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Proteins of the VirB4 family are encoded by conjugative plasmids and by type IV secretion systems, which
specify macromolecule export machineries related to conjugation systems. The central feature of VirB4
proteins is a nucleotide binding site. In this study, we asked whether members of the VirB4 protein family have
similarities in their primary structures and whether these proteins hydrolyze nucleotides. A multiple-sequence
alignment of 19 members of the VirB4 protein family revealed striking overall similarities. We defined four
common motifs and one conserved domain. One member of this protein family, TrbE of plasmid RP4, was
genetically characterized by site-directed mutagenesis. Most mutations in #rbE resulted in complete loss of its
activities, which eliminated pilus production, propagation of plasmid-specific phages, and DNA transfer ability
in Escherichia coli. Biochemical studies of a soluble derivative of RP4 TrbE and of the full-length homologous
protein R388 TrwK revealed that the purified forms of these members of the VirB4 protein family do not
hydrolyze ATP or GTP and behave as monomers in solution.

The conjugative IncPa plasmid RP4 (60,099 bp) is of great
interest in three respects. First, this broad-host-range plasmid
is self-transmissible and involved in the active spread of anti-
biotic resistance genes among bacterial pathogens. Second, the
RP4 transfer system is a potentially powerful tool for genetic
manipulation of gram-positive and gram-negative bacteria and
even eukaryotic cells, as conjugative DNA transfer to Saccha-
romyces cerevisiae (30) and Chinese hamster ovary cells (59)
has been observed. Third, the RP4 transfer apparatus is related
to type IV secretion systems, a class of macromolecule export
machinery found in several bacteria pathogenic to mammals
and plants (for a review, see reference 13). Hence, RP4 is a
model system for studying bacterial conjugation and type IV
secretion.

The transfer proteins of RP4 are grouped into two func-
tional classes, defined as proteins involved in DNA processing
(Dtr) and proteins involved in mating pair formation (Mpf)
(for a review see reference 43). The Dtr system comprises the
proteins that prepare the single strand of DNA to be trans-
ferred and the origin of transfer (oriT). The Mpf system, the
pilus assembly machinery, is a proposed multiprotein complex
that contains 12 plasmid-encoded proteins and spans both the
inner and outer membranes (23). Conjugative pili, a prerequi-
site for DNA transfer, also serve as receptors for plasmid-
specific phages. At present, functions for only three Mpf pro-
teins are known: TrbC is the precursor of the pilin, a cyclic
polypeptide (18), TraF is a maturation protease for TrbC (26),
and #7bK encodes the entry exclusion function (25).

Type IV secretion systems are macromolecule exporters for
the delivery of effector molecules (13). The prototype of type
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IV secretion systems is the Agrobacterium tumefaciens Ti sys-
tem, which mediates the export of oncogenic T-DNA to plant
cells. Several pathogenic bacteria use type IV secretion sys-
tems; for example, Bordetella pertussis uses such a secretion
system for liberation of the pertussis toxin (10), and Helico-
bacter pylori uses a secretion system for transfer of the CagA
protein to gastric epithelial cells (for a review see reference
12). The gene organizations in various type IV secretion and
Mpf systems of conjugative plasmids are very similar, and ho-
mologous proteins can be found throughout these systems.
Although the exported substrates (DNA-protein intermedi-
ates, protein[s]) and the target cells (bacteria, plants, mam-
mals) vary impressively, it has becomes more evident that these
highly specialized systems utilize a common mechanism to
assign their tasks.

A promising approach to unravel the function of type IV
secretion systems is to study homologous proteins of various
representatives. All defined type IV secretion machineries are
composed of about 12 proteins, but at present only a few of
these components have been characterized. The VirB2-like
proteins, the subunits of the pili, are the only class of proteins
whose role has been experimentally determined (for a recent
review see reference 33). The VirB11-like proteins, which are
cytoplasmic ATPases that form hexameric rings (35, 36, 45),
are essential parts of the pilus assembly machinery. Although
even a crystal structure is available (63), the real function of
these proteins remains unknown. Until now the mechanism of
none of the type IV secretion systems has been understood.

The VirB4 protein family is a class of homologous proteins
named after the protein VirB4 encoded by A. tumefaciens Ti
plasmids. High levels of similarity among A. tumefaciens
pTiC58 VirB4, RP4 TrbE, R388 TrwK, F TraC, and B. pertussis
PtIC have been reported (38, 51). At present, the best-studied
members of this protein family are the VirB4 proteins encoded
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by pTiA6 and pTiC58, which supposedly have identical func-
tions. Ti VirB4 is a homodimeric or -multimeric inner mem-
brane protein (14, 15, 52), which is essential for T-DNA export
and which requires a type A nucleotide binding site for viru-
lence (6, 19). An ATPase activity of pTiC58 VirB4 has been
reported (52). However, the function(s) of none of the mem-
bers of the VirB4 protein family is known.

The VirB4 homologue of RP4, the TrbE protein (94.4 kDa),
is the largest essential component of the RP4 transfer machin-
ery. A central feature of TrbE is a type A nucleotide binding
site, also called Walker box A (38, 58). RP4 TrbE is a hydro-
phobic protein with a predicted transmembrane helix (TMH)
at its N terminus. It has been proposed that TrbE is anchored
in the cytoplasmic membrane via its TMH, thus stabilizing the
postulated membrane-spanning Mpf complex together with
the RP4 proteins TrbF, -1, and -L and TraF (23).

We asked whether members of the VirB4 protein family
have common features and whether members of this protein
family have coinciding biochemical properties. In this study we
constructed a multiple-sequence alignment of the VirB4 pro-
tein family, in which we defined four common motifs and one
conserved domain. Site-directed mutagenesis within the con-
served motifs in RP4 TrbE revealed that Walker motifs A and
B are essential for pilus production (Pil phenotype), propaga-
tion of plasmid-specific phages (donor-phage specificity; Dps
phenotype), and DNA transfer ability (Tra phenotype) in
Escherichia coli. We biochemically characterized two VirB4
homologous proteins, a soluble deletion derivative of RP4
TrbE that is active in vivo and the full-length TrwK protein of
plasmid R388 (IncW). Neither of these proteins possessed
ATPase or GTPase activity, and both proteins behaved as
monomers in solution.

MATERIALS AND METHODS

Strains, plasmids, and phages. E. coli K-12 strain SCS1 (a DH1 derivative
[29]) was used as the standard strain for molecular cloning and protein overpro-
duction. In special cases BL21 and BL21 Star(DE3)(pLysS) (Invitrogen) were
used. E. coli K-12 strain HB101 (8) and the nalidixic acid-resistant derivative
HB101 Nx" were used for conjugation experiments. JE2571 (leu thr fla pil str) (9)
was used for phage sensitivity assays and electron microscopy. Cells were grown
in YT medium (40) buffered with 25 mM 3-(N-morpholino)propanesulfonic acid
(sodium salt; pH 8.0) and supplemented with 0.1% glucose and 25 pg of thiamine
hydrochloride per ml. For YT agar plates, 1.5% agar-agar was added to YT
medium. When appropriate, antibiotics were added at the following concentra-
tions: ampicillin (sodium salt), 100 wg/ml; chloramphenicol, 10 wg/ml; and nali-
dixic acid (sodium salt), 30 pg/ml. A. tumefaciens Agro 6000 (obtained from
Barbara Hohn) harboring pTiA6 was grown on YT agar plates for 2 days at room
temperature. Phages PRD1, PRR1, and Pf3 were propagated as described pre-
viously (55). The plasmids and phages used are shown in Table 1.

Buffers. Buffer A contained 20 mM Tris-HCI (pH 7.6), 150 mM NaCl, 1 mM
dithiothreitol (DTT), 0.1 mM EDTA, and 10% (wt/vol) glycerol. Buffer B con-
tained 20 mM Tris-HCI (pH 7.6) and 150 mM NaCl. Buffer C contained 20 mM
potassium phosphate (pH 6.8), 50 mM KCI, 1 mM DTT, and 10% (wt/vol)
glycerol. Buffer D contained 20 mM imidazole (pH 7.6), 20 mM Tris-HCI (pH
7.6), 1 M NaCl, and 10% (wt/vol) glycerol. Buffer E contained 20 mM Tris-HCl
(pH 7.6), 200 mM NaCl, 2 mM DTT, 0.1% (wt/vol) Brij 58, 0.1 mM EDTA, and
10% (wt/vol) glycerol. Buffer F contained 20 mM Tris-HCl (pH 7.6), 150 mM
NaCl, and 1 mM DTT. HBS-EP buffer (BIAcore) contained 0.01 M HEPES (pH
7.4), 0.15 M NaCl, 3 mM EDTA, and 0.005% (wt/vol) polysorbate 20.

DNA techniques. Standard molecular cloning techniques were performed as
described by Sambrook et al. (46). Unless noted otherwise, Pfu DNA polymerase
(Stratagene) was used for PCR. The nucleotide sequences of cloned and mutated
genes and of the in-frame deletion of #7bE were confirmed. Overexpressed genes
were placed under control of the fac promoter and the T7 gene 10 Shine-
Dalgarno sequence (47).
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Molecular cloning of RP4 #rbE and construction of frbE mutants. Plasmid
pCR21 was constructed by inserting the 2,670-bp HindIII-EcoRI fragment from
pKW21A1 into pMS119HEA(HindIII-EcoRI). trbE mutants were constructed by
PCR (Table 2) by using pCR21 as the template.

The #rbE in-frame deletion was constructed by using an ExSite PCR-based
site-directed mutagenesis kit (Stratagene) and pCR2001 as the template.
pCR2001 was constructed by inserting the 4,369-bp Ndel-RsrIl fragment of
pML123 in antitranscriptive orientation into pCR2000. Following mutagenesis,
pCR2001A#rbE was digested with Ndel and Rsr11, and the 1,838-bp fragment was
inserted into pML123A(Ndel-Rsr1l), resulting in pMLI123A#bE. pMS123AtrbE
was constructed by inserting the 2,629-bp AatII-Fsel fragment of pMLI123AtrbE
into pMS123A(Aat1l-Fsel). pDB126ArbE was constructed by inserting the
3,478-bp Ndel-BssSI fragment of pML123A#bE into pDB126A(Ndel-BssSI).

Amino acids were substituted by using the PCR-based method described by
Weiner et al. (60). The alleles are designated X000Z below, where X is the
wild-type residue, 000 is the residue number in the full-length protein, and Z is
the newly introduced residue. The N-terminal deletion mutants TrbEA1, -2, and
-4 to -6 were constructed by using forward primers (Table 2) and reverse primer
GAGCGCCGGCGACAGCGGCGG (RP4 coordinates 21,948 to 21,928). Am-
plified DNA was digested with Ndel and Dralll and inserted into plasmids
pCR21A(Ndel-Dralll) and pCR21HNA(NdeI-Dralll). Mutant TrbEA3 was con-
structed by using the ExSite PCR-based site-directed mutagenesis kit (Strat-
agene). The C-terminal deletions TrbEA7 to -11 were constructed by using
forward primer CTCGACAAGTTCCGCAAGAAGTG (RP4 coordinates
21,505 to 21,527) and the reverse primers that generated a premature stop codon
(Table 2). The amplified fragments were digested with Dralll and EcoRI and
inserted into pCR21A(Dralll-EcoRI).

Molecular cloning of R388 #rwK and pTiA6 virB4. Both R388 #rwK and pTiA6
virB4 were cloned by using PCR and the primers listed in Table 1. For #wK,
pSU4054 was used as the template. The 2,474-bp fragment was digested with
Ndel and EcoRI and inserted into pCR21A(Ndel-EcoRI), resulting in pCR38.
virB4, including its original ribosome binding site, was amplified by using an
aqueous extract of A. tumefaciens Agro 6000 cells as the template. The amplified
DNA was digested with Xmal and Sacl, and the 2,530-bp fragment was inserted
into pMS119HEA(Xmal-Sacl), resulting in plasmid pCRAG6. Plasmid pCR6 was
constructed by using pCRAG6 as the template and inserting the 2,436-bp Ndel-
Sacl fragment into pCR21A(Ndel-Sacl).

In vivo complementation assays. The strains used for the in vivo complemen-
tation assays are shown in Table 3. Standard phage plaque assays for studying the
Dps phenotype were performed as described previously (27). '*C-labeled PRD1
phage adsorption assays were performed as described previously (34). Pili were
visualized by electron microscopy as described previously (9, 26). Mating for
studying the Tra phenotype was carried out as described previously (2).

Sequence alignment of members of the VirB4 protein family. A BLAST search
(1) with RP4 TrbE as the query was performed at the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/blast/). Based on the
search results, 18 representative proteins with significant similarity to RP4 TrbE
were chosen. The sequences were aligned by using the Clustal W software (57)
with the BLOSUM series as the protein weight matrix. The alignment was
shaded by using the freeware BOXSHADE 3.21 (K. Hofmann and M. D. Baron,
http://www.ch.embnet.org/software/BOX_form.html).

Protein production. All protein production operations were carried out at 4°C
unless noted otherwise. SCS1 cells harboring the expression plasmid (two 1.2-
liter cultures in 5-liter flasks) were grown with aeration at 37°C to an A4, of 0.6.
Isopropyl-B-thiogalactopyranoside (IPTG) was added to a final concentration of
10 uM to strain SCS1(pCR21HNA2) cultures and to a final concentration of 1
mM to strain SCS1(pCR38) and BL21(pCR6, pACYC-RIL) cultures. Incubation
was continued for 5 h. Cells were harvested by centrifugation at 4,000 X g for 7
min and resuspended in a spermidine solution (20 mM spermidine - 3HCI, 200
mM NaCl, 2 mM EDTA; final volume, 50 ml). Cells were frozen in liquid
nitrogen and stored at —80°C. After purification, proteins were stored at —20°C.

Purification of RP4 TrbEHNA2. Cells (13.5 g, wet weight) were thawed and
lysed in the presence of a solution containing 50 mM Tris-HCI (pH 7.6), 1 M
NaCl, 5% sucrose, 0.3 mg of lysozyme per ml, 0.13% Brij 58, 0.05 mM EDTA,
and 0.05 mM EGTA. After centrifugation at 100,000 X g for 30 min, supernatant
T was collected. The pellet was resuspended in 1 M NaCl-100 mM Tris-HCI (pH
7.6)-10% sucrose at 0°C by using a glass homogenizer and centrifuged at 100,000
X g for 30 min. Supernatant IT was collected, pooled with supernatant I, and
dialyzed against buffer B. The resulting sample (fraction I, 309 ml) (Table 4 and
Fig. 1A, lane d) was loaded onto an Ni-nitrilotriacetic acid SF column equili-
brated with buffer B. The column was washed with buffer D, and the proteins
were eluted with buffer D containing 250 mM imidazole (pH 7.6). The peak
fractions were pooled, dialyzed against buffer A (fraction II, 65 ml) (Table 4 and
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TABLE 1. Plasmids and phages

(f’rk;s}?; lgi Description® Relevant genotype ?;:if:;’f Replicon fgfli rr?n?cr
pACYC-RIL argU ileY leuW Cm  pl5A Stratagene
pCR6 pCR21A[Ndel-SacI|Q[pTiA6 Ndel-Sacl 152,657-155,086]°  virB4* Ap  pMBI1 This study
pCR21 pMS119HEA[HindII-EcoR1]Q[pKW21A1 HindlII-EcoRl ~ #rbE™ Ap pMBI1 This study

2,670-bp fragment, RP4 20,545-23,127], P
pCR21HN pCR21A[Xbal-Ndel| Q[ Xbal-Ndel adaptor]? hisg-trbE™* Ap pMBI1 This study
pCR21A1¢ pCR21A[RP4 20,548-20,607] trbEAT™ Ap  pMBI1 This study
pCR21A2¢ pCR21A[RP4 20,548-20,625] trbEA2™ Ap  pMB1 This study
pCR21HNA2¢  pCR21HNA[RP4 20,548-20,625] hisg-trbEA2* Ap  pMBI1 This study
pCR21A3¢ pCR21A[RP4 20,620-20,661] trbEA3™ Ap pMB1 This study
pCR21A4¢ pCR21A[RP4 20,548-20,706] trbEA4™ Ap  pMBI1 This study
pCR21IHNAS®  pCR21HNA[RP4 20,548-21,039] hisg-trbEAS™ Ap pMB1 This study
pCR21IHNA6®  pCR21HNA[RP4 20,548-21,519] hisg-trbEAG™* Ap  pMBI1 This study
pCR21A7¢ pCR21A[RP4 23,086-23,127] trbEA7* Ap pMB1 This study
pCR21A8¢ pCR21A[RP4 23,068-23,127] trbEA8™ Ap  pMBI1 This study
pCR21A%¢ pCR21A[RP4 23,053-23,127] trbEA9™ Ap pMB1 This study
pCR21A10¢ pCR21A[RP4 23,014-23,127] trbEA1O™ Ap  pMBI1 This study
pCR21A11¢ pCR21A[RP4 22,945-23,127] trbEAIT™ Ap pMB1 This study
pCR38 pCR21A[Ndel-EcoRI|Q[R388 1,025-3,496} trwK* Ap pMBI1 This study
pCR2000 pMS470A8A[EcoRI-HindII])[adaptor EcoRI-Rsr1I-Sacl- Ap pMBI1 This study
Agel-Kpnl-Ndel-HindIII], cloning vector, P,
pCR2001 pCR2000A[Rsr11-Ndel|Q[pML123 RsrlI-Ndel 4,370-bp RP4 (irbD to trbF)*, antitranscriptive =~ Ap ~ pMBI1 This study
24,301-19,932] orientation
pCR2001A#7bE  pCR2001A[RP4 23,088-20,557] trbE° Ap pMB1 This study
pCRA6 pMSl19H1IEA[XmaI-SacI]Q[pTiA6 Xmal-Sacl 152,568 Original RBS, virB4* Ap  pMBI1 This study
155,086]"
pCR21X000Z° Amino acid substitutions trbE™, mutation indicated Ap pMBI This study
pDB126 pML123Q[BamHI; RP4 Bfal 45,893-53,462 bp] (trbB to trbM)™* (traF to traM)™ Cm  ColD 2
oriT*
pDB126ArbE pDB126A[RP4 20,557-23,088 bp] (rbB to trbD, trbF to trbM)™ Cm  ColD This study
(traF to traM)* oriT* trbE°
pGZ119EH, Cloning vector, P, /lacl4 Cm  ColD 37
HE
pKW21A1 pMS67THEQ[mKW21trbF:Bglll, 2.6 kb trbE™ Ap  RSF1010 27
pML123 pGZ119EHA[EcoRI-BamHI|Q[EcoRI-Xmnl adaptor, RP4  (trbB to trbM)* Cm  ColD 39
Xmnl-Notl, 18,841-30,042 bp]
pMLI123AtrbE  pMS123A[RP4 20,557-23,088 bp] (trbB t((]) trbD, trbF to trbM)™* Cm  ColD This study
trbE
pMS119EH, Cloning vector, P, /lacl4 Ap pMBI1 56
HE
pMS123 pML123A[BamHI-HindIII|Q)[BamHI-Xbal adaptor, (trbB to trbM)™" (traF)* Cm  ColD This study
pWP471 Xbal-HindIIl; RP4 18,841-30,042 and 45,909-
46,577 bp]
pMS123ArbE pMS123A[RP4 20,557-23,088 bp] (rbB to trbD, trbF to trbM)™ Cm  ColD This study
(traF)* rbE°
pMS470A8 PMS119EHA[Xbal-Pst1|Q[pT7-7 Xbal-Ndel, 40-bp traC* Ap pMBI1 3
fragment, R751 traC Aval-Sphl, 1.4 kb], cloning vector,
P, /lacl?
pSU4054 Plasmid encoding R388 TraW trwK* (among others) Ap  pMBS 7
M13 mp18 Filamentous ssDNA phage; IncF specific 62
Pf3 Filamentous ssDNA phage; IncP specific 55
PRD1 Lipid-containing dsSDNA phage; IncP, IncW, IncN specific 4
PRRI1 RNA phage; IncP specific 42

“ The accession numbers of the RP4, R388, and pTiA6 sequences are 127758, X81123, and AF242881, respectively.
® Ap, ampicillin; Cm, chloramphenicol.
¢ The following primers were used (nucleotides derived from the original sequence are in italics, and restriction sites are underlined):
ATATATATCATATGCTCGGCGCGAGTGGAACG and TATATAGAGCTCGAAAGCTGCAGGTCAAAACCGTTGC.
4 The adaptor was as follows: CTAGAAATAATTTTGT TTAACTTTAAGAAGGAGATATACACATGCACCATCACCATCACCA
TTTATTAAAACAAATTGAAATTCTTCCTCTATAT GTGTACGT GGTAGTGGTAGTGGTAT

¢ For the mutagenesis strategy used, see Materials and Methods.

/The following primers were used: ATATATATCATATGGGGGCAATTGAATCCCGCAAGCTCC and ATATATATGAATTCTCATACGTCGCTCCTTTCGGC

TTTCACACGG.

& The adaptor was as follows: AATTCCGGT CCGGAGCTCACCGGT GGTACCCATATGA
GGCCAGGCCT CGAGT GGCCACCATGGGTATACTTCGA

" The following primers were used: TATATACCCGGGGGAAGAAGCATTGATAGTGCAGTTTGGGG and TATATAGAGCTCGAAAGCTGCAGGTCAAAAC

CGTTGC.

 The adaptor was as follows: GATCCGCGGT

GCGCCAGATC
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TABLE 2. RP4 TrbE mutant phenotypes

Phenotypes

Dps”
trbE allele Mutation Pilus Oligonucleotide(s) used?
Transfer £
frequency” PRD! o_rmil-
PRD1 PRR1 Pf3 adsog;pnon tion
(%)

pDB126/ 1.6 x107"  + + + 50.4 +
trbE 41x1072 + + + 38.8 +
AtrbE In-frame <I1x1077 — - - 0.7 - TGCTTGGATCATCGGTATTGCTTC (20,556-20,533),
deletion CTGGAGGCAGCATGAGTTTTG (23,089-23,103)
trbEHN N-terminal Hiss 3.6 X 1072+ + + 40 +
tag
irbEH484A  Near motif A 2.7 X 1072 + + + 12 +  CGTTCCGGCTGAACCTGGCCGTGCGCGACCTCGG (21,976-22,010)
trbEG495A  Motif A 581073 + + + 14 +  CCACACCTTTATGTTCGCGCCGACCGGCGCAGG (22,011-22,043)
rbEG500A  Motif A <1x1077 - - - 0.7 —  CGGGCCGACCGGCGCAGCTAAATCGACGCACC (22,026-22,057)
bEK501A  Motif A 1.7x107% — (+)  (+) 1.6 —  CCGACCGGCGCAGGTGCATCGACGCACCTGGCG (22,030-22,062)
trbEKS01E  Motif A <1x1077 - - - 0.6 —  CCGACCGGCGCAGGTGCATCGACGCACCTGGCG (22,030-22,062)
trbES502A  Motif A <1x1077 - - - 0.9 —  CGACCGGCGCAGGTAAAGCGACGCACCTGGCGATCC (22,031-22,062)
trbED642A  Motif C <Ix1077 — - - 0.8 —  GGGCCATCTGCTCGCCGCCGAAGAGGACGGC (22,455-22,485)
trbED642N  Motif C <1x1077 - - - 0.8 —  GGGCCATCTGCTCAACGCCGAAGAGGACGGC (22,455-22,485)
trbED642N/  Motifs Cand B <1 X 1077 — - - 1.0 —  GGGCCATCTGCTCAACGCCGAAGAGGACGGC (22,455-22,485),
D694N GCCGTCATCATCCTGAACGAAGCCTGGTTGATGC (22,609-22,642)
trbED646A  Motif C 29 %1072 +/— + + 7.8 -  GCTCGACGCCGAAGAGGCCGGCTTGGCGCTGTCCG (22,464-22,498)
trbED694A  Motif B <1x1077 - - - 0.6 —  GCCGTCATCATCCTGGCCGAAGCCTGGTTGATGC (22,609-22,642)
trbED694N  Motif B <Ix1077 — - - 0.8 —  GCCGTCATCATCCTGAACGAAGCCTGGTTGATGC (22,609-22,642)
trbEE695A  Motif B <1x1077 - - - 0.7 —  CCGTCATCATCCTGGACGCAGCCTGGTTGATGCTCG (22,610-22,645)
trbEE695Q  Motif B <1x1077 - - - 0.7 —  CCGTCATCATCCTGGACCAAGCCTGGTTGATGCTCG (22,610-22,645)
trbER717A Motif D 39x107°¢ - (+) () 1.1 +  GGCTCAAGGTGCTGGCTAAGGCCAACTGCC (22,679-22,708)
trbEQ728A  Motif D 52%x1073  + + + 21.9¢ +  GCTGATGGCAACGGCGAGCCTGTCCGACG (22,713-22,741)
trbEY766A  Near motif D 42X 1072 + + + 38.7¢ +  GGACACGGCGGCCCTGGCCCGCCGCATGGGCC (22,824-22,855)
trbEYT66F  Near motif D 6x1072 + + + 46.9% +  GGACACGGCGGCCCTGTTCCGCCGCATGGGCC (22,824-22,855)
trbEAI N terminus 45x107% — - - 0.7 —  ATATATATCATATGGCCCGCATCCGCGCGGTCGATG (20,608-20,629)
trbEA2 N terminus 1.3x1072 + + + 35.8 + G(E%A(/?T%%%%"ATGGATGCCGAACTGAAACTGAAAAAGCATC
,626-20,
rbEHNA2 N terminus 1.8x 1072 + + + 32 + G(i‘vGAATTTCA;‘ATGGA TGCCGAACTGAAACTGAAAAAGCATC
20,626-20,653
trbEA3 N terminus <1x1077 - - - 0.8 —  GCGGATGCGGGCAAAGAGGATGAAC (20,619-20,595),
GACGCCGGCCTGGCCGATCTGC (20,662-20,683)
trbEAN4 N terminus <Ix1077 - - - 0.7 —  GGGAATTCATATGGACGGCGTAATCGTGGGCAAGAAC
(20,707-20,730)
wbEHNAS N terminus <1x1077 ND" ND ND ND ND TA(%"A(LA?)TZC%T&TGTTCGTCGAGCTGATGTTTGACGACG
1,043-21,07!
rbEHNA6 N terminus <1x10"7 ND ND ND ND ND A'I;ATATATCA’I;A TGAAGAAGTGGCGGCAGAAGATTCGC
21,520-21,543
trbEA7 C terminus 4x107% + + + 44 + CCz(é((JJCZ(;GGAATTCTCATTCATCAAGGGCGAGGCCCCGGCC (23,085-
,06
trbEAS C terminus 93 x1072 + + + 38 + CC((;ZFOCG(;(}Z?%;'TCTCACCGGCCACGCAGCCATTCATCCACCC
trbEA9 C terminus <1x1077 - - - 0.8 —  CCCCCCGGAATTCTCATTCATCCACCCACTGGTCGCCG
(23,052-23,031)
trbEAIO C terminus <Ix1077 - - - 0.9 - Cc(ggglg%(g%;'TCTCACWGATGATGGCGACGGATTCCTTGTCGG
trbEAIT C terminus <1x1077 - - - 0.9 - C(Zz(zl(é‘g(;GGAATTCTCAGTCGTAGAGACGGCGGCCGTTTTC (22,944—
921

¢ Number of transconjugants per donor cell. The frequencies are average values for three independent experiments.

b +, Dps positive; +/—, Dps reduced; (+), weak Dps; —, Dps negative.

¢ +, pili found; —, no pili found.

4 For amino acid substitutions, only the transcriptive strand primer is shown. Nucleotides derived from the original sequence are in italics; mutagenized nucleotides
are in boldface type. The RP4 nucleotide coordinates are given in parentheses according to previously published sequence data (accession no. L27758).

¢ Relative amount of label associated with the cell pellet. '*C-labeled PRD1 was adsorbed to the cells, incubated at 24°C for 15 min, and washed twice with YT
medium. Radioactivity was determined in the cell and in the supernatant fractions.

/The trbE gene was encoded by plasmid pDB126.

& Phages were loosely bound to the cells.

"ND, not determined.

Fig. 1A, lane ¢), and loaded onto a heparin Sepharose CL-6B column equili- by dialysis against 20% polyethylene glycol 20,000 in buffer A, and then dialyzed
brated with the same buffer. The column was washed with equilibration buffer, against 50% glycerol in buffer A (fraction IV, 16.4 ml) (Table 4 and Fig. 1A, lane
and then proteins were eluted with a linear gradient of buffer A containing 150 2).

to 600 mM NaCl. TrbEHNA?2 eluted at 250 mM NaCl. The peak fractions were Purification of R388 TrwK. Cells (14.7 g, wet weight) were thawed and lysed

pooled and dialyzed against buffer F (fraction III, 49 ml) (Table 4 and Fig. 1A, in the presence of a solution containing 50 mM Tris-HCI (pH 7.6), 100 mM
lane f). Solid ammonium sulfate was added to a final concentration of 1 M, and NaCl, 5% sucrose, 0.3 mg of lysozyme per ml, 0.13% Brij 58, 0.05 mM EDTA,

the solution was loaded onto a phenyl Sepharose 6 Fast Flow column equili- and 0.05 mM EGTA. After centrifugation at 100,000 X g for 30 min, the
brated with buffer F containing 1 M (NH,),SO,. The column was washed first supernatant was adjusted with solid ammonium sulfate to a saturation of 50%
with the equilibration buffer, then with buffer F, and finally with buffer F con- (16), stirred for 30 min at 0°C, and centrifuged at 100,000 X g for 30 min. The
taining 40% (vol/vol) ethylene glycol. The proteins were eluted with a linear precipitate was resuspended in buffer A containing 50 mM NaCl (fraction I, 56

gradient of buffer F containing 40 to 70% (vol/vol) ethylene glycol. TTbEHNA2 ml) (Table 4 and Fig. 1B, lane d) at 0°C and applied to a heparin Sepharose
eluted at 53% ethylene glycol. The peak fractions were combined, concentrated CL-6B column equilibrated with buffer A containing 50 mM NaCl. The column
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TABLE 3. Strains used for ##bE complementation

Phenotype”
Strain Relevant genotype

Pil Dps Tra
JE2571(pMS123) (rbB to trbM)™ (traF)* + + NA
JE2571(pMS123AtrbE) (trbB to trbD, trbF to trbM)* (traF)* trbE° - - NA
JE2571(pMS123AirbE, pCR21)” (rbB to rbD, trbF to trbM)™" (traF)" trbE™" ? ? NA
HB101(pDB126) (trbB to rtbM)™ (traF to traM)™ oriT* NA NA +
HB101(pDB126A#bE) (trbB to trbD, trbF to trbM)* (traF to traM)* oriT* trbE° NA NA -
HB101(pDB126AtrbE, pCR21)” (trbB to trbD, trbF to trbM)™* (traF to traM)" oriT* tbE™® NA NA ?

“ +, positive; —, negative; ?, depends on the mutation; NA, not applicable. For experimental details see Materials and Methods.
b Plasmid pCR21 carried either the wild-type #rbE allele (pCR21) or a #rbE mutation (pCR21X000Z or pCR21A1-11) (Table 2).

was washed with the same buffer, and the proteins were eluted with a linear
gradient of buffer A containing 50 to 600 mM NaCl. TrwK eluted at 140 mM
NaCl. The peak fractions were pooled (fraction II, 67 ml) (Table 4 and Fig. 1B,
lane ¢) and loaded onto a hydroxyapatite Bio-Gel HT column equilibrated with
buffer C. The column was washed with buffer C, and the proteins were eluted
with a linear gradient of buffer C containing 20 to 400 mM potassium phosphate
(pH 6.8). TrwK ecluted at 180 mM potassium phosphate. The peak fractions were
pooled and dialyzed against buffer A containing 50 mM NaCl (fraction III, 103
ml) (Table 4 and Fig. 1B, lane f). Fraction III was loaded onto a DEAE Sephacel
column equilibrated with buffer A containing 50 mM NaCl and washed with the
same buffer. The proteins were eluted with a linear gradient of buffer A con-
taining 50 to 600 mM NaCl. TrwK eluted at 300 mM NaCl. The peak fractions
were combined, concentrated by dialysis against 20% polyethylene glycol 20,000
in buffer A, and then dialyzed against buffer A containing 50% glycerol and 100
mM NaCl (fraction IV, 12.7 ml) (Fig. 1B, lane g).

NTPase assays. Nucleoside triphosphate (NTP) hydrolysis experiments were
performed with 1.5 uM purified protein at 30°C for 30 min in 20-pl (final
volume) mixtures containing 20 mM Tris-HCI (pH 7.6), 100 mM NaCl, 5 mM
MgCl,, 0.05 mg of bovine serum albumin (BSA) per ml, I mM DTT, 0.1 pCi of
[y-**P]NTP, and 0.2 mM unlabeled NTP. For nucleoside triphosphatase
(NTPase) stimulation experiments 20 nM single-stranded DNA (ssDNA) (M13
mp18) or 20 nM double-stranded DNA (dsDNA) (pMS119EH) was added, and
phospholipid micelles were prepared as described previously (36). The reaction
was stopped by adding 2 wl of 0.5 M EDTA (pH 8.0). The reaction products were
separated by thin-layer chromatography on 0.1-mm cellulose MN300 polyethyl-
eneimine-impregnated sheets (POLYGRAM CEL 300 PEIL; Macherey-Nagel)
(48). Radioactive NTP and nucleoside diphosphate or P; were quantified by using
storage phosphor technology (32) and the software ImageQuant 5.0 (Molecular
Dynamics).

Gel filtration. Gen filtration with a Superdex 200 HR 10/30 column was
performed as described previously (50) by using buffer A containing 5 mM
MgCl, in the presence and in the absence of 0.2 mM ATP. The proteins applied
to the column were 2 nmol of purified RP4 TrbEHNA2 and R388 TrwK, re-
spectively.

DNA binding assays. For DNA binding assays 0.04, 0.4, and 4 nM purified RP4
TrbEHNA2 or R388 TrwK was mixed with 4 pM ssDNA (M13 mp18) or 3.2 pM
dsDNA (pMS119EH) in the presence of 20 mM Tris-HCl (pH 7.6), 5 mM
MgCl,, and 0.05 mg of BSA per ml (final volume, 25 pl). The reaction mixtures
were incubated for 30 min at 37°C, and then each mixture was mixed with 10 pl

of a solution containing 100 mM Tris-HCI (pH 7.6), 50% glycerol, and 0.1%
bromophenol blue and electrophoresed on a 0.7% agarose gel.

Protein interaction analysis by surface plasmon resonance (SPR). Protein
interaction was studied with the BIAcore system (Pharmacia Biosensor AB).
Purified RP4 TrbEHNA2 protein (508 resonance units [RU]) was covalently
coupled to flow cell 2 of Pioneer chip B1 with a BIAcore amine coupling kit.
Flow cells 3 (loaded with 497 RU of BSA) and 4 (saturated with ethanolamine)
were used as control cells. HBS-EP buffer (BIAcore) was used as the dilution and
cluant buffer. Proteins RP4 TraG (50) and RP4 TrbB (36) were each injected at
a concentration of 100 nM at a flow rate of 40 wl/min for 4 min. Dissociation was
monitored for 5 min. Between injections, the flow cells were washed with 10 .l
of a 200 mM Na,COj; solution (pH 11.2).

Protein PRD1 P2 (22) (204 RU) was coupled to flow cell 2 of Pioneer chip
CMS5. Flow cells 3 (coupled with 512 RU of BSA) and 1 (saturated with etha-
nolamine) served as control cells. Proteins TTbEHNA2, TrbB, and PRD1 P2
were each injected at a concentration of 100 nM under the conditions described
above.

RESULTS

Definition of four common motifs and one conserved do-
main in proteins belonging to the VirB4 family. The number of
type IV secretion systems identified by sequence alignment has
greatly increased in the last few years. To find out whether
proteins belonging to the VirB4 family share characteristic
features, we chose 18 of these proteins with the greatest sim-
ilarity to RP4 TrbE and constructed a multiple-sequence align-
ment (Fig. 2). The overall similarity among these proteins is
high and increases in the C-terminal half of the aligned se-
quences. The average length is about 800 to 830 amino acids.
The smallest protein, TrbEb encoded by pNGR234a, consists
of 662 residues, and the largest protein, H. pylori HP0544, is
983 amino acids long. TrbEa, encoded by pNGR234a directly
upstream of #rbED, consists of 149 residues, and its sequence
fits the N terminus of the aligned proteins well. Whether the

TABLE 4. Purification of RP4 TrbEHNA2 and R388 TrwK

Protein Fraction Purification step pro?glr: ?rig) S({L;)l)d lzl%;tay
TrbEHNA2 I Crude cell extract 723 100 19
11 Ni-NTA SF” 86 63 73
111 Heparin Sepharose CL-6B 23 24 88
v Phenyl Sepharose 6 Fast Flow 14 13 95
TrwK I Ammonium sulfate fraction 448 100 48
II Heparin Sepharose CL-6B 52 35 67
111 Hydroxyapatite Bio-Gel HT 28 26 94
v DEAE Sephacel 20 19 94

¢ Laser densitometric evaluation of Coomassie blue-stained SDS-polyacrylamide gels.

> NTA, nitrilotriacetic acid.
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FIG. 1. Purification of RP4 TrbEHNA2 (A) and R388 TrwK (B). Aliquots of extracts and pooled peak fractions (Table 4) were resolved with
SDS-15% polyacrylamide gels and stained with Coomassie blue. Cells were lysed either by SDS or by Brij 58-lysozyme; the prominent band at an
apparent mass of 14 kDa in panel A, lane d, is lysozyme. (A) Lane a, molecular mass standard; lanes b and ¢, SDS extracts of noninduced and
IPTG-induced cells, respectively; lane d, fraction I (amount of total protein loaded onto the gel, 56.2 n.g); lane e, fraction I (9.9 pg); lane f, fraction
III (9.2 pg); lane g, fraction IV (10.1 pg). (B) Lane a, molecular mass standard; lanes b and ¢, SDS extracts of noninduced and IPTG-induced cells,
respectively; lane d, fraction I (amount of total protein loaded onto the gel, 13.2 ng); lane e, fraction II (7.1 wg); lane f, fraction III (8.2 pg); lane

g, fraction IV (7.4 pg).

gene products TrbEa and TrbEDb exist and are essential re-
mains to be determined.

All of the aligned sequences contain four motifs, which we
designated motifs A, B, C, and D (Fig. 2, 3, and 4). Motif A
represents Walker box A. It is the most prominent motif and is
located near the middle of each of the aligned proteins. Motif
B is Walker box B and consists of four hydrophobic residues
followed by an aspartate (49). This motif is located approxi-
mately 180 residues after motif A and in most aligned proteins
is represented by the sequence h,DE(A/F)W, where h is a
hydrophobic amino acid. For motif C we defined the consensus
sequence Dx;(D/N) (where x represents any residue). Motif C
is located between motifs A and B, and in RP4 TrbE it is
represented by residues D642 to D646. In our alignment, R721
TraE is the only homologue containing an asparagine as the
second conserved residue, and H. pylori HP0544 is the only
protein with four residues between the conserved aspartate
residues. For motif D we defined the consensus sequence R(K/
M)xg(T/S)Q. In most of the aligned sequences, motif D is
represented by the sequence RKx,ATQ (residues R717 to
Q728 in RP4 TrbE).

In addition to these motifs, we designated a block of con-
served residues domain I. Domain I comprises around 90
amino acids, including motifs B and D. In RP4 TrbE, the
domain starts at residue F668 and ends at A757. Within do-
main I, a glycine, a threonine, and an isoleucine (G686, T748,
and 1750 in RP4 TrbE) are also conserved in all aligned pro-

teins. A conserved leucine and a conserved serine (L803 and
S814 in RP4 TrbE) were found between domain I and the C
terminus. A tyrosine (Y766 in RP4 TrbE) was found at similar
positions in all proteins, and the W(L/I) residues (W837 and
L838 in RP4 TrbE) near the C terminus were found in all
proteins except H. pylori HP0544.

RP4 TrbE contains a predicted TMH at the N terminus (23).
Interestingly, the only proteins in our alignment containing
predicted N-terminal TMHs are the proteins encoded by RP4,
R751, and pVT745, each of which has one helix, and the
protein encoded by H. pylori, which has two consecutive
TMHs.

The VirB4 protein family seems to consist of at least three
subfamilies. These are the subfamily containing VirB4-like
proteins with high similarity to Ti VirB4 proteins, the subfam-
ily containing TrbE-like proteins with high similarity to RP4
TrbE, and the subfamily containing TraC-like proteins with
high similarity to F TraC. In our alignment, VirB4-like pro-
teins resemble the most comprehensive subfamily; TrbE-like
proteins are represented by homologous proteins encoded by
RP4, R751, pNGR234a, pRil1724, and pTiA6. Although TraC-
like proteins encoded by plasmids F, R100-1, pNL1, and R27
have motifs A, B, and D, the similarity to VirB4 proteins is
lower. Hence, this subfamily was not included in our align-
ment.

We found leucine zipper motifs in the family of VirB4 pro-
teins. pTiC58 VirB4 and Bartonella henselae VirB4 contain
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motif C
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FIG. 2. Conserved motifs in proteins belonging to the VirB4 family. Walker boxes A (motif A) and B (motif B), motifs C and D, and domain
I are conserved in a multiple-sequence alignment (red, conserved residues; blue, residues conserved in more than 70% of the sequences; gray,
residues with similar side chains). The subfamily of TrbE-like proteins is indicated by a light yellow background, and the subfamily of VirB4-like
proteins is indicated by a dark yellow background. Amino acids in RP4 TrbE which were subjected to site-directed mutagenesis are indicated by
solid diamonds above the sequences. With the exception of TrbE and VirB4 encoded by pTiA6, only the name of the plasmid or bacterium
encoding the protein homologous to VirB4 is given. The following VirB4 homologs were examined (the numbers in parentheses are accession
numbers): RP4, TrbE (AAA26431); R751, TrbE (NP_044243); pNGR234a, TrbEb (AAB92432); pRil724, TrbE (BAB16246); pTiA6 TrbE
(AAB95097); pTiA6 VirB4 (AAF77164); Brucella melitensis VirB4 (B.m.) (AAL53269); pSB102, TraE (CAC79179); Bordetella pertussis PtIC (B.p.)
(B47301); R388, TrwK (CAC78982); pXF51, XFa0007 (AAF85576); Bartonella henselae VirB4 (B.h.) (AAF00942); pVT745, MagB03
(AAG24434); R6K, Pilx4 (CAC20141); pKM101, TraB (179267); Rickettsia prowazekii VirB4 (R.p.) (NP_220495); Legionella pneumophila 1LvhB4
(L.p.) (CAB60053); R721, TraE (NP_065362); and H. pylori HP0544 (H.p.) (NP_207340).

leucine zipper motifs at residues 302 to 323 and 303 to 324,
respectively. Interestingly, pTiA6 VirB4, with 91.7% identity to
pTiC58 VirB4, has the sequence Lx,Lx;Mx,L at the corre-
sponding position. Several members of the VirB4-like subfam-
ily contain a zipper-like motif which might resemble a bacterial
zipper (20); examples include R388 TrwK containing the se-
quence IxcLx,MxcL at positions 309 to 330 and H. pylori
HP0544 and CagE encoded by strains HP26695 and J99, re-
spectively, both of which contain the motif Lx,Vx.Lx.L at
positions 459 to 480. In addition, both HP0544 and CagE
contain a leucine zipper motif at residues 722 to 743. Members
of the subfamily of TrbE-like proteins, however, contain nei-
ther a leucine zipper nor a leucine zipper-like motif at the
corresponding positions. It remains to be determined whether
these motifs in the VirB4 protein family have a function.
The multiple-sequence alignment of the VirB4 protein fam-
ily revealed that proteins belonging to this family are very
similar in terms of their primary structures, which might indi-

cate that they also have similar tertiary or even quaternary
structures.

Two-plasmid systems containing a nonpolar #rbE in-frame
deletion allow study of RP4 TrbE mutants in vivo. RP4 TrbE
is essential for the Pil, Dps, and Tra phenotypes. To study the
role of conserved motifs A to D in TrbE and to determine the
essential portions of TrbE, we used two-plasmid systems which
allowed in vivo tests of the function of TrbE mutants in E. coli
to be performed (Table 3). The first plasmid, either
pMS123AbE for studying Pil and Dps or pDB126A#bE for
studying Tra, encoded all essential transfer components except
trbE. The second plasmid was the complementing plasmid
pCR21 carrying either wild-type or mutated #rbE (Table 2).
Negative control strains were transformed with the vector plas-
mid pMS119HE instead of pCR21. As expected, the in-frame
deletion of #bE with four original codons left at each terminus
led to the Pil~, Dps~, and Tra™ phenotypes (transfer frequen-
cies, <10~7) (Table 2). Each of these phenotypes could be
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FIG. 3. Amino acid substitutions in RP4 TrbE and common motifs in the VirB4 protein family. Protein RP4 TrbE is represented by the gray
bar. The predicted TMH and motifs A to D are represented by solid boxes. Each of the mutations influenced the Pil, Dps, and Tra phenotypes
(Table 2). Proposed consensus sequences of the common motifs found in proteins belonging to the VirB4 family are shown below the bar. aa,

amino acid; NBS, nucleotide binding site.

restored to wild-type levels with #bE in trans, indicating that
the orbE in-frame deletion could be efficiently complemented
and that expression of #rbE downstream genes was not affected.
We used these two-plasmid systems to genetically characterize
RP4 TrbE (Table 2). To confirm that the mutant genes were
expressed and that they were stable in the cells, we tested
protein overproduction. With the exception of TrbEA1 (see
below), all mutant proteins were overproduced after induction
with 10 uM IPTG. The levels of expression of mutated genes

resulting in a negative or reduced phenotype were comparable
to the level of expression in the wild type by Western blotting
(data not shown). The cell extracts used were prepared from
the strains used for transfer assays after 5 h of growth without
IPTG induction.

Walker motifs A and B are essential for the in vivo function
of RP4 TrbE. To determine the contributions of Walker motifs
A and B and of residue H484 to the function(s) of TrbE, we
exchanged conserved amino acids (Fig. 3) and tested the in

No. of aa Phenotype
NBS lacking Tra Pil/Dps Overexpr. Solubility
TMH A

TrbE wt | REIECE 1 ] 0 + + + -
TrbEAL E ] 20 + - - n.d.
TrbEA2 ] 26 + + + +
TrbE HNA2 1 26 + + + +
TrbEA3 [H ] 14 - - + n.d.
TrbEA4 [ i} 53 - - + n.d.
TrbE HNAS [ ] 164 - n.d + -
TrbEHNA6 [ ] 324 - n.d + -
TrbEA7 ] 5 + + + n.d.
TrbEAS8 1 11 + + + nd.
TrbEA9 | 16 - - + n.d.
TrbEA10 s ] 29 - - + n.d
TrbEAIL lE 1 52 - - + n.d
[no. of aa) { 2(|)0 460 6(|)0 80r0 E'§52

FIG. 4. Phenotypes of RP4 TrbE deletion mutants. Wild-type TrbE and N- and C-terminal deletions are represented by gray bars. The
predicted TMH and motifs A to D (Fig. 2) are indicated by solid boxes only in wild-type TrbE (TrbE wt). The His, tag at the N terminus of
TrbEHNA?2 is indicated by the dark gray box. The phenotypes of the mutants are indicated on the right. aa, amino acids; Overexpr., overexpression;

n.d., not determined.
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vivo activities of the mutants (Table 2). The H484A substitu-
tion reduced phage PRD1 adsorption but resulted in no fur-
ther effects. With the exception of the G495A and K501A
substitutions, all mutations within Walker motifs A and B led
to a complete loss of the phenotypes tested. The partial activity
of the K501A mutant was eliminated by the change from lysine
to glutamate. With these experiments we showed that Walker
motifs A and B are essential for pilus production, phage sen-
sitivity, and DNA transfer. This finding strongly suggests that
in vivo interaction of TrbE with nucleotides is required for
TrbE function. Furthermore, our experiments indicate that the
negative charges of amino acids D694 and E695 in Walker box
B are likely to be essential for the protein’s function(s).

Mutations in motifs C and D of RP4 TrbE influence phage
sensitivity and DNA transfer. The functions of motifs C and D
(Fig. 2) are not understood, and we found no previously pub-
lished consensus sequence in the Swissprot database. To study
the importance of these motifs for the function(s) of RP4
TrbE, we exchanged conserved amino acids and tested the in
vivo effects of these mutations (Table 2). In addition, we mu-
tated the codon for amino acid Y766. This tyrosine occurs at
similar positions in all of the aligned proteins. All of these
mutations influenced at least one of the phenotypes analyzed.
Amino acid D642 was shown to be essential for the Pil, Dps,
and Tra phenotypes, and the negative charge of this residue is
likely to be essential. The amino acid substitutions Q728A,
Y766A, and Y766F reduced phage PRDI1 adsorption, but
PRD1 propagation remained unaffected. This might indicate
either that these residues in TrbE are essential for correct
assembly of the PRDI1 receptor or that these amino acids
directly interact with a phage component. However, the PRD1
P2 protein did not interact with TrbEHNA?2 in vitro (see be-
low). The findings indicate that motifs C and D and the con-
served tyrosine Y766 are important for the function(s) of RP4
TrbE.

Predicted TMH at the N terminus of RP4 TrbE is dispens-
able for Pil, Dps, and Tra. For RP4 TrbE, a TMH comprising
amino acids 17 to 124 is predicted. To find out whether this
predicted TMH is essential for the function of TrbE and how
many residues of the N terminus are dispensable, we con-
structed several N-terminal deletion mutants (Fig. 4 and Table
2). With respect to Pil, Dps, and Tra, only two mutants,
TrbEA2 and its Hisg-tagged derivative TrbEHNA?2, behaved
like the wild-type protein. These mutants lacked amino acids 12
to V27. In TrbEA1, residues 12 to F21 were deleted. Although
100-fold reduced, the deletion derivative retained the transfer-
ability but lost phage sensitivity completely. Although this mu-
tant could not be overexpressed, we detected the protein with
a specific antiserum after IPTG induction (data not shown).
Seemingly, very low levels of TrbEA1 are sufficient for conju-
gation but probably not for phage adsorption. Mutant TrbEA3,
carrying the predicted TMH but lacking residues A26 to K39,
and TrbEA4, lacking residues 12 to D54, were nonfunctional.
Mutants TrbEHNAS5 and TrbEHNAG, constructed on the basis
of supposed degradation products detected during protein pu-
rification (see below), were transfer deficient. We showed that
26 amino acids at the N terminus of TrbE containing the
predicted TMH are dispensable for the Pil, Dps, and Tra
phenotypes in E. coli. Removal of more than 26 N-terminal
residues resulted in an immediate loss of TrbE activity, indi-
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TABLE 5. Properties of RP4 TrbE, RP4 TrbEHNA2, R388 TrwK,
and pTiA6 VirB4

Calculated

Protein N(.). of mass Net Isoelectric point
residues (kDa) charge (calculated)
RP4 TrbE 852 94.4 -9 6.5
RP4 TrbEHNA2 833 92.6 -11 6.6
R388 TrwK 823 93.6 =27 52
pTiA6 VirB4 789 87.4 2 7.9

“The amino acids taken into account were D, E, R, and K.

cating that functional and/or structural integrity of the protein
is essential.

C terminus of RP4 TrbE is important for protein function.
A multiple-sequence alignment revealed high levels of similar-
ity in the C-terminal halves of VirB4 proteins (Fig. 2). To
determine the importance of the C terminus for RP4 TrbE, we
constructed a series of deletion mutants (Fig. 4 and Table 2).
The consistent effects of these mutants were either activities as
detected for the wild-type protein (TrbEA7 and -8) or defi-
ciencies for all phenotypes analyzed (TrbEA9, -10, and -11).
The conserved amino acids W837 and L838 might be crucial
for function, as deletion of these residues (TrbEA9) inacti-
vated the protein. The tryptophan residue was found in all
aligned proteins except H. pylori HP0544. With respect to the
number of deleted amino acids, the C terminus of TrbE
seemed to be even more sensitive than the N terminus.

N-terminal deletion of #rbE yields a soluble protein. Wild-
type trbE was cloned in an overexpression vector which allowed
high levels of protein production. The full-length TrbE protein
turned out to be insoluble even in 8§ M urea. To overcome this
problem, we constructed the deletion derivative rbEHNA2,
whose product carried an N-terminal His, tag and was fully
functional in vivo (Table 2). Overexpression was induced with
10 pM IPTG, which for some reason resulted in higher protein
levels than 1 mM IPTG. This phenomenon was also observed
with the wild-type ##bE gene. After induction, the cells divided
one to two times. One prominent additional band at an appar-
ent mass of approximately 90 kDa was detected in a sodium
dodecyl sulfate (SDS)-polyacrylamide gel (Fig. 1). The mass of
this protein is in good agreement with the calculated mass of
TrbEHNA? (Table 5). The purification steps used are summa-
rized in Table 4. Eluted fractions from the Ni-nitrilotriacetic
acid SF column contained four prominent additional bands
that supposedly resulted from specific proteolysis of
TrbEHNA2 (see below). The N-terminal sequence
(MH,MDAE) of the purified full-length protein was con-
firmed.

Purification of R388 TrwK. Induction of SCS1(pCR38) cells
with 1 mM IPTG and growth for 5 h resulted in overproduction
of a protein with an apparent mass of approximately 97 kDa,
which is in good agreement with the calculated mass of TrwK
(Table 5). The purification steps used are summarized in Table
4. We found a potential degradation product of TrwK with an
apparent mass of approximately 80 kDa (see below), which we
could not separate from the full-length protein. The N-termi-
nal sequence (GAIESR) of the purified protein was confirmed
and revealed that the formyl-methionine was missing.

Overexpressed RP4 TrbEHNA2 and R388 TrwK contained
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defined degradation products. During purification of RP4
TrbEHNA?2 and R388 TrwK, we detected perplexing impuri-
ties that coeluted mostly with the desired proteins. To identify
these impurities, we determined their N-terminal sequences.
In the case of TrbEHNA2, the two major impurities started
with the sequences KFVELM and KKWRQK, correlating with
amino acids K166 and K326 of wild-type TrbE, respectively.
Obviously, the overproduced protein had been specifically de-
graded. The apparent masses of these degradation products as
determined with an SDS-polyacrylamide gel were approxi-
mately 70 and 52 kDa, respectively, and the calculated masses
of the proteins were 76.2 and 58.0 kDa, respectively. Mainly
the larger degradation product was difficult to separate from
the full-length TrbEHNA?2. The best separation of this impu-
rity was obtained with phenyl Sepharose. In addition, gel fil-
tration with a Superdex 200 HR 10/30 column (Amersham)
was used to remove this impurity (data not shown). To test
whether these truncated derivatives of TTbEHNA?2 are biolog-
ically functional, we constructed the corresponding deletion
mutants TrbEHNAS (starting with amino acid F167) and
TrbEHNAG (starting with amino acid K326), both of which
carry an N-terminal His, tag. The apparent masses of both
proteins coincided with the masses of degradation products as
determined with an SDS-polyacrylamide gel, suggesting that
the C termini of the degradation products were intact. Both of
these deletion derivatives were transfer deficient and, like wild-
type TrbE, insoluble in 8 M urea.

The impurity detected during purification of R388 TrwK
started with the sequence RERETP, correlating with residue
R141 of the full-length protein and indicating that specific
degradation occurred. This product was also detected when
protease inhibitors (Complete EDTA-free; Roche Diagnostics,
Mannheim, Germany) were present during purification (data
not shown). TrwK was unstable during purification. Edman
sequencing of purified TrwK also revealed the faint back-
ground sequence KLLASE, correlating with residue K7 of
TrwK and indicating that there was some degradation near the
N terminus.

Interestingly, the cleavage sites of the larger product of RP4
TrbEHNA?2 and the product of R388 TrwK localized to almost
identical positions in our sequence alignment. This might in-
dicate that the tertiary structures of these proteins are similar,
with a possible cleavage site exposed. All of the degradation
products detected were apparently cleaved between an argi-
nine and a lysine or vice versa. Overproduction of TTbEHNA?2
in BL21 Star(DE3)(pLysS), which lacks Lon and OmpT pro-
teases, did not eliminate this specific degradation. Probably,
these proteins had been specifically degraded during overpro-
duction, because degradation of TrbEA2 was also observed in
cells cracked with SDS after overproduction.

Molecular cloning and overexpression of pTiA6 virB4. The
pTiA6 virB4 structural gene was cloned directly from plasmid
pTiA6. We could not detect VirB4 after induction with 1 mM
IPTG using SDS-polyacrylamide gel electrophoresis and Coo-
massie staining when the gene was translationally controlled by
its original Shine-Dalgarno sequence, suggesting that the orig-
inal ribosome binding site is not suitable for E. coli. We over-
expressed virB4 in strains BL21 and SCS1 (data not shown)
after the gene was placed under translational control of the T7
gene 10 ribosome binding site and after addition of a second

J. BACTERIOL.

a b c¢c d e

P J S N GE i G | G S—_— )

FIG. 5. Overproduction of pTiA6 VirB4 in E. coli strain BL21.
Heterologous overexpression of virB4 in E. coli is inhibited by different
codon usage. The virB4 gene contains 11 codons for arginine, nine
codons for leucine, and two codons for proline, which are rare in E.
coli. Plasmid pACYC-RIL encodes the tRNAs argU (AGA, AGG),
ileY (AUA), and leulWW (CUA). Freshly transformed strains
BL21(pCR6) and BL21(pCR6, pACYC-RIL) were induced with 1 mM
IPTG and grown for 5 h. Crude cell extracts of induced and nonin-
duced cells were separated on an SDS-15% polyacrylamide gel and
stained with Coomassie blue. Lane a, molecular mass standard; lane b,
noninduced BL21(pCR6); lane ¢, induced BL21(pCR®6); lane d, non-
induced BL21(pCR6, pACYC-RIL); lane e, induced BL21(pCR6,
pACYC-RIL). The arrow in lane c indicates the faint band of VirB4
resulting from induction in the absence of pACYC-RIL; the prominent
band in lane e was shown to be VirB4.

plasmid encoding tRNAs that are rarely used by E. coli (Fig.
5). After induction we detected one prominent additional band
at approximately 85 kDa, which is in good agreement with the
calculated mass of pTiA6 VirB4 (Table 5). The N-terminal
sequence (MLGASG) of the overproduced protein was con-
firmed. VirB4, which was overproduced at 37 or 25°C, was
insoluble under nondenaturing conditions. After treatment
with 8 M urea, we were unable to refold the polypeptide under
several conditions.

Purified RP4 TrbEHNA2 and R388 TrwK did not hydrolyze
ATP or GTP. Proteins belonging to the VirB4 family contain
an ATP-GTP binding site and therefore are potential
NTPases. To test whether purified TTbEHNA2 and TrwK hy-
drolyze ATP or GTP, we performed NTPase assays. Neither
TrbEHNA2 nor TrwK hydrolyzed ATP or GTP under our
standard conditions (pH 7.6, 5 mM MgCl,). Varying the pH
value (pH 6.0 and 9.0 with 5 mM MgCl,), varying the MgCl,
concentration (2 and 10 mM MgCl, at constant pH 7.6), and
replacing 5 mM MgCl, with CaCl, as the bivalent cation at pH
7.6 did not result in ATP or GTP hydrolysis. Addition of
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FIG. 6. Glycerol density gradient centrifugation of RP4 TrbEHNA2 (A) and R388 TrwK (B). Purified proteins TrbEHNA2 (fraction 1V, 120
wul, 0.2 mg) (Table 4) and TrwK (fraction IV, 120 ul, 0.2 mg) (Table 4) were laid on a 3.8-ml, linear, 15 to 35% (wt/vol) glycerol gradient in buffer
E. Protein samples were prepared in buffer E. For analysis of conformational changes, the samples were mixed with 1 mM ATP and 10 mM MgCl,

and incubated for 10 min at 30°C prior to centrifugation. Centrifugation was carried out at 272,000 X g (r

) for 18 h at 4°C. Fifteen fractions,

max

each containing 15 drops of the gradient, were collected. Fifty microliters of each fraction and a 10-pl aliquot (lane a) of TTbEHNA?2 or TrwK were
separated on SDS-15% polyacrylamide gels. The gels were stained with Coomassie blue and scanned with a Personal densitometer (Molecular
Dynamics). The amount of protein in each lane was quantified by using the software ImageQuant 5.0 (Molecular Dynamics). The relative amount
of protein in each fraction is shown in the graphs (m, ATP and MgCl, added; [0, ATP and MgCl, omitted). The arrows indicate the peak positions
of the reference proteins (arrow I, catalase [240 kDa, s,,,, = 11.3]; arrow II, aldolase [158 kDa, s,,,, = 7.8]; arrow III, BSA [66 kDa, s,,, = 4.4]).

ssDNA or dsDNA did not induce ATP or GTP hydrolysis
either.

The essential transfer components of RP4 contain the po-
tential NTPases TrbE and TraG (50) and the weak ATPase
TrbB (35, 36). To test whether these proteins can stimulate the
ATPase activity of one another, we added TraG or TrbB or
both of these proteins to TTbEHNA?2 and carried out ATPase
assays. We detected no increased nucleotide hydrolysis com-
pared to that in control reaction mixtures containing only
TraG or TrbB or both of these proteins. This finding indicates
that neither of these proteins stimulates the ATPase activity of
the other proteins used. Addition of ssDNA and dsDNA to a
mixture containing TTbEHNA?2, TraG, and TrbB did not stim-
ulate ATPase activity either. Furthermore, we mixed these
three proteins with ssDNA or dsDNA and then added micelles
of phospatidylglycerol, phosphatidylethanolamine, or cardio-
lipin. We detected no increase in ATPase activity compared to
that in a control reaction mixture containing only TrbB, indi-
cating that the DNA and the phospholipids used are not suf-
ficient to stimulate ATPase activity.

We suggest that RP4 TrbEHNA2 and R388 TrwK are not
ATP-hydrolyzing proteins in vitro. However, we cannot ex-
clude the possibility that additional cofactors are required for
in vitro NTPase activity.

Purified RP4 TrbEHNA2 and R388 TrwK are monomeric
proteins in solution. It has been suggested that pTiA6 VirB4
forms homodimers or homooligomers in vivo (15). To find out
whether purified RP4 TrbEHNA2 and R388 TrwK are mono-
meric or oligomeric proteins in vitro, we used glycerol density
gradient centrifugation and gel filtration. During glycerol den-
sity gradient centrifugation, TTbEHNA2 and TrwK sedimented
as monomeric proteins, and addition of ATP together with

MgCl, as a bivalent cation had no effect (Fig. 6). The sedimen-
tation coefficients (s,,,) were determined to be 7.2 for
TrbEHNA2 and 53 for TrwK. During gel filtration,
TrbEHNA?2 and TrwK eluted at apparent masses of 135 and
115 kDa, respectively. Addition of ATP to the buffer did not
influence the elution profile, indicating that ATP does not
greatly change the conformations and monomeric states of the
proteins. The Stoke’s radii of the proteins were determined to
be 4.6 nm for TrbEHNA?2 and 4.2 nm for TrwK. The frictional
ratios (f/f,) were calculated (53) to be 1.5 and 1.4 for
TrbEHNA?2 and TrwK, respectively. Hence, in vitro both pro-
teins seem to be ellipsoids. Furthermore, no TrbEHNA?2 self-
interaction was detected by SPR (data not shown). Taken
together, these results indicate that purified TTbEHNA2 and
TrwK are monomeric and ellipsoidal proteins in solution.

RP4 TrbEHNA2 and R388 TrwK do not bind ssDNA and
dsDNA. Both TrbEHNA2 and TrwK are proteins that are
involved in the export of DNA. To determine whether
TrbEHNA2 and TrwK interact with DNA, we carried out
DNA binding assays. TrbEHNA2 did not retain ssDNA. A
1,000-fold excess of TrbEHNA2 weakly retained dsDNA. Such
effects were also observed when BSA was used; therefore, this
finding is considered a reflection of a nonphysiological inter-
action. TrwK retained neither ssDNA nor dsDNA. These re-
sults indicate that RP4 TrbEHNA2 and R388 TrwK have no
DNA binding ability in vitro.

RP4 TrbEHNA2 does not interact with RP4 TraC, TraG,
and TrbB and PRD1 P2. TrbE supposedly fulfills its function in
close proximity to other plasmid-encoded proteins. To test
possible protein-protein interactions in vitro, we used SPR. We
found that TrbEHNA?2 did not interact with TraC, a plasmid-
encoded primase transferred with the DNA (44), did not in-
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teract with TraG (50), and did not interact with the hexameric
ATPase TrbB (35, 36).

The first step in phage PRD1 infection is mediated by the
monomeric receptor binding protein P2 (22, 54). The compo-
sition of the receptor, however, is not known. Using SPR, we
found that immobilized TrbEHNA2 did not interact with P2
and that immobilized PRD1 P2 protein did not interact with
the Mpf components TrbB and TrbEHNA?2 in vitro.

DISCUSSION

This study showed that the similarity among members of the
VirB4 protein family is striking. We found four conserved
motifs and one conserved domain (Fig. 2), and we showed for
RP4 TrbE that the motifs are essential and/or important for
the unknown function(s) of this transfer component. Analysis
of N- and C-terminal deletion mutants revealed that both
termini are important for the function(s) and/or the structure
of TrbE. Our biochemical analysis of RP4 TrbEHNA2 and
R388 TrwK revealed that these proteins do not hydrolyze ATP
or GTP and that they are monomers in solution that do not
bind ssDNA and dsDNA.

Components of type IV secretion systems which have iden-
tical functions are expected to have corresponding biochemical
properties. This anticipation held true for VirB11-like proteins
(35, 36, 63) and TraG-like proteins (50). However, the finding
that the purified forms of RP4 TrbEHNA?2 and R388 TrwK did
not hydrolyze ATP is in contrast to the reported weak ATPase
activity of pTiC58 VirB4 (52). Thus, we cannot exclude the
possibility that VirB4 proteins have different biochemical
properties according to the specific tasks of the corresponding
export systems.

Interestingly, no ATPase activity could be found for several
potential NTPases of conjugative plasmids and type IV secre-
tion systems. For example, the TraG-like proteins RP4 TraG,
R388 TrwB, H. pylori HP0524, and F TraD (50) do not hydro-
lyze nucleotides in vitro, but binding of nucleotides was dem-
onstrated for RP4 TraG (E. Lanka and G. Schroder, unpub-
lished data) and R388 TrwB (41). In addition, no ATPase
activity could be detected for the potential NTPase RP4 TralL
(E. Lanka, unpublished data), a soluble protein of unknown
function necessary for efficient DNA transfer (39). Apparently,
these potential NTPases, including members of the VirB4 pro-
tein family, for some reason do not possess NTPase activity in
vitro. Possibly, the presence of additional plasmid-encoded
and/or host factors is required. The VirB11-like proteins RP4
TrbB, R388 TrwD (45), and H. pylori HP0525 (35, 36) are the
only proteins belonging to a defined family of potential NT-
Pases for which a nucleotide-hydrolyzing activity was coinci-
dentally shown.

To our knowledge, pTiA6 VirB4 is the only protein belong-
ing to the VirB4 family that has been subjected to experimental
determination of its topology. Although secondary-structure
predictions revealed no TMHs for VirB4, Dang and Christie
(14) suggested that VirB4 is an inner membrane protein with
four membrane-spanning a-helical segments, resulting in three
cytoplasmic and two periplasmic domains. The charged amino
acids within these helices do not conflict but could be required
for specific domain interactions. With reference to our multi-
ple-sequence alignment, these four helices in pTiA6 VirB4
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correlate with conserved regions in the VirB4 protein family.
In VirB4, helices 1 and 2 (analogous to RP4 TrbE residues L46
to A68 and F140 to Q164, respectively) contain several amino
acids that are conserved in more than 70% of the aligned
proteins (data not shown). Interestingly, the cleavage sites for
the supposed specific degradation of RP4 TrbEHNA2 and
R388 TrwK are located at the C-terminal end of helix 2. As
determined by topology studies of VirB4 (14), Walker box A is
located in the cytoplasm at the N terminus of helix 3 (analo-
gous to RP4 TrbE residues S502 to G526). With regard to the
primary structure, helix 4 (RP4 TrbE residues F668 to L684)
starts exactly at the beginning of domain I (Fig. 2) and ends
two amino acids before the conserved glycine (RP4 TrbE res-
idue G686). In this model, Walker motifs A and B are located
in the cytoplasm and could be in the immediate vicinity for
concerted interactions with nucleotides. The four proposed
TMHs in VirB4 correlate with conserved regions in the VirB4
protein family (Fig. 2). Hence, our findings support this topol-
ogy model and indicate that the topology for proteins belong-
ing to the VirB4 family is similar.

How does the exchange of homologous proteins affect con-
jugation? The proteins R388 TrwK, pTiA6 VirB4, and R1-16
TraC and the two homologues VirB4 and TrwK encoded by
the mammalian pathogen Bartonella tribocorum (5) could not
complement the RP4 A#bE deletion mutant with respect to
DNA transfer ability (data not shown). Similar studies with
TraG-like proteins (11, 28) and RP4 TrbC (17) revealed either
that the systems are nonfunctional or that the transfer effi-
ciency was reduced by several orders of magnitude. Hence,
proteins of conjugation and type IV secretion systems are
highly specialized in their original system. The proteins show
system specificity and can be interchanged only with loss of the
conjugation or secretion activity.

Could proteins of the VirB4 family be the Achilles’ heel of
conjugation and type IV secretion systems? Depending on the
situation, such export systems could also waste energy or ad-
versely affect the cell surface (for instance, by making the host
sensitive to lytic phages). Proteins belonging to the VirB4
family were found to be the largest components of Mpf and
type IV secretion systems, and they were shown to be essential
for each of these systems studied in detail. As a consequence,
a large and essential gene coding for a core component of a
multiprotein complex would be the ideal candidate for a host
to dispose of a detrimental system. Our point mutations and
deletions in trbE showed how sensitively the RP4 transfer sys-
tem responds to even slight interference. In addition, none of
the homologous VirB4 proteins tested could replace TrbE in
the RP4 system. In RP4, spontaneous mutations leading to
phage PRDI resistance were almost exclusively mapped in
trbC, -E, and -L, either indicating hot spots within these genes
or pointing out the importance of the corresponding proteins
for PRDI1 receptor formation (24). The plant pathogen Xylella
fastidiosa, for example, carries three genes for VirB4 proteins,
pXF51 xfa0007 (Fig. 2), the chromosomal gene xf2053, and
pXF51 xfa0044. The latter two genes were seemingly knocked
out by mutations that resulted in an early stop codon and a
frameshift, respectively. Presumably, three copies of one ho-
mologous protein were detrimental to the host.

The increasing availability of sequence information should
allow detection of more type IV secretion systems and enlarge-
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ment of the VirB4 protein family. For instance, sequencing of
A. tumefaciens C58 revealed that this plant pathogen contains
two chromosomes and two plasmids and carries in addition to
VirB and Trb a third type IV secretion system, namely, AvhB
(21, 61). The human pathogen H. pylori strain HP26695 con-
tains four genes encoding VirB4 proteins HP0544, ComB4
(31), HP0441, and HP0459. Although the fascinating insights
into these genomes raise many questions regarding the biology
of these pathogens, we point out that for many members of the
VirB4 family the existence of the proteins and the functional
context remain to be determined.
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ADDENDUM IN PROOF

We examined the negative dominance of the amino acid
substitutions TrbEG500A, K501A, KS501E, S502A, D642A,
D642N, D646A, D694A, D694N, E695A, E695Q, R717A,
Q728A, Y766A, and Y766F and the N-terminal deletion mu-
tation TrbEA1 in the presence of wt TrbE. The transfer fre-
quencies of strain HB101 carrying pDB126 (wt #bE) and
pCR21 (mutant #bE) were determined. All mutants except
D646A, Y766A, and Y766F exhibited a negative dominant
phenotype compared to cells coexpressing wt #bE from
pDB126 and pCR21. This result indicates that mutant #bE
genes are expressed and that the gene products supposedly
interfere with the function of the assembled RP4 Mpf complex.
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