Fig.
4B), albeit somewhat less efficiently than native Tral at low
protein concentrations. The specific activities of 226C and 309C
were 50 and 45%, respectively, that of the native protein de-
termined as described above. However, the extent of the reac-
tion at high protein concentrations was essentially identical
(within experimental error) to that of the native protein. As
expected, 348C was not able to catalyze unwinding the 851-bp
partial duplex substrate.

TralA252, lacking the C-terminal 252 residues, was also
purified and analyzed in DNA helicase assays (data not
shown). This protein was active as a DNA helicase, exhibiting
a specific activity that was >50% that of the native protein.
Thus, the C-terminal 252 residues, which lie just to the
C-terminal side of the helicase-associated motifs, are not es-
sential for the helicase activity of Tral.

Unwinding of a duplex nucleic acid substrate by a helicase is
dependent upon nucleoside 5'-triphosphate hydrolysis. There-
fore, we examined the DNA-stimulated ATP hydrolysis reac-
tion catalyzed by 226C, 309C, 348C, and TralA252 and com-
pared this with the reaction catalyzed by the native protein.
The k., for the native protein was 108 s~ ! in the presence of
ssDNA. Remarkably, the k., values for 226C, 309C, and
TralA252 were reduced to 9, 10, and 14 s !, respectively,
although all three proteins exhibited helicase activity similar
to that of the native protein (see Fig. 4). The 348C fragment
of Tral exhibited a more profound defect in ATPase activity
(kes < 187 1). The significant defect in ATP hydrolysis exhib-
ited by 348C is apparently sufficient to explain the lack of
helicase activity and demonstrates that the N terminus of the
functional helicase/ATPase domain of Tral lies within the 39
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Fic. 3. Tral segments and data summary. The solid horizontal lines represent the segments of Tral that were purified and analyzed using
biochemical assays. The names of the protein segments indicate the first native amino acid in the case of 226C, 309C, and 348C or the last native
amino acid in the case of N200, N235, N306, and N365. TralA252 is missing the last 252 amino acids of the native protein. The results are
summarized on the right: Helicase, ability to unwind a 93-bp partial duplex substrate; ATPase, ability to catalyze ssDNA-stimulated hydrolysis of
ATP; Transesterase, ability to catalyze conversion of supercoiled DNA to open circular DNA using pBSoriT as the DNA substrate; DNA Binding,
ability to bind a 93-bp partial duplex DNA molecule (Tral, TralA252, 226C, 309C, and 348C) or a ssDNA oligonucleotide containing the nic site

(N306 and N235); +, positive result; —, negative result; nt, not tested.

amino acids that distinguish 309C from 348C.

We also measured the binding of 226C, 309C, and 348C to a
partial duplex DNA ligand as described under “Experimental
Procedures” (Fig. 5). Both 226C and 309C bound the DNA
ligand with an apparent K; of ~10 nm. The K; measured for the
348C fragment was ~90 nM, indicating a defect in DNA bind-
ing. Although this binding defect is not likely to be sufficient to
explain the lack of helicase activity, it does indicate that the
region between residues 309 and 348 is important for DNA
binding.

DNA Transesterase Domain—Three N-terminal segments of
Tral were expressed and purified as outlined under “Experi-
mental Procedures” (see Fig. 2). The C-terminal end of N365
was chosen based upon available restriction sites and not with
regard to potential secondary structure. However, in conjunc-
tion with the largest helicase segment, 226C, these two pro-
teins bracket the predicted interdomain region at residues
304-309. The overlap shared by these two segments of Tral is
139 amino acids, which is roughly comparable to that of the
smallest functional segments of TrwC used by Llosa et al. (10).

Purification of N365 yielded both the expected protein and a
significant proteolytic breakdown product that copurified with
N365 (see Fig. 2, lane 6). Western blot analysis using polyclonal
antibodies directed against Tral indicated that this proteolytic
fragment was a fragment of Tral (data not shown). Incubation
of this protein preparation with a 3’-end-labeled oligonucleo-
tide whose sequence encompassed the F plasmid oriT nic site
resulted in transfer of the labeled DNA to both protein species
(data not shown). Thus, both proteins contain the active tyro-
sine present in the transesterase domain of Tral. Moreover,
because the active-site tyrosine in Tral is within 23 residues
(~2.4 kDa) of the N terminus of the full-length protein,® the
proteolytic cleavage event, estimated at ~5 kDa or 40-50
amino acids, must remove the C-terminal end of N365. If the

5D. R. Byrd and S. W. Matson, unpublished data.

cleavage event removed the N-terminal end of the protein, it
would remove the transesterase active site, and this is not the
case. The smaller active product appears to be comparatively
stable to proteolysis as judged by the absence of faster migrat-
ing species. Thus, folding of the N-terminal region of Tral into
a stable transesterase domain is independent of the rest of the
protein.

Based upon the fact that the N terminus of the functional
helicase (residue 309) coincided with the suspected interdo-
main region, N306 was constructed and purified (see Figs. 1
and 2). Both N306 and N365 were competent to nick a super-
coiled oriT-containing DNA substrate (pBSoriT) (Fig. 6). In this
semiquantitative analysis, the smaller transesterase domains
exhibited slightly lower specific transesterase activity com-
pared with native Tral. The presence of oriT in the substrate
was required to observe transesterase activity; thus, conver-
sion of the DNA from the supercoiled to the open circular form
is not due to nonspecific cleavage (Fig. 6). N365 and N306 did
not display detectably different activities from each other when
present at equivalent concentrations (Fig. 6, compare lanes 3
and 4 with lanes 5 and 6). These results demonstrate the
oriT-specific DNA transesterase activity of Tral resides in the
N-terminal 306 residues of the 1756-amino acid native protein.

To define the C-terminal end of the transesterase domain,
two additional N-terminal fragments of Tral were expressed.
N200 encompassed the first 200 amino acids of Tral and is
homologous to the first 200 amino acids of TrwC, which has
been shown to catalyze sequence-specific transesterification
using an oligonucleotide substrate (10). N200 was completely
insoluble and could not be analyzed further. The construction
of N235 was based on limited proteolysis of N306, which sug-
gested the presence of a stable domain encompassing the first
~235 amino acids of Tral.® N235 was expressed, purified, and

6 D.-T. T. Lesher, J. K. Sampson, S. W. Matson, and M. R. Redinbo,
manuscript in preparation.
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Fic. 4. Helicase activity assays of
Tral, 226C, 309C, and 348C. A, helicase
activity assays using either native Tral or
the purified segments of Tral and the
93-bp partial duplex substrate were car-
ried out as described under “Experimen-
tal Procedures” using the indicated
amounts of each protein. @, native Tral
protein; W, 226C; A, 309C; ¢, 348C. B,
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tive Tral or the purified segments of Tral
and the 851-bp partial duplex substrate
were carried out as described under “Ex-
perimental Procedures” using the indi-
cated amounts of each protein. @, native
Tral protein; H, 226C; A, 309C; 4, 348C.
The data represent the means of three to
four determinations. S.D. values were
omitted for clarity. In general, the S.D.
was <10% of the mean.

Substrate Unwound (%)

analyzed for transesterase activity. The purified protein failed
to catalyze sequence-specific transesterification and failed to
bind a ssDNA oligonucleotide that contained the nic sequence
(data not shown). On the other hand, N306 bound this oligo-
nucleotide with high affinity as demonstrated using gel retar-
dation assays. To ensure that N235 was properly folded, the
secondary structure of the purified protein was examined by
circular dichroism spectroscopy. The purified protein exhibited
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primarily a-helical structure, and its circular dichroism spec-
trum was comparable to that of N306.% Therefore, N235 ap-
peared to be properly folded, but unable to bind a ssDNA
oligonucleotide that contained nic. Thus, amino acids required
for binding of the transesterase domain to its substrate are
present within the 70-amino acid segment between residues
235 and 306. It is also clear from this analysis that the N-
terminal 306 amino acids represent a minimal functional
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Fic. 5. DNA binding activities of 226C, 309C, and 348C. DNA
binding assays were performed using the double-filter (nitrocellulose +
DES81) technique as described under “Experimental Procedures.” The
DNA ligand (the 93-bp partial duplex DNA substrate) was incubated
with the indicated amounts of each protein prior to filtration. @, 226C;
¥, 309C; O, 348C. The data represent the means * S.D. of three to four
determinations. The line in each plot represents the fit to a rectangular
hyperbola.
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Fic. 6. The N306 and N365 segments of Tral exhibit oriT-spe-
cific transesterase activity. The ability of N-terminal segments of
Tral to specifically nick supercoiled DNA containing oriT was assessed
as described under “Experimental Procedures.” The DNA substrate
(pBSoriT, lanes 1-6; pBS, lanes 7-10) was present at 7 nM and was
incubated with the indicated concentrations of each protein for 15 min
at 37 °C prior to the addition of protein denaturants. Reaction products
were resolved on a 0.8% agarose gel that was stained with EtBr to
visualize the results. The pBS plasmid was identical to pBSoriT, except
that it lacks the oriT sequence from the F plasmid (8). The supercoiled
(sc) and open circular (oc) forms of the DNA substrate(s) are indicated
on the right. NP, no protein.

transesterase domain, with the C-terminal end of the active
transesterase located between residues 235 and 306.

Genetic Characterization of tral Alleles—The functional ¢ral
segments generated in this study were tested for their capacity
to complement a strain containing a mini-F plasmid lacking the
tral gene (DB52, Tra™) for CDT as described under “Experi-
mental Procedures.” Only the full-length ¢tral gene was able to
restore the Tra* phenotype. The segmental ¢ral alleles encod-
ing functional domains of the protein, whether overlapping or
abutting, failed to restore transfer in all cases tested (data not
shown). This included expression of each functional domain
singly and in combination with the other functional domain.
This result was expected because previous studies have shown
that both the transesterase and helicase activities of Tral are
essential for F plasmid-mediated CDT (14). In addition, this
result is consistent with the results presented for the analogous

Tral o—
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Fic. 7. Binary alignments of Tral, TrwC, and TraH. Amino acid
sequences were aligned using the SIM algorithm (30) as described
under “Experimental Procedures.” The shaded boxes indicate well con-
served regions among all three proteins. The extent and degree of
identity (id) are indicated by the double-headed arrows and the accom-
panying numeric values. The stippled boxes indicate the region within
Tral that is absent from the other two proteins. The white box at the C
terminus of each protein represents a segment that is apparently
unique to each, as no significant similarities were detected among the
three.

TrwC protein from plasmid R388 (10), where coexpression of
the two functional domains on overlapping protein segments
produced poor complementation.

Data Base Searches for Similar Proteins—The PROSITE and
TREMBL Databases were searched with degenerate amino
acid sequence patterns, and all hits were subjected to binary
alignment with F-Tral as described under “Experimental Pro-
cedures.” Only three proteins were uncovered (Fig. 7), under-
scoring the apparent scarcity of known proteins exhibiting the
degree of similarity imposed by this approach. It should be
noted that an apparent conjugative transesterase-helicase pro-
tein (Agrobacterium tumefaciens pTiC58-TraA) has been de-
scribed (11). pTiC58-TraA was not identified in the data base
search because it lacks the two N-terminal tyrosine doublets
and the comparatively high amino acid identity exhibited by
the other three proteins.

DISCUSSION

Previous studies have shown that the F plasmid-encoded
Tral protein catalyzes two distinct biochemical reactions: a 5’
to 3’ DNA helicase reaction and a site- and strand-specific
transesterase reaction (5, 6, 8, 9, 13). Both of these activities
are essential to complete the strand transfer reaction associ-
ated with bacterial conjugation (14). The results presented here
clearly demonstrate that the transesterase and helicase activ-
ities of Tral reside in separable domains of the full-length
protein. The N-terminal domain (residues 1-306) harbors the
transesterase activity associated with the Tral protein. The
remainder of the protein (residues 309-1756) is an active 5’ to
3" DNA helicase. Thus, the domains of Tral do not overlap. The
fact that R388 plasmid TrwC, a protein from the conjugative
plasmid R388 that is similar in organization and function to
Tral, could be partially separated into these component activ-
ities (10) demonstrated a lack of obligatory interdependence of
the two activities and raised the possibility that the activities
reside in truly distinct domains. This has now been demon-
strated for the F plasmid Tral protein, where the two domains
can be fully separated without significant loss of biochemical
activity.

The transesterase activity associated with purified N306 was
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qualitatively similar to that of the full-length protein. Although
the specific activity of this protein appeared to be somewhat
reduced relative to that of the full-length protein, the purified
N306 fragment of Tral catalyzed a robust transesterase reac-
tion that was both site- and strand-specific and dependent on
negatively supercoiled DNA. A smaller protein fragment
(N235) lacked transesterase activity, suggesting that the C-
terminal end of the functional transesterase lies within the
region between residues 235 and 306. Indeed, the N235 protein
failed to bind a ssDNA oligonucleotide containing nic, indicat-
ing that the region between amino acids 235 and 306 is impor-
tant for binding of the transesterase to its DNA substrate. We
also note that the prominent proteolytic fragment obtained
when N365 was isolated is consistent with the existence of a
stable domain. This protein is slightly larger than N306 and
represents the N-terminal end of the protein (see “Results”).
This suggests that the N-terminal portion of Tral folds into a
stable domain that may be slightly larger than the domain
defined by N306. The results reported here for the F plasmid
relaxase are in contrast with the results reported for the R388
plasmid TrwC relaxase (10). In that case, a smaller protein
fragment (residues 1-225) resulted in a protein that catalyzed
transesterase activity using an oligonucleotide substrate, but
failed to catalyze the same reaction with a supercoiled plasmid.
We conclude that the F-Tral transesterase domain occupies the
first ~310 residues, that it adopts a stable structure with
nearly native transesterase activity, and that it is separable
from the helicase domain associated with Tral.

The helicase activity associated with 309C was nearly iden-
tical to that of the native protein. The 309C fragment catalyzed
a processive unwinding reaction with almost the same specific
activity as full-length Tral. Remarkably, the 39-amino acid
difference between 309C and 348C dictated whether the pro-
tein was a functional helicase or completely defective catalyti-
cally (i.e. 309C was a fully functional helicase, whereas 348C
lacked detectable helicase activity). A similar result was ob-
tained by Llosa et al. (10), in that the segment of TrwC begin-
ning at residue 346 and extending to the native C terminus
(346C) lacked ATPase activity, whereas the segment of TrwC
beginning at residue 192 was a fully functional helicase. Thus,
we have defined the N-terminal end of the minimal functional
helicase as beginning between residues 309 and 348. The heli-
case-associated motifs are contained within a segment of the
protein extending from approximately residues 990 to 1450.
Thus, there are ~300 amino acids at the C-terminal end of Tral
that lie outside the helicase-associated domains. We have re-
moved the C-terminal 252 amino acids to construct TralA252,
which is also active as a DNA helicase. Thus, the protein
fragment extending from residue 309 at the N-terminal end to
residue 1504 at the C-terminal end is a functional DNA heli-
case. The role played by the C-terminal ~250 amino acids of
Tral is not clear at present. However, preliminary results sug-
gest that this region of the protein is essential for CDT.”

The size and complexity of the functional Tral helicase were
unexpected. The helicase-associated motifs in Tral begin at
residue ~990, and a putative restart protein (Tral*) whose
coding sequence is located within the #ral gene beginning at
about residue 950 (31) seemed like a good candidate for an
active helicase. There is a putative ribosome-binding site lo-
cated just upstream of a methionine codon, and it has been
speculated that Tral* is synthesized as a restart protein (31)
much like the small form of the bacteriophage T7 gene 4 pro-
tein (32). Our results suggest that if Tral* is synthesized in the
cell, it will not harbor helicase activity because it will be miss-

7S. W. Matson and H. Ragonese, manuscript in preparation.
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ing the region from residues 309 to 950, which we have shown
to be essential for helicase activity. In fact, we have directly
tested the idea of helicase activity associated with the putative
Tral* protein by expressing and purifying a Tral*/maltose-
binding protein fusion. This protein was devoid of both ATPase
and helicase activities.® Thus, the active helicase requires a
large region between the N-terminal end of the helicase domain
and the helicase-associated motifs.

There is a wealth of data supporting the notion that the
evolutionarily conserved amino acids constituting the helicase-
associated motifs in superfamily I DNA helicases serve to cou-
ple nucleoside 5'-triphosphate hydrolysis with translocation
and unwinding of duplex nucleic acids (33-37). However, there
is little information on the role of sequences outside the motifs,
as the comparatively low level of sequence conservation makes
selection of mutagenic targets difficult. Given the distance
between the helicase-associated motifs and the N-terminal end
of the functional helicase (~650 amino acids), perhaps this
region of the protein is responsible for some activity associated
with Tral that has yet to be recognized and defined. Alterna-
tively, this region could play a strictly structural role. It is
possible that the absence of the N-terminal 39 amino acids that
distinguish 348C from 309C may have negative consequences
for the global folding of the C-terminal 80% of Tral. However,
this seems unlikely, as the 348C fragment of the protein was
soluble and could be purified using the same protocol used to
purify the native protein.

In comparing Tral with TrwC and TraH (the two proteins
most closely related to Tral in sequence and organization), the
most striking difference is the distance from the end of the
N-terminal similarity to the beginning of the C-terminal simi-
larity, the latter coinciding with the region containing the
helicase-associated motifs (see Fig. 7). In TrwC and TraH, this
distance is ~200 amino acids, whereas the analogous region of
Tral comprises roughly 650 residues. Like Tral, TrwC has been
characterized in vitro as a 5’ to 3’ DNA helicase (7), but this
activity clearly does not require the extensive sequences pres-
ent in Tral. Thus, there is over three times more "information
potential“ in Tral than presumably would be required just to
enable helicase activity, raising the possibility of the central
region having an activity or role distinct from the transesterase
or helicase functions. The nature of this function, if any, has
not yet been identified.
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