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ABSTRACT

Bacterial type IV secretion systems (T4SSs) are composed of two major subfamilies, conjugation machines dedicated to DNA
transfer and effector translocators for protein transfer. We show here that the Escherichia coli pPKM101-encoded conjugation
system, coupled with chimeric substrate receptors, can be repurposed for transfer of heterologous effector proteins. The chime-
ric receptors were composed of the N-terminal transmembrane domain of pKM101-encoded Tra]J fused to soluble domains of
VirD4 homologs functioning in Agrobacterium tumefaciens, Anaplasma phagocytophilum, or Wolbachia pipientis. A chimeric
receptor assembled from A. tumefaciens VirD4 (VirD4,,) mediated transfer of a MOBQ plasmid (pML122) and A. tumefaciens
effector proteins (VirE2, VirE3, and VirF) through the pPKM101 transfer channel. Equivalent chimeric receptors assembled from
the rickettsial VirD4 homologs similarly supported the transfer of known or candidate effectors from rickettsial species. These
findings establish a proof of principle for use of the dedicated pKM101 conjugation channel, coupled with chimeric substrate
receptors, to screen for translocation competency of protein effectors from recalcitrant species. Many T4SS receptors carry se-
quence-variable C-terminal domains (CTDs) with unknown function. While VirD4,, and the TraJ/VirD4,, chimera with their
CTDs deleted supported pML122 transfer at wild-type levels, ACTD variants supported transfer of protein substrates at strongly
diminished or elevated levels. We were unable to detect binding of VirD4,,’s CTD to the VirE2 effector, although other VirD4,,
domains bound this substrate in vitro. We propose that CTDs evolved to govern the dynamics of substrate presentation to the
T4SS either through transient substrate contacts or by controlling substrate access to other receptor domains.

IMPORTANCE

Bacterial type IV secretion systems (T4SSs) display striking versatility in their capacity to translocate DNA and protein sub-
strates to prokaryotic and eukaryotic target cells. A hexameric ATPase, the type IV coupling protein (T4CP), functions as a sub-
strate receptor for nearly all T4SSs. Here, we report that chimeric T4CPs mediate transfer of effector proteins through the Esche-
richia coli pKM101-encoded conjugation system. Studies with these repurposed conjugation systems established a role for acidic
C-terminal domains of T4CPs in regulating substrate translocation. Our findings advance a mechanistic understanding of T4CP
receptor activity and, further, support a model in which T4SS channels function as passive conduits for any DNA or protein sub-

strates that successfully engage with and pass through the T4CP specificity checkpoint.

he type IV secretion systems (T4SSs) display striking versatil-

ity among the known bacterial translocation systems in their
capacity to translocate DNA and protein substrates to bacterial or
eukaryotic target cells (1, 2). Members of one major T4SS subfam-
ily, the conjugation machines, mediate transfer of mobile DNA
elements and are responsible for widespread dissemination of
antibiotic resistance genes and virulence determinants among
pathogens in clinical settings (3, 4). A few conjugation systems
have also been shown to translocate certain proteins, such as
relaxases and primases, that function in recipient cells to pro-
mote establishment of the transferred mobile DNA elements
(5-9). Members of a second major T4SS subfamily, the effector
translocators, deliver various effector proteins to eukaryotic
cells during infection processes (1, 10). Based on detailed phy-
logenetic analyses, it has been proposed that extant effector
translocator systems arose from ancestral conjugation ma-
chines through acquisition of novel structural folds, proteins,
or protein subassemblies (11). Such adaptations would have
enabled the diversification of substrate repertoires, as well as
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FIG 1 Domain architectures of type IV coupling proteins. (A) Schematic
showing the domain architectures of TraJ encoded by E. coli plasmid pKM101
and VirD4 homologs from A. tumefaciens (subscript At), A. phagocytophilum
(Ap), and W. pipientis (Wp). Domains: NTD, NBD (NBD' to 'NBD), AAD,
and CTD. The AAD is embedded within the NBD, as depicted by the lighter-
shaded box. Tra],,xp01 lacks a CTD. Domain boundaries are denoted by res-
idue numbers relative to the N terminus. (B) Chimeric coupling proteins
analyzed in this study. ACTD, CTD deleted; SD, soluble domain with the
NTD deleted. (See Fig. S1 and S2 in the supplemental material for further
information.)

delivery of secretion substrates to various prokaryotic and eu-
karyotic target cell types (2, 12).

In this study, we sought to define requirements for the func-
tional repurposing of a dedicated conjugation machine as an ef-
fector translocator. One T4SS-associated ATPase, designated the
type IV coupling protein (T4CP), was the focus of interest by
virtue of a large body of evidence that T4CPs function as the sub-
strate specificity checkpoints for cognate T4SSs (13-16). T4CP
monomers consist minimally of three distinct domains: (i) an
N-terminal transmembrane domain (NTD) implicated in estab-
lishment of critical contacts with one or more subunits of the T4SS
translocation channel; (ii) a conserved nucleotide-binding do-
main (NBD) that is thought to provide energy through ATP hy-
drolysis for substrate translocation; and (iii) a sequence-variable,
all-alpha domain (AAD) that participates in DNA and possibly
effector protein substrate recognition (Fig. 1A) (17-19). The F
plasmid-encoded TraD T4CP and many T4CPs associated with
effector translocator systems possess a fourth, C-terminal domain
(CTD) of variable lengths and sequence compositions. Studies of
TraD’s CTD established its critical role in recruitment of the F
plasmid to the F-encoded T4SS (20), but the contributions of
CTDs to effector protein trafficking have not been evaluated (2).

T4CPs can be purified as monomers or dimers, but the hexa-
meric form is catalytically active in vitro and is most likely the form
responsible for directing substrate transfer through T4SS channels
in vivo (17, 21, 22). The structural prototype for the T4CP super-
family is R388-encoded TrwB (here, the source of a protein ap-
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pears in subscript, e.g., TrwBpgsg5). A crystal structure of the solu-
ble form of TrwBg;gs with NTD deleted presents as a hexamer
with 6-fold symmetry and a central channel ~20 A in diameter
(17). In this structure, the AAD is situated at the base of the NBD
hexamer, forming the entrance to the central channel. Interest-
ingly, T4CPs structurally resemble two other hexameric ATPases,
SpollIE and FtsK, which encircle and track unidirectionally along
DNA by a mechanism involving ATP hydrolysis (23). T4CPs have
thus been postulated to catalyze the unidirectional export of DNA
cargoes through their central channels across the cytoplasmic
membrane (24).

We report here that the Escherichia coli pKM101-encoded con-
jugation channel, which previously had been shown only to
conjugatively transfer the pKM101 plasmid substrate to E. coli
recipients, also translocates heterologous effector proteins
when coupled with chimeric T4CPs. These chimeric subunits
are composed of the NTD from the TraJ, k10, T4CP joined to
the cytoplasmic domains of VirD4 homologs from three alp-
haproteobacterial species, Agrobacterium tumefaciens, Ana-
plasma phagocytophilum, and Wolbachia pipientis. The chimeric
T4CPs supported translocation of known effectors from A. tume-
faciens and A. phagocytophilum, as well as three candidate effectors
from W. pipientis, through the pKM101-encoded channel. We
capitalized on the functionality of these repurposed pKM101 sys-
tems to investigate the contributions of sequence-variable CTDs
associated with the alphaproteobacterial T4CPs to substrate traf-
ficking. Our findings establish, first, that a conjugation machine
coupled with a reengineered T4CP receptor functions as an effec-
tor translocator and, second, that CTDs play important regulatory
roles in governing the dynamics of type IV secretion.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli strain DH5a (Gibco-
BRL) served as a host for plasmid constructions, and E. coli strain
BL21(DE3) (Novagen) was used for protein production and purification.
Strain HME45 [W3110 lac" pgIA8 gal490 Nc1857A(cro-bioA)] has a defec-
tive N prophage that supplies the Red recombination functions necessary
for recombineering (25). Strain MS411 carrying plasmids of interest
served as the donor for mating experiments (26). DH5aRif (pUC4K) or
WM1650 served as a recipient for DNA transfer experiments, and
CSH26Cm:LTL(pUC4K) served as a recipient for protein transfer exper-
iments (26, 27). E. coli strains were grown as previously described. When
necessary, antibiotics were added at the following final concentrations:
carbenicillin (Crb), 50 wg ml Y chloramphenicol (Chl), 20 g ml™ Y
kanamycin (Kan), 50 pg ml~'; gentamicin (Gen), 20 wg ml™'; tetracy-
cline (Tet), 20 wg ml~'; and spectinomycin (Spc), 50 pg ml . A. tune-
faciens A348 served as the wild-type strain, and A348Spc” served as a
recipient for mating experiments (28). Other A. tumefaciens strains were
LBA4404, with oncogenic transfer DNA (T-DNA) deleted (29); KA2000
(AvirD4) (30); At12516 (AvirE2) (31); Mx341 (virE3); and Mx219 (virF)
(32). The conditions for growth of A. tumefaciens cells have been previ-
ously described (33), with antibiotic selection for plasmid maintenance at
the following concentrations: carbenicillin, 100 g ml~'; kanamycin, 100
pgml™'; gentamicin, 100 wg ml~'; and spectinomycin, 400 ug ml~ . All
antibiotics were obtained from Sigma Chemical Co. For induction of vir
genes, cultures of A. tumefaciens strains were grown overnight with anti-
biotic selection, 1 ml of the culture was pelleted and diluted 5-fold in AB
inducing medium (ABIM; glucose-containing minimal medium [pH
5.5], 1 mM phosphate, acetosyringone at 100 M final concentration),
and the cells were induced for 16 to 18 h with shaking at 22°C (33).

Bacterial plasmids. The plasmids and oligonucleotides used in this
study are listed in Tables 1 and 2.
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TABLE 1 Plasmids used in this study

Chimeric Coupling Proteins Support Type IV Secretion

Plasmid(s)

Relevant characteristics

Source and/
or reference

Vectors

pBSIISK™ and pBSIIKS*

pBSIISK* .Ndel and pBSIIKS*.Ndel
pBSIISK " .Ncol

pPC914KS™

pBBRIMCS2
pXZ151
pML122Gen"
pUC4K
pHP450)
pBAD24
pBAD24Kan"

pBAD24Kan'-Ndel
pBAD33

pKM101
pKM101Spc”

pKM101Spc*Atra]
pBAD33
pPMAL-c2x
pET28b(+)

T4CP expression plasmids
pTB26
pPNWI1
A. tumefaciens VirD4 variants
pKA9
pTB37

pPNW5
pNW2

pPNW4

PNR1

pNR2

A. phagocytophilum VirD4 variants

pBT-virD4

pTB7

pTB48

pTB38

pTB39
pTB50

PNR3
W. pipientis VirD4 variants
pCR-virD4
pTB12
pTB25
pTB51
pTB52

PNR4

Crb'; cloning vectors (SacI-Kpnl polylinkers in opposite orientation)

Crb'; cloning vectors containing Ndel restriction site at the translational start site of lacZ

Crb'; cloning vector containing Ncol restriction site at the translational start site of lacZ

Crb"; pBSIIKS ™" derivative with P, y::virBI; expression vector when substituting other
genes for virBI

Gen'; broad-host-range cloning vector

Kan'; broad-host-range IncP cloning vector

Gen"; mobilizable MOBQ derivative of RSF1010

Kan'; source of Kan" cassette

Spc’; source of Spc” cassette

Crb"; ColE1 plasmid with arabinose-inducible Py, promoter

Kan" Crb®; pBAD24 with nptII resistance gene from pUC4K inserted into crb resistance
gene

pBAD24Kan" with Ndel site at translational start site downstream of Py, promoter

Cam'; pACYC184/p15A plasmid with arabinose-inducible Py, promoter

Crb'; broad-host-range IncN plasmid

Spc’ Crb®; pKM101 with an spc resistance cassette from pHP45() inserted into the crb
resistance gene at EcoRI

Spc’” Crb®; pKM101Spc” with a Atra] mutation

Cam"; pACYC184/p15A plasmid with arabinose-inducible Py, promoter

Crb'; expression vector for MBP tagging

Kan'; expression vector for His tagging

virk

Kan'; pBAD24Kan" with Py, p:tral ko0
Crb"; pBSIIKS™.Ncol with Py, ::tra]’ (codons 1-75 of tra] a0 encoding NTD)

Crb"; pBSIISK ™ with P, :virD4,,,

Crb"; pBSIISK ™ with P, p::virD4, ACTD (virD4,, with coding sequence for the 104-
residue CTD deleted)

Crb"; pBSIIKS ".Ndel with P, ::virD4,,

Crb"; pBSIIKS ™ with P, :tra]/virD4,, (produces Tra]/VirD4,, consisting of TraJ’s NTD
fused to the soluble domain of VirD4,, spanning residues 88—656)

Crb"; pBSIIKS ™" with Py, ::tra]/virD4ACTD ,, (produces TraJ/VirD4,, deleted of the CTD
spanning residues 553-656)

Crb"; pBSIISK+.Ndel with Py, ::SD, ;. 1,4, (produces VirD4,’s soluble domain spanning
residues 88—656)

Crb"; pBSIIKS " .Ndel with P, :traJ/virD4K152Q,, (produces TraJ/VirD4 with a K152Q
nucleotide-binding site mutation)

Crb’; cloned virD4,, gene

Crb’; pPCI14KS™ with P, p::virD4,,,

Kan'; pBAD24Kan" with Py, p::virD4,,

Kan'; pMK-RQ with codon-optimized traJ-virD4,,, (encodes TraJ/VirD4,, consisting of
Tra]’s NTD fused to the soluble domain of VirD4,, spanning residues 103-746)

Crb"; pBAD24 with Py, ,::traJ/virD4,,, (produces Tra]/VirD4,,,)

Crb"; pBAD24 with Py \p,::traJ/virD4ACTD ., (produces TraJ/VirD4,, with the CTD
spanning residues 103574 deleted)

Crb"; pBSIISK " .Ndel with Py, ::SD, ;.44 » (produces VirD4,,’s soluble domain spanning
residues 103-746)

Crb’; cloned virD4,,, gene

Crb'; pPCI14KS™ with P, p:virD4y,,

Kan'; pBAD24Kan" with Py, ,::virD4,,,

Crb"; pBAD24 with Py \y::tra]/virD4yy, (produces TraJ/VirD4,y,, consisting of TraJ’s
NTD fused to the soluble domain of VirD4y,,, spanning residues 104-746)

Crb"; pBAD24 with Py, p::tra/virD4y,,ACTD (produces TraJ/VirD4yy,, with the CTD
spanning residues 103-574 deleted)

Crb’; pBSIISK+.Ndel with Py,::5D,;,py, (produces VirD4y,)’s soluble domain
spanning residues 104—676)

Stratagene
36
36
36

100

33

31
Amersham
101

34

This study

This study
34

102

This study

This study
34

NEB
Novagen

This study
This study

14
This study

This study
This study

This study
This study

This study

Y. Rikihisa
This study
This study
This study,
Invitrogen
This study
This study

This study
K. Gentil

This study
This study
This study

This study

This study

October 2016 Volume 198 Number 19

(Continued on following page)

Journal of Bacteriology

jb.asm.org 2703


http://jb.asm.org

Whitaker et al.

TABLE 1 (Continued)

Source and/or

Plasmid(s) Relevant characteristics reference
Constructs for protein/domain
purifications
pPC2012 PMAL-c2x with P, ::mbp-SD, ;, 44, (coding sequence for VirD4,, lacking the NTD) This study
pPC2009 PMAL-c2x with P, ::mbp-NBD/CTD, 1,44, (coding sequence for VirD4,, lacking the 19
NTD and AAD)
pNWI12 pMAL-c2x with P, ::mbp-CTD,;, 1,4, (coding sequence for VirD4,,’s CTD) This study
pPC2043 PMAL-c2x with P, :mbp-AAD, ;, 44, (coding sequence for VirD4, ’s AAD) This study
pPC2040 pET28b(+) with pT7::His-virE2CT100 (coding sequence for VirE2’s C-terminal 100 This study
residues)
pPC2049 PET28b(+) with pT7:His,-VirEl/FLAG-VirE2 This study
pZZ3 pET15b with pT7:Hiss-virEl 56
Cre-effector fusions
pTB33 Cam’; pBAD33 with Py, yi:cre This study
pTB55 Cam'; pBAD33 with Py, y::cre-virE2 This study
pTB53 Cam’; pBAD33 with Py, ::cre-virE3 This study
pTB54 Cam’; pBAD33 with Py, pi:cre-virF This study
pTB70 Cam'; pBAD33 with Py, y::cre-virE2CT100 This study
pPC56 Cam'; pBAD33 with Py, ,::VirE1/Cre-VirE2 This study
pPC57 Cam’; pBAD33 with Py,::VirE1/Cre-VirE2AC50 This study
pTB40 Cam'; pBAD33 with Py, ::cre-ats-1 This study
pTB42 Cam’; pBAD33 with Py, y::cre-ats-1CT100 This study
pTB43 Cam’; pBAD33 with Py, ::cre-WD0636 This study
pTB44 Cam'; pBAD33 with Py, y::cre-WD081 1 This study
pTB45 Cam’; pBAD33 with Py, y::cre-WD0830 This study

(i) Plasmid vectors. Plasmid pBAD24Kan" was made by isolation of
the nptII gene conferring kanamycin resistance as a HinclI fragment from
pUC4K (Amersham) and its insertion into the single Scal restriction site
within pBAD24 (34). pBAD24Kan"-Ndel was constructed by inverse PCR
to replace the Ncol site with an Ndel site using primers PBAD24Nde_For
and PBAD24Nde_Rev. The conjugative plasmid pKM101Spc" was made
by isolation of an Spc" gene as an EcoRI fragment from pHP45() and
insertion into similarly digested pKM101. The resulting plasmid (Spc”
Crb®) retains all of its conjugative abilities. pPKM101Spc*Atra] with tra]
precisely deleted was generated by recombineering using E. coli strain
HME45(pKM101Spc") according to the method of Thomason et al. (25).
Briefly, pKM101Spc” was introduced by conjugation into HME45. A PCR
product with an nptII gene flanked by Ncol restriction sites and 25 bp of
DNA corresponding to sequences located upstream and downstream of
pKM101 tra] was amplified with primers ATraJ_For and ATraJ_Rev using
pUCA4K as a template. HME45(pKM101Spc") was temperature induced
for expression of the red-gam genes and then transformed with the puri-
fied PCR product by electroporation. pKM101Spc” is a multicopy plasmid
requiring enrichment of strains carrying only the A#raJ mutant plasmid by
sequential subculturing of Kan' strains for 4 days in LB broth with Kan
(200 pg/ml). Plasmid DNA was isolated from Kan" colonies, and the nptII
gene was deleted by Ncol digestion and religation, followed by transfor-
mation into strain DH5a. Plasmids from Spc” Kan® transformants were
screened for the Atra] mutation by PCR amplification and sequence anal-
ysis across the deletion junction with primers TraJ_For and ATraJ_Rev.

(ii) E. coli expression plasmids. Plasmid pPC2012 produces the malt-
ose binding protein (MBP) fused to a soluble domain of VirD4, lacking
its N-terminal transmembrane domain (here designated MBP-SDy;,pp4)-
It was constructed by introduction of an Xbal/Xhol fragment from
pKA28 (35) into Xbal/Sall-digested pMAL-c2x. Plasmid pPC2009 pro-
duces MBP fused to VirD4 lacking its NTD and AAD (MBP-NBD/
CTDy;,p4) (19). Plasmid pPC2043 produces MBP fused to VirD4,’s
AAD (MBP-AAD;;,,; residues 201 to 346). The AAD gene fragment was
obtained by digestion of pPC2013 (19) with BamHI/Xhol, and the prod-
uct was introduced into BamHI/Sall-digested pMAL-c2x (New Eng-
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land BioLabs). Plasmid pNW12 produces MBP fused to VirD4’s CTD
(MBP-CTDy;,ppys residues 552 to 656). It was constructed by PCR ampli-
fication of the CTD coding sequence with pKA28 as a template and CTD-
_For and CTD_Rev primers, digestion of the PCR product with EcoRI
and HindIII, and introduction of the gene fragment into EcoRI/HindIII-
digested pMAL-c2x. Plasmid pPC2049 produces His -VirEl and FLAG-
VirE2. The VirE1/FLAG-VirE2 coding fragment was obtained by overlap-
ping PCR by amplification of the upstream virEI fragment using primers
VirEl_For and VirEl_RevFLAG and the downstream virE2-FLAG frag-
ment using primers VirE2_ForFLAG and VirE2_Rev, with pXZ237 (33)
as a template. The PCR products were joined by overlapping PCR ampli-
fication with the outside primers VirE1l_For and VirE2_Rev and digested
with Ndel and Xhol, and the resulting fragment was introduced into
similarly digested pET28b(+) (Novagen). Plasmid pPC2040 producing
Hisg_VirE2CT100 (the C-terminal 100 residues of VirE2) was constructed
by PCR amplification of the CT100 fragment using primers E2CT100_For
and VirE2_Rev with pPC731 (33) as a template. The PCR product was
digested with Nde/Xho, and the resulting fragment was introduced into
similarly digested pET28b(+).

(iii) A. tumefaciens T4CP expression plasmids. Plasmid pTB37 pro-
duces VirD4ACTD,, (VirD4,, with its C-terminal 104 residues deleted)
from the P;,; promoter. virD4,, ACTD was PCR amplified with primers
VirD4AtA553_For and VirD4AtA553_Rev with plasmid pKA9 (14) as a
template. The PCR product was digested with Ndel and Kpnl, and the
resulting fragment was introduced into similarly digested pXZ27 (33),
replacing the virE2 gene. Plasmid pTB7 produces the A. phagocytophilum
VirD4 homolog (VirD4,,,) from the P ;,; promoter. It was constructed by
amplification of virD4,, with the primers VirD4Ap_For and VirD4Ap_
Rev with pBT-virD4 as a template (kindly provided by Y. Rikihisa), diges-
tion of the PCR fragment with Ndel and Xhol, and introduction of the
digested product into the similarly digested ColE1 plasmid pPC914KS™.
Plasmid pTB12 produces the W. pipientis VirD4 homolog (VirD4y,,)
from the P, promoter. It was constructed by PCR amplification of
virD4,,,, with primers VirD4Wp_For and VirD4Wp_Rev using pCR-
VirD4 as a template (kindly provided by K. Gentil). The PCR product was
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TABLE 2 Oligonucleotides used in this study

Chimeric Coupling Proteins Support Type IV Secretion

Gene/protein/domain Oligonucleotide Sequence” Plasmid
Atra] constructed by ATra]_For 5'-CTGGGAACCAAAAAAGGAGCGCTGACCATGG pKM101AtraJ
recombineering GTTGGGTAACGCCAGGGTTTTCC-3’
ATraJ_Rev 5'-TGGCGGGTAATCGTGGTTATATCAACCATGG
CACACAGGAAACAGCTATGACCATGATTAC-3'
TraJ TraJ_For 5'-CAGTAGCCATGGACGATAGAGAAAGA-3’ pTB26
TraJ_Rev 5'-ACAATTGGTACCTCAGATCTCCCTCAG-3’
Tra)’ (residues 1-75) NW1_For 5'-CATACCATGGACGATAGAGAAAGAGGCTTAGCATTTTTATTTG-3' pNW1
NWI1_Rev 5'-GTATCTCGAGTATATATCATATGATAAATGATAAAA
GCGATCAGACCGCCAAC-3’
VirD4,, NW5_For 5'-CGGTGAACATATGAATTCCAGCAA-3’ PNW5
NW5_Rev 5'-AGTTCTCGAGCTACTTTTCAGGATCGTACGG-3'
VirD4ACTD ,, VirD4AtA553_For 5'-CGGTGAACATATGAATTCCAGCAA-3’ pTB37
VirD4AtA553_Rev 5'-CTATTAGGTACCTCAGGGCTCAGGCAGAGA-3'
VirD4,, VirD4Ap_For 5'-AGTCGTCATATGCATAGTTCCAATCAT-3’ pTB7
VirD4Ap_Rev 5'-TTAGTGCTCGAGCTACTTTAGTCTTCC-3’
VirDay, VirD4Wp_For 5" " TAAGCGATCACCATGGGTCATAGC-3' pTBI12
VirD4Wp_Rev 5'-GCTAGCTCGGGTACCTTACTTTCC-3'
SDVirD4ACTD,, NW4_For 5'- CATATATATACATATGAATCAGAAGCATCACGGGACGG-3' PNW4
NW4_Rev 5'- GTTCTCGAGTCAAGGGTGCGGGCTCAGGCAG-3’
CTDvirpaat CTD_For 5'-AAAAAAGAATTCCATCATCATCATCATCACAG CAGC-3' pPNWI2
CTD_Rev 5'-AAAAAAAAGCTTTCAAAAGCTGTTGACGCTTTG-3’
TraJ/VirD4ACTD,,, Tra]/VirD4ApA574_For  5'-TTCCGGGTCATAAGGTTCTTGG-3' pTB50
Tra]/VirD4ApA574_Rev  5-TAAATTCGTGGTGGTGTTGAAGG-3'
TraJ/VirD4,y, NW1_For 5'-CATACCATGGACGATAGAGAAAGAGGCTTAGCATTTTTATTTG-3’ pTB51
TB51_Forl 5'-GATTATTCTTTCTCTATAAATGATAAAAGCGATCAGACCGCCAAC-3'
TB51Revl 5'-GCTTTTATCATTTATAGAGAAAGAATAATCGAGTGGCGGCC-3'
TB51_Rev 5'-GTATCTCGAGTTACTTTCCATTACTTTTTGGTTTATCAC
CATCATCTTCATC-3'
Tra]/ VirD4ACTDWp NW1_For 5'-CATACCATGGACGATAGAGAAAGAGGCTTAGCATTTTTATTTG-3' pTB52
TB51_Forl 5'-GATTATTCTTTCTCTATAAATGATAAAAGCG
ATCAGACCGCCAAC-3’
TB51Revl 5'-GCTTTTATCATTTATAGAGAAAGAATAATCGAGTGGCGGCC-3'
TB52_Rev5’ 5'-CTATCTCGAGTTATGGGTCATATGGCTCCTGTGTAGGTACATAAGTC-3’
Hise-VirE1l/FLAG-VirE2 VirEl_For 5'-GGAGAGAACATATGGCCATCATC-3' pPC2049
VirE1l_RevFLAG 5'-TTTGTCGTCGTCGTCTTTGTAGTCCATCGTCTCACTGGTTGTGAC-3’
VirE2_ForFLAG 5'-ATGGACTACAAAGACGACGACGACAAAATGGATCTTTCTGGCAAT-3’
VirE2_Rev 5'-TATCCTCGAGTCAAAAGCTGTTGA-3'
VirE2CT100 E2CT100_For 5" TAACTGCAGGCATATGTTGCGTGACATCCATGAC-3' pPC2040
VirE2_Rev 5'-TATCCTCGAGTCAAAAGCTGTTGA-3' pTB70
Cre Cre_For 5'-GATAGAGCTCAGGAGGTATTCACCATGTCCAATTTA pTB33
CTGACCGTACACCAAAATTTGC-3'
Cre_Rev 5'-CATGGTACCTATATATCATATGATCGCCATCTTCCAGCAGGC-3’
VirE3 VirE3_For 5'-GATGCATATGGTGAGCACTACGAAG pTB53
VirE3_Rev 5'-GATCGGTACCTTAGAAACCTCTGGAGG
VirF VirF_For 5'-GCACCATATGAGAAATTCGAGTTTGCG pTB54
VirF_Rev 5'-GATATTGGTACCTCATAGACCGCGCGTTG
Ats-1 Ats-1_For 5'-GTGCTCCATATGCTAATAAGAAGAATTCTG-3’ pTB40
Ats-1_Rev 5'-GTAATTGGTACCCTCGAGTTACCTCGTACCTTTACC-3’
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TABLE 2 (Continued)

Gene/protein/domain Oligonucleotide Sequence” Plasmid

Ats-1 CT100 AtsCT_For 5'-GTACTTCATATGGAACGCATTTTCTCATTG-3' pTB42
AtsCT_Rev 5'-GTAATTGGTACCCTCGAGTTACCTCGTACCTTTACC-3’

WD0636 WD0636_For 5'-GCCGAGCATATGAGTAAAAAAGAAAAAGAG-3' pTB43
WD0636_Rev 5'-CACGGTACCTCATAATTTCTCAAATAACTTTTC-3'

WDO0811 WDO0811_For 5'-GTCCATATGATGATATCCAATAATTCT-3’ pTB44
WDO0811_Rev 5'-GATGGTACCTCAATTCATTTGTAA-3'

WD0830 WD0830_For 5'-TCGTAGCATATGAAACAAGGAGATAAG-3' pTB45
WDO0830_Rev 5'-GTAGGTACCTTACACTGTTCCTGGAGT

“ Restriction sites for cloning are underlined.

digested with Ncol and Kpnl, and the resulting fragment was introduced
into similarly digested pPC914KS ™. All the ColE1-based expression plas-
mids were ligated to the broad-host-range IncP plasmid pXZ151 or
pBBRIMCS for introduction into A. tumefaciens (33).

(iv) E. coli TACP expression plasmids. Plasmid pTB26 produces
TraJ ka0 from the Py, promoter. It was constructed by PCR amplifi-
cation of traJ with primers TraJ_For and TraJ_Rev using pKM101 as a
template, digestion of the PCR fragment with Ncol and Kpnl, and intro-
duction of the resulting fragment into similarly digested pBAD24Kan".
Plasmid pNW5 produces VirD4,,, from the P, promoter. It was gener-
ated by amplifying full-length virD4 using primers NW5_For and
NWS5_Rev with pKA9 as a template, digestion of the PCR fragment
with Ndel/Xhol, and introduction of the resulting fragment into sim-
ilarly digested pBSITKS".Ndel (36). Plasmid pTB48 producing A.
phagocytophilum VirD4 (VirD4,,,) from the Py, promoter was con-
structed by introduction of the virD4,, gene as an Ndel/Xhol fragment
from pTB7 into pBAD24Kan"-Ndel digested with Ndel and Sall. Plasmid
pTB25 producing W. pipientis VirD4 (VirD4y,,) from the Py, , promoter
was constructed by introducing the virD4,,,, gene as an Ncol/Kpnl frag-
ment from pTBI12 into similarly digested pBAD24Kan"-Ndel.

(v) E. coli TACP chimera expression plasmids. Plasmid pNWT1 is
PBSIIKS "Ncol (37) with the first 75 codons of TraJ 0, encoding the
NTD. It was constructed by amplification of the corresponding traJ frag-
ment using primers NW1_For and NW1_Rev with pKM101 as a template,
digestion with Ncol and Xhol, and introduction into similarly digested
pBSIIKS “Ncol; an Ndel site was also located immediately 5’ of the Xhol
site. Plasmid pNW?2 produces the TraJ/VirD4 , fusion protein composed
of TraJ’s NTD joined to a truncated, soluble form of VirD4,, (lacking its
NTD) from the P, promoter. It was generated by inserting a fragment of
virD4 encoding residues 88 to 656 of VirD4 as an Ndel/Xhol fragment
from plasmid pKA38 (14) into similarly digested pNW1. Plasmid pNW4
produces Tra]/VirD4ACTD,, from the P, promoter. It was generated by
amplifying the virD4 sequence encoding residues 88 to 552 using primers
NW4_For and NW4_Rev with pKM101 as a template, digestion with
Ndel/Xhol, and introduction of the digested fragment into similarly di-
gested pNWI. Plasmid pNR1 producing the soluble fragment of virD4
from the P, promoter was generated by insertion of an Ndel/Xhol frag-
ment from plasmid pKA38 into pBSIISK+ .Ndel. Plasmid pNR2 produces
Tra]/VirD4K152Q,, from the P, . promoter generated by inverse PCR
using pPNW2 as a template. Plasmid pTB38 carries a codon-optimized
traJ-virD4 Ap chimeric gene within the vector plasmid pMK-RQ (Invitro-
gen). This chimeric gene codes for the TraJ k101 NTD fused to the
soluble fragment of VirD4,, (residues 103 to 746). Plasmid pTB39
produces Tra]/VirD4,, from the Py, promoter. The chimeric gene
was obtained as an Ncol/Kpnl fragment from pTB38, and inserted into
similarly digested pBAD24. Plasmid NR3 producing the soluble frag-
ment of VirD4,, from P, was generated by cloning residues 103 to
746 as an Ndel/Kpnl fragment into pBSIISK+.Ndel. Plasmid pTB50
produces Tra]/VirD4ACTD |, from the Py, promoter. This plasmid was
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generated by inserting an amber mutation at codon 574 of pTB39 by
inverse PCR with primers TraJ/VirD4ApA574_For and Tra]/
VirD4ApA574_Rev. Plasmid pTB51 produces Tra]/VirD4,y,, from the
Pyap promoter. It was constructed by overlapping PCR with the gene
fragments corresponding to the Tra] NTD (residues 1 to 75) and the
soluble domain (residues 104 to 676) of VirD4y,,,. PCR products were
digested with Ncol and Kpnl, and the digested product was ligated into
similarly digested pBAD24. Plasmid NR4 producing the soluble domain
of VirD4,y,, from P, was generated by insertion of the corresponding
restriction fragment from pTB51 into pBSIISK+. Plasmid pTB52 pro-
duces Tra]/VirD4ACTDyy, from the Py,, promoter. It was constructed
by overlapping PCR with the gene fragments corresponding to the TraJ
NTD (residues 1 to 75) and the soluble domain with the CTD (residues
104 to 574) of VirD4,,, deleted. The PCR products were joined by ampli-
fication with outside primers digested with Ncol and Kpnl, and the re-
sulting fragments were ligated into similarly digested pBAD24.

(vi) Effector expression plasmids. Plasmid pTB33 producing Cre re-
combinase from the Py, promoter was constructed by PCR amplifica-
tion of the cre fragment using pCreTral. (8) as a template and the primers
Cre_For and Cre_Rev. The PCR products incorporated a Sacl site fol-
lowed by the Shine-Dalgarno sequence (AGG AGG) at the 5" end and
Ndel and Kpnl sites at the 3’ end. The two restriction sites at the 3’ end
allow the creation of Cre-effector fusion proteins. Plasmid pTB55 produc-
ing Cre-VirE2 from Py, , was constructed by introducing the Ndel/Xhol
fragment carrying virE2 from pXZ27 (33) into similarly digested pTB33.
Plasmid pPC56 producing VirEl and Cre-VirE2 from Py, , was con-
structed by separate PCR amplification of an upstream Shine-Dalgarno—
virEl fragment and cre-virE2, followed by overlapping PCR to join the two
fragments. The PCR product was digested with Sacl and XholI for intro-
duction into similarly digested pBAD33. Plasmid pPC57 producing
VirE1/Cre-VirE2AC50 was constructed by introduction of an amber
codon at codon 484 by inverse PCR using pPC56 as a template. Plasmid
pTB40 producing Cre—Ats-1 from Py, was constructed by PCR ampli-
fication of the ats-1 gene using primers Ats-1_For and Ats-1_Rev with A.
phagocytophilum genomic DNA as the template. The PCR fragment was
digested with Ndel/Kpnl, and the resulting product was introduced into sim-
ilarly digested pTB33. The following plasmids producing Cre-effector fu-
sion proteins were constructed using the same strategy with primers listed
in Table 2: pTB43 (Cre-WD0636) using pENTR-D/TOPO-WD0636 as
the template, pTB44 (Cre-WDO0811) using pENTR-D/TOPO-WDO0811 as
the template, pTB45 (Cre-WDO0830) wusing pENTR-D/TOPO-
WD0830 as the template, pTB53 (Cre-VirE3) using pTiA6NC as the tem-
plate, pTB54 (Cre-VirF) using pTiA6NC as the template, pTB42 (Cre—
Ats-1CT100 (the C-terminal 100 residues of Ats-1) with pTB40 as the
template, and pTB70 (Cre-VirE2CT100) using pXZ27 (33) as the tem-
plate. All the plasmid constructs were verified by PCR amplification, re-
striction digestion analysis, and sequencing.

Protein enrichment. Cells engineered to produce Hisq-tagged pro-
teins were lysed by sonication in lysis buffer 1 (0.1% Triton X-100, 10 mM
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imidazole, 100 mM NaCl, 100 mM Tris, pH 7.5). The cell lysates were
centrifuged at 22,700 X g for 15 min, and the resulting supernatant was
applied to a Talon affinity resin (Clontech) column. The column was then
washed with 10 column volumes of wash buffer 1 (10 mM imidazole, 1 M
NaCl, 10 mM phenylmethylsulfonyl fluoride [PMSF[, 20 pg ml ™' leupep-
tin, 100 g ml™" pepstatin, 100 mM Tris, pH 7.5). Bound proteins were
eluted with elution buffer 1 (137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, 2 mM KH,PO,, 250 mM imidazole, pH 7.4). Cells engineered
to produce MBP-tagged proteins were lysed by sonication in lysis buffer 2
(10 mM EDTA, 1 mM KCI, 10 mM PMSF, 20 pg ml ™! leupeptin, 100 pg
ml ™! pepstatin, 100 mM Tris, pH 7.5). The cell lysates were centrifuged at
22,700 X g for 15 min, and the resulting supernatant was applied to an
amylose resin (New England BioLabs) column. The column was washed
with 10 column volumes of wash buffer 2 (1 mM KCI, 20 mM NaCl, 1 mM
EDTA, 20 mM Tris, pH 7.4), and bound proteins were eluted with elution
buffer 2 (10 mM maltose, 1 mM KCI, 20 mM NaCl, 1 mM EDTA, and 20
mM Tris, pH 7.4). For isothermal calorimetry (ITC) (see below), enriched
protein domains were further purified by gel filtration chromatography
with a Superose 6 10/300 GL column and an AKTA/FPLC (fast protein
liquid chromatography) system (GE Healthcare).

In vitro binding assays. E. coli total extracts of cells engineered to
produce MBP alone or fused to VirD4 domains of interest were prepared
by growth of 10-ml cultures as described above. Cells were harvested by
centrifugation at 22,700 X g for 10 min, and the cell pellets were resus-
pended in 200 pl of lysis buffer 2 and lysed by sonication. Insoluble ma-
terial was removed by centrifugation at 22,700 X g for 15 min. Purified
Hisg-VirE1/FLAG-VirE2 complex (100 uM) or the Hisg-VirE2CT100
fragment (150 wM) was added, along with amylose resin (100 pl; New
England BioLabs) to the soluble cell extracts, and the resulting mixture
was incubated at 4°C for 10 min with gentle shaking. The mixture was
then applied to an amylose column, and the resin was washed with 10
column volumes of wash buffer 2 by gravity flow. Bound proteins were
eluted with 100 pl of elution buffer 2 and resolved by SDS-PAGE.

Protein detection. Proteins recovered in the pulldown assays were
detected by SDS-PAGE and immunostaining of proteins transferred to
polyvinylidene fluoride (PVDF) membranes with primary antibodies
against the His, (Sigma-Aldrich), MBP (New England BioLabs), or FLAG
(Sigma-Aldrich) epitope tag, followed by horseradish peroxidase (HRP)-
conjugated secondary antibodies and visualization by chemiluminescence
(38). To assay for the accumulation of Cre-effector fusion proteins, cells
were induced with arabinose (0.2%), harvested at mid-log phase, and
normalized to equivalent optical densities at 600 nm (ODyy,). Total pro-
tein extracts were subjected to SDS-PAGE, the proteins were transferred
to polyvinylidene difluoride (PVDF) membranes, and the blots were de-
veloped with anti-Cre antibodies (Novus Biologicals) and HRP-conju-
gated secondary antibodies.

ITC binding studies. Binding of purified VirE2CT100 to MBP-
AADy;,paa; Of MBP-NBD/CTDy;, 1544, Was observed using a VP-ITC cal-
orimeter (MicroCal, LLC, Northampton, MA, USA) at 25°C in 1X phos-
phate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, and 2 mM KH,PO,, pH 7.4). Bound ligands and coupling
protein domains were extensively dialyzed in the same buffer, centrifuged
to remove precipitates, and thoroughly degassed before use. Samples
(5 1) were injected at 2-min intervals to allow the peaks to reach baseline
levels.

Conjugation assays. A. tumefaciens and E. coli donor strains were
assayed by DNA transfer through the VirB/VirD4 and pKM101-encoded
transfer (Tra) T4SSs. In A. tumefaciens, wild-type (WT) A348 or the
Mx355 (virD4) mutant carrying plasmids of interest served as DNA do-
nors and A348-Spc' as the bacterial recipient. The mobilizable MOBQ
plasmid pML122 (Gen") served as a DNA substrate for interbacterial mat-
ings carried out as described previously (28). For E. coli matings, strains
DH5a and WM1650 carrying plasmids of interest served as the donor and
recipient, respectively. The strains were grown overnight with antibiotic
selection at 37°C, diluted 1:10 in fresh LB medium with the addition of
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0.2% arabinose or 200 WM IPTG (isopropyl-B-p-thiogalactopyranoside)
as appropriate for induction of gene expression, and incubated for 1 h at
37°C. Donors and recipients (100 pl each), alone or mixed in a 1:1 ratio,
were pelleted by centrifugation, and the cells were suspended in 10 pl of
the supernatant and spotted onto sterile filters on LB induction plates. The
filters were incubated for 2 h or overnight at 37°C; the cells were resus-
pended in 1X PBS; and serial dilutions were plated on LB plates with
antibiotics selective for donors, recipients, or transconjugants. The fre-
quency of transfer was calculated as the number of transconjugants (Tcs)
per donor (D). Experiments were performed at least three times in dupli-
cate or triplicate, and the results are reported as the mean frequency of
transfer.

Virulence assays. A. tumefaciens strains were assayed for T-DNA and
effector protein transfer using a tumor formation assay with Kalanchoe
daigremontiana as previously described (36). The wild-type strain A348
and avirulent strains, e.g., KA2000 (virD4), served as positive and negative
controls, respectively. Briefly, bacterial strains were freshly streaked onto
LB agar plates supplemented with mannitol and glutamate (MG/L agar
plates) with the appropriate antibiotics and grown at room temperature
for 2 days (36). Plant leaves were wounded by scratching with a sterile
toothpick and immediately inoculated with cells from the 2-day plates.
Mixed infections were performed by coinoculation of two strains of in-
terest on the same wound (29). All strains were inoculated onto at least 5
different leaves, and virulence was assessed after 6 to 8 weeks. Tumor
production was scored as follows: +++, WT virulence; ++, tumors
reproducibly smaller than those formed by WT strain A348; +, detectable
tumor production but small and delayed in appearance by 2 or more
weeks relative to WT A348; —, avirulent.

CRAC(T. The Cre reporter was used to assay for translocation of known
or putative effector proteins from E. coli MS411 donor cells into the E. coli
recipient strain CHS26Cm::LTL, which contains a loxP-Tet"-loxP cassette
interrupting a Chl" gene on the bacterial chromosome (26). Cre-mediated
excision of the loxP cassette restores the integrity of the Chl" gene cells,
conferring a Chl" Tet® phenotype. The recipient strain was also mutated to
rifampin resistant (Rif") by growth on rifampin-containing (50 p.g/ml)
plates and carried a pUC4K plasmid (conferring Crb* and Kan") for addi-
tional antibiotic selection of loxP excisants. For Cre recombinase reporter
assay for translocation (CRAfT), strains were grown overnight in LB broth
with antibiotic selection at 30°C. Cells were diluted 1:10 in fresh LB broth
containing 0.2% arabinose or 200 uM IPTG as appropriate for plasmid
induction and grown at 30°C for 1 h. The cell suspensions were normal-
ized by ODg,. Donor and recipient cells (1 ml each) alone were mixed in
a 1:1 ratio and centrifuged for 1 min. Cell pellets were resuspended in 20
.l of the supernatant and spotted onto sterile nitrocellulose filters on LB
induction plates. The plates were incubated overnight at 30°C; the cells
were resuspended in 1X PBS and serially diluted; and donors, recipients,
and loxP excisants were selected on LB agar plates containing the appro-
priate antibiotics. The frequency of Cre recombination was calculated as
the number of recombinants (Rcs) per donor (D). All CRAT experiments
were performed at least three times in duplicate, and the results are re-
ported as the mean frequency of recombination with standard deviations.

RESULTS

A chimeric TraJ/VirD4,  receptor mediates transfer of a MOBQ
plasmid through the pKM101-encoded T4SS channel. The T4CP
nomenclature arose from early evidence that these subunits phys-
ically couple DNA substrates with conjugation channels (13, 39,
40). In these early studies, in some cases, a T4CP from one conju-
gation system was shown to functionally substitute for that of a
second system in mobilizing the transfer of a non-self-transmissi-
ble MOBQ plasmid, RSF1010 (13). These findings prompted us to
test whether T4CPs associated with effector translocator systems
could functionally replace a TACP associated with a conjugation
system to support protein trafficking through the conjugation
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TABLE 3 Complementation of the pKM101A¢raJ mutation with genes encoding native and chimeric T4CPs

Transfer frequency for:

Donor transmissible plasmid(s) Donor complementing plasmid pKM101 pML122
pKM101 22%X107"

pKM101, pML122 25X 107" 7.6 X 107"
pKM101AtraJ pTB26 (Pyapiitral) 2.5 % 10" 9.9 X103
pKM101AtraJ, pML122 pTB26 (Pypiitra)) 2.3 X107 43X10°?
pKM101AtraJ, pML122 pTB47 (PyapivirD4,,)

pKM101Atra], pML122 pTB48 (PyupiivirDd,,)

pKM101AtraJ, pML122 pTB25 (PyypiivirDdyy,)

pKM101AtraJ, pML122 PNW?2 (P, :tral/virD4,,) 3.1x10°°?

pKM101Atra], pML122
pKM101Atraj, pML122
pKM101AtraJ, pML122
pKM101Atra], pML122

PNW (P, :tra]/virD4K152Q,,)
PNWI3 (P, ::SD,irpa )
PTB39 (Pypuitral/virD4,,,)
PTB51 (Pyupiitral/virDdy,,)

channel. Our model conjugation system was that encoded by
plasmid pKM101, which to date has only been shown to trans-
fer pKM101 in E. coli and related enterobacterial species. The
pKM101-encoded Tra] T4CP was swapped with A. tumefaciens
VirD4 (here called VirD4,,), a versatile receptor that recruits and
mediates transfer of oncogenic T-DNA, plasmid pMLI122 (an
RSF1010 derivative), and effector proteins through the VirB chan-
nel (15, 30, 41). We also replaced TraJ xn0; With VirD4 ho-
mologs from the obligate intracellular species A. phagocytophilum
and W. pipientis (Fig. 1A). These rickettsial species are phyloge-
netically closely related to A. tumefaciens and carry VirB/VirD4-
like T4SSs that are thought to function as effector translocators
during establishment of pathogenic or symbiotic relationships
with eukaryotic hosts (10, 42, 43).

We showed that a pKM101AtraJ plasmid was transfer minus
(Tra™) and that trans expression of traJ from a multicopy plasmid
efficiently complemented the AfraJ mutation in mediating trans-
fer of pKM101 and pML122 (Table 3). In fact, the traJ-comple-
mented donor delivered these plasmid substrates at elevated fre-
quencies compared with a donor expressing traJ from native
pKM101, in agreement with evidence that the T4CP is rate limit-
ing for transfer of cognate DNA substrates (18, 26). Complemen-
tation of the AfraJ mutation with virD4,,, virDd,,, or virDd,,,,
however, did not restore transfer of pKM101 or pML122 (Table
3). Similar negative results were obtained when we attempted to
complement an A. tumefaciens virD4,, null mutation by trans-
expression of virD4,,, or virD4,,,,, as monitored by pML122 trans-
fer (data not shown).

NTDs are thought to mediate the coupling of T4CPs with cog-
nate T4SS channels (14, 44-47). We therefore engineered T4CPs
consisting of the NTD from TraJ ,xnr10; joined to ANTD variants
of VirD4,,, VirD4, ,, and VirD4,,, (Fig. 1B). The fusion junctions
for each chimeric T4CP were located after the second transmem-
brane helix of the NTD and prior to the conserved NBD motifs
(Fig. 1B), with junction sites selected on the basis of primary se-
quence alignments, hydrophobicity profiles, and structural mod-
eling (data not shown; see Fig. S1 and S2 in the supplemental
material). Strikingly, TraJ/VirD4,, supported pML122 transfer
through the pkKM101-encoded T4SS at a frequency comparable to
that of native TraJ (Table 3). TraJ’s NTD or the soluble fragment
of VirD4,, (SDyi;psa,) alone did not support plasmid transfer
(data not shown), nor did a TraJ/VirD4,, chimera bearing a
K152Q mutation in the Walker A motif shown previously to
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abolish VirD4,, function in A. tumefaciens (Table 3) (30). The
TraJ/VirD4,, and Tra]/VirD4,,, chimeras did not support
pML122 transfer in E. coli (Table 3). We show below that these
chimeras do support protein transfer, suggesting that the
VirD4,, and VirD4,y, receptor domains might fail to produc-
tively engage the pML122 substrate. In this context, although
some rickettsial species carry possible mobile DNA elements (48,
49), the sequenced genomes of A. phagocytophilum and W. pipi-
entis lack such elements or genes encoding processing factors, e.g.,
relaxases, required for DNA transfer. The T4CPs from these spe-
cies therefore might have completely lost the capacity to recognize
mobile DNA elements during evolution.

The TraJ/VirD4,, chimera mediates transfer of A. tumefa-
ciens effectors through the pKM101 channel. To determine if the
chimeric T4CPs support transfer of effector proteins through the
pKM101 T4SS, we fused known or candidate effectors at their N
termini to Cre recombinase, whose intercellular translocation is
monitored by CRAfT (50). We used a version of the assay in which
donors are mated with strain CHS26Cm::LTL and assayed for
Cre-mediated excision of a loxP-Tet"-loxP cassette from the recip-
ient cell chromosome (26). Excision of the loxP cassette restores
the integrity of a Chl" gene, resulting in a Chl" Tet® phenotype. In
the initial experiments, the loxP cassette did not excise at detect-
able frequencies, as shown previously (22). In contrast, transfor-
mation of the recipient strain with plasmids encoding Cre or the
Cre-effector fusion proteins under investigation resulted in loxP
excision, as evidenced by the appearance of Chl" Tet® colonies and
by restoration of Chl" gene integrity, as monitored by PCR ampli-
fication and sequence analyses (data not shown).

Strikingly, the TraJ/VirD4,, chimera supported translocation
of Cre when fused to two A. tumefaciens effector proteins, VirE3
(51) and VirF (50). Donors delivered these Cre-effector fusion
proteins at frequencies approaching or exceeding 10~° Res/D, as
determined by CRAST (Fig. 2A). These transfer frequencies were
comparable to frequencies reported for the transfer of Cre-effec-
tor fusion proteins through the Legionella pneumophila Dot/Icm
T4SS (52). In control experiments, we confirmed that donors
lacking pKM101AtraJ or the TraJ/VirD4,,-producing plasmid
failed to translocate the Cre-effector fusions and also that donors
did not conjugatively transfer plasmids encoding the Cre-effector
fusion proteins at detectable frequencies, in agreement with a lack
of discernible oriT sequences on these plasmids. In many repeti-
tions of the mating assays using donors carrying either native
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FIG 2 Transfer of A. tumefaciens effectors through the E. coli pKM101 con-
jugation channel. (A) E. coli donors produced the TraJ/VirD4,, chimera. As
controls, donors produced either the VirD4,, soluble domain (SDy;,psa.)
(upper bars) or the TraJ/VirD4K152Q,, variant bearing a nucleotide-bind-
ing site mutation (lower bars). Transfer of Cre alone; Cre fused to the
VirE2, VirE3, or VirF effector; or Cre fused to VirE2’s C-terminal 100
residues (CT100) or VirE2 with its last 50 residues deleted (VirE2AC50)
was monitored by CRAfT (50). The values represent the means of at least
three experiments with standard deviations. *, P < 0.01 versus Cre-only
transfer; statistical analyses using Student’s ¢ test. (B) Steady-state levels of
Cre or Cre-effector fusion proteins in E. coli donors, detected by immuno-
staining with anti-Cre antibodies. Lane Vector, donors carrying the vector
plasmid only. Cre fusion proteins are marked by squares; Cre and promi-
nent Cre breakdown products are marked by rectangles. Cre antibodies
also cross-reacted with unknown proteins.

pKM101 or pKM101AtraJ and the TraJ/VirD4 ,,-producing plas-
mid, we occasionally detected the appearance of a few Chl" Tet®
colonies (Fig. 2A). Since such colonies did not arise in the above-
mentioned control experiments, Cre apparently is capable of de-
livery through the pKM101 channel at a low frequency (<10~®
Rcs/D). Similar results have been reported for the F-like and R751
conjugation systems (26, 53), suggesting that Cre promiscuously
transfers at low but detectable levels through different T4SSs. Do-
nors carrying native pKM101 also were capable of transferring
Cre-VirE3 and Cre-VirF, although at frequencies that were not
statistically different than those observed for Cre-only transfer. In
contrast, donors harboring the chimeric TraJ/VirD4,, translo-
cated Cre-VirE3 and Cre-VirF at levels significantly higher than
those for Cre only (P < 0.01; Student’s ¢ test), in line with previous
findings that A. tumefaciens effectors carry translocation signals
specifying interactions with the VirD4 T4CP (19, 50). As expected,
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the TraJ/VirD4K152Q,, variant did not support transfer of the A.
tumefaciens effectors through the E. coli pKM101 T4SS (Fig. 2A).

In these initial experiments, we failed to detect transfer of a
Cre-VirE2 fusion protein (Fig. 2A), despite evidence that E. coli
donors accumulated Cre-VirE2 at levels comparable to those of
the Cre-VirE3 and Cre-VirF fusion proteins (Fig. 2B). VirE2 is a
single-stranded DNA binding protein (SSB) that, when delivered
to plants, associates with the T-DNA substrate and protects it
from degradation (50, 54, 55). However, prior to export through
the A. tumefaciens VirB/VirD4 channel, VirE2 must interact with
its secretion chaperone, VirEl, to prevent self-aggregation and
premature binding to DNA (56, 57). When E. coli donors were
engineered to coproduce VirEl and Cre-VirE2, the latter was
translocated to recipients (Fig. 2A). Although the frequency of
Cre-VirE2 transfer was slightly lower than those observed for the
Cre-VirE3 and Cre-VirF fusion proteins, it was significantly
higher than the frequency of Cre-only transfer (P < 0.01). Prior
formation of the VirEl chaperone/VirE2 effector complex in E.
coli thus enabled docking with the TraJ/VirD4,, chimera and
VirE2 transfer through the pKM101 channel.

The C termini of the A. tumefaciens effectors VirE2, VirE3, and
VirF are unstructured and have a high proportion of positively
charged Arg residues (see Fig. S3 in the supplemental material)
(58). A systematic mutational analysis established the importance
of a putative translocation signal (TS) consisting of an
Arg(7X)Arg(X)Arg(2X)Arg motif (where X represents any resi-
due) at the C terminus of VirF for transfer through the A. tume-
faciens VirB/VirD4 T4SS (58). While not as extensively character-
ized, VirE2’s charged C terminus was shown to be necessary for a
detectable VirE2-VirD4 interaction in A. tumefaciens (14) and
its export to plants (33, 59, 60). Furthermore, VirE2 and VirEl
complex formation appears to maintain the accessibility VirE2’s C
terminus for potential binding to the VirD4 T4CP, as deduced
from the X-ray crystal structure of the VirE1/VirE2 complex (57).
To examine the requirement for VirE2’s C-terminal domain
for transfer through the pKM101 T4SS, we fused Cre to VirE2’s
C-terminal 100 residues (VirE2CT100) or VirE2 lacking its C
terminus (VirE2AC50). Both Cre fusion proteins accumulated in
donors at detectable levels (Fig. 2B). E. coli donors delivered Cre-
VirE2CT100 at frequencies exceeding those of Cre-VirE2 and
significantly higher than those of Cre-only transfer. In con-
trast, donors translocated Cre-VirE2AC50 at frequencies no
different than those of Cre-only transfer, even upon coproduc-
tion of the VirEl chaperone (Fig. 2A). VirE2’s C-terminal do-
main bearing a putative TS thus appears to be necessary and
sufficient for transfer via the TraJ/VirD4,, chimera through the
E. coli pKM101 T4SS.

Finally, A. tumefaciens also delivers oncogenic T-DNA through
the VirB/VirD4 T4SS to plant cells. To assay for T-DNA transfer
through the pKM101 T4SS, we engineered donors to carry the
T-DNA border-containing plasmid pCIT20 or pBIN19 (61, 62)
and a plasmid encoding the VirD1 and VirD2 processing factors,
which are known to catalyze T-DNA border cleavage in both A.
tumefaciens and E. coli (63). We further engineered donors to
additionally produce VirC1 and VirC2, which were shown to en-
hance the T-DNA border cleavage efficiency and participate in the
spatial coupling of the T-DNA substrate with VirD4 in A. tumefa-
ciens (35). Donors producing these factors, however, failed to
transfer the T-DNA vectors to recipient cells at detectable levels
(data not shown). We suspect additional factors produced in A.
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tumefaciens, e.g., VirD2-binding proteins (64) or specific physio-
logical conditions associated with the infection process are neces-
sary for T-DNA transfer in E. coli, and we are currently examining
these possibilities.

Chimeric T4CPs mediate transfer of known or candidate ef-
fectors from rickettsial species in E. coli. We expanded our stud-
ies by testing the functionality of chimeric T4CPs composed of
TraJ’s NTD joined to the soluble domains of VirD4,, and
VirD4y,, from A. phagocytophilum and W. pipientis, respectively.
Rickettsial species carry T4SS gene clusters, and a growing body of
evidence indicates that type IV secretion is a general requirement
for intracellular survival and proliferation (10, 43, 65, 66). Identi-
fication of T4SS effectors, however, has been hampered by the
inability to grow rickettsial species axenically and by lack of robust
genetic systems. The list of candidate effectors remains small, and
of these, only a few are confirmed T4SS substrates by virtue of
demonstrations of translocation through surrogate T4SSs, such as
the A. tumefaciens VirB/VirD4 and L. pneumophila Dot/Icm sys-
tems (67, 68).

One of the best-characterized effectors of A. phagocytophilum,
Ats-1, was identified in a two-hybrid screen using VirD4 Ap AS bait
(69). Ats-1 abundantly accumulates in the mammalian cell cytosol
and mitochondria during infection and is implicated in inhibition
of apoptosis, among other activities (10, 69). We engineered E. coli
donors to produce the Tra]/VirD4,, chimera and assayed for
Cre—Ats-1 transfer through the pkKM101 channel (Fig. 3). Donors
accumulated Cre—Ats-1 at detectable levels and also delivered the
substrate through the pKM101 channel at frequencies nearly an
order of magnitude higher than those observed for the A. tumefa-
ciens effectors (Fig. 3). As shown for the A. tumefaciens effectors, E.
coli donors producing only TraJ’s NTD or only the soluble domain
of VirD4,,, (SDy;p4s,) failed to translocate Cre-Ats-1 (Fig. 3A
and data not shown).

Ats-1 has an unstructured, positively charged C terminus rem-
iniscent of the A. tumefaciens effectors (see Fig. S3 in the supple-
mental material) (10). A TraJ/VirD4,,-producing donor strain
was engineered to produce Cre fused to the C-terminal 100 resi-
dues of Ats-1 (Cre—Ats-1CT100) (Fig. 3B). Interestingly, this do-
nor translocated Cre—Ats-1CT100 less efficiently than a donor
producing Cre—Ats-1, although still at levels significantly higher
than Cre-only transfer (Fig. 3A). These finding suggest that Ats-1’s
C terminus suffices to mediate transfer of the Cre reporter but that
additional internal motifs might contribute to optimal transfer.
Synergistic contributions of C-terminal TSs and internal motifs
have been reported for other T4SS effectors (70-72).

Presently, no T4SS effectors have been confirmed for any
Wolbachia species, although these species encode many potential
effectors bearing eukaryotic protein motifs (73). Here, we tested
for translocation of three such candidates: (i) WD0636 (Ank do-
main), (ii) WD0811 (WASP-homology 2 actin-binding module
[WH2]), and (iii) WD0830 (a-synuclein actin-binding domain).
As discussed further below, WD0830 was recently shown to be
secreted by Wolbachia and has been renamed WalE1 (for Wolba-
chia actin localizing effector) (see Discussion).

E. coli donors were engineered to produce Tra]/VirD4,,, and
Cre-WD0636, Cre-WDO0811, or Cre-WalEl. The respective donor
strains accumulated detectable levels of the Cre-effector proteins,
indicating that the fusion proteins were stably produced (Fig. 3B).
Intriguingly, donors translocated each of the three Cre-effector
fusion proteins through the pKM101 channel. Transfer frequen-

2710 jb.asm.org

Journal of Bacteriology

A
Chimeric Cre Transfer Frequency (Rc’s/D)
T4CP fusedto: 18 107 106 105
TraJ/VirD4 Cre alone {H : :
Ats-1 i
SDvirpaap Ats-1 : .
TraJ/ViD4,, Ats1CT100 e e
TraJ/VirD4,, WD0636 ::I—i*
WDOM[—— T H
W alE1 : S
TraJ/VirD4y,,  Cre alone [l ; :
WD0636 H
W D08 1[I
WaE1 [~
SDyirpawp WD0636
WDO0811
WalE1 : :
TraJ/VirD4y, Ats-1 :H*
Ats-1CT100[————H+
Cre fusion:
. S X
S AN
Fod I &8 F
KNGOS S S

72

55

34

19

FIG 3 Transfer of known or candidate effectors from A. phagocytophilum and
W. pipientis through the E. coli pPKM101 conjugation channel. (A) E. coli do-
nors produced the TraJ/VirD4,, or Tra]/VirD4,,,, chimera or the respective
soluble domains of the VirD4 T4CPs. Transfer of Cre alone, Cre fused to the
effector proteins listed, or Cre fused to the C-terminal 100 residues of Ats-1
(CT100) was monitored by CRAfT. The values represent the means of at least
three experiments with standard deviations. ¥, P < 0.01 versus Cre transfer. (B)
Steady-state accumulation of Cre or Cre-effector fusion proteins in E. coli
donors, detected by immunostaining with anti-Cre antibodies. Lane Vector,
donors carrying the vector plasmid. Cre fusion proteins are marked by squares;
Cre or prominent Cre breakdown products are marked by rectangles. Cre
antibodies also cross-reacted with unknown proteins.

cies were lower than those observed for the A. tumefaciens and A.
phagocytophilum effectors but for WD0811 and WalE1 were sig-
nificantly higher than Cre-only transfer frequency (compare Fig.
2A and 3A). Donors lacking the TraJ/VirD4y,, chimera or pro-
ducing TraJ’s NTD or the VirD4,, soluble domain (SDy;,pavwy)
did not translocate the Cre fusion proteins at detectable levels (Fig.
3A and data not shown).

A. phagocytophilum VirD4,,, and W. pipientis VirDy,,, exhibit
extensive sequence similarities, especially throughout their solu-
ble domains (see Fig. S2 in the supplemental material). We there-
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fore asked whether the two chimeric T4CPs, Tra]/VirD4,, and
Tra]/VirD4y,, reciprocally supported translocation of each oth-
er’s substrates. Interestingly, donors producing TraJ/VirD4 Ap
transferred the three W. pipientis candidate effectors at frequen-
cies higher than those for the corresponding TraJ/VirDyy,,-pro-
ducing donors and significantly higher than that for the Cre-only
control (Fig. 3A). Conversely, TraJ/VirD4yy,-producing donors
translocated Ats-1 and Ats-1CT100, but at frequencies slightly
lower than those for the TraJ/VirD4 Ap—producing donors. We sus-
pect that reduced substrate transfer by the Tra]/VirD4,,,,-produc-
ing donors might be attributable to less efficient expression of this
chimeric T4CP than of TraJ/VirD,,, because during construction
the latter but not the former had been codon optimized for ex-
pression in E. coli (see Materials and Methods). Regardless, the
present findings support a conclusion that the Tra]/VirD4,, and
Tra]/VirD4y,,, chimeras productively engage with and support
translocation of the tested effectors from both rickettsial species
at levels significantly higher than that for the Cre-only control
through the pKM101 conjugation system.

The CTDs of VirD4 T4CPs contribute to substrate discrimi-
nation in vivo. Many T4CPs carry C-terminal domains that are
missing from the structurally characterized TrwBy;45 or pKM101-
encoded TraJ (Fig. 1A). The CTDs of the VirD4 homologs under
study here range in length from 105 to 169 residues, are almost
entirely a-helical in their predicted secondary structures, and,
most intriguingly, are highly enriched in Glu and Asp residues (see
Fig. S1 in the supplemental material). Such features were of inter-
est in view of previous work showing that nucleic acid binding
proteins, e.g., SSBs and helicases, often carry acidic tails important
for coordinating nucleic acid-protein or protein-protein interac-
tions (74-78).

To evaluate the functional importance of the alphaproteo-
bacterial VirD4 CTDs, we first characterized the effects of a
VirD4ACTD,, mutation on substrate transfer through the A.
tumefaciens VirB/VirD4 T4SS. A virD4,, null mutant strain is
defective for substrate transfer and displays wild-type transfer
functions when expressing virD4,, in trans (Fig. 4A) (30). Inter-
estingly, a virD4,, mutant donor complemented with a virD4
ACTD-expressing plasmid also transferred pML122 to A. tumefa-
ciens recipients at wild-type levels, establishing that VirD4,,’s
CTD is dispensable for MOBQ plasmid transfer (Fig. 4A).

The VirD4ACTD ,,-producing strain, however, was avirulent
in plant assays, suggestive of a block in transfer of oncogenic T-
DNA, effector proteins, or both types of substrates through the
VirB channel (Fig. 4B). To distinguish whether the ACTD muta-
tion selectively blocks T-DNA or effector protein substrates, we
employed a mixed-infection assay (29). In this assay, when an
avirulent strain with T-DNA deleted or highly attenuated strains
with an effector gene deleted are coinoculated on the same plant
wound site, the mixture incites robust tumor development (Fig.
4B). This is thought to result from the transfer of effector proteins
by the AT-DNA mutant and T-DNA by the effector mutant into
the same plant cell, enabling formation of T-DNA-effector pro-
tein complexes necessary for efficient substrate translocation to
the plant nucleus (29, 79).

In mixed infections, we coinoculated the VirD4, ACTD-pro-
ducing strain with a AT-DNA mutant to evaluate the importance
ofthe CTD for T-DNA transfer (Fig. 4B, a). This coinfection failed
to incite tumor production, indicating a requirement for the CTD
for T-DNA transfer through the A. tumefaciens VirB channel. We
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FIG 4 Contribution of VirD4,’s CTD to function. (A) Transfer of the MOBQ
plasmid pML122 by A. tumefaciens. A. tumefaciens strains: A348, wild-type strain
producing native VirD4,,, (D4); AvirD4, strain KA2000 lacking or producing na-
tive VirD4,, or VirD4ACTD,,, (D4ACTD) from a broad-host-range plasmid. The
histogram presents pML122 transfer frequencies determined for A. tumefaciens
with 3-day solid-surface matings. (B) Transfer of T-DNA and effector proteins
through the A. tumefaciens VirB channel as monitored by tumor production on
plant leaves. (a) A348 is fully virulent (++ +); AvirD4 strain KA2000 lacking or
producing VirD4ACTD ,, and the AT-DNA mutant strain LBA4404 are avirulent
(—). Coinoculation of plant tissues with the AT-DNA mutant (which is capable of
exporting effector proteins) and the AvirD4 mutant engineered to produce
VirD4ACTD,, failed to incite virulence, showing that the latter strain does not
export T-DNA. (b) The virE2 mutant (strain At12516) produces VirD4,, and is
highly attenuated for virulence (it occasionally produces small tumors in multiple
repetitions of virulence assays [ +]). Coinoculation of plant tissues with the virE2
mutant (which exports T-DNA) and the AT-DNA mutant (which exports VirE2)
restores full virulence. Coinoculation of the virE2 mutant and the AvirD4 mutant
engineered to produce VirD4ACTD , did not restore virulence, indicating that the
latter strain is incapable of exporting VirE2. (c and d) Coinoculation assays per-
formed as for graph b showing that the VirD4ACTD 4 -producing strain is capable
of delivering VirE3 and VirF to plant cells. ++, tumors reproducibly smaller than
those formed by WT strain A348.

then coinoculated the VirD4ACTD,,-producing strain with a
virE2, virE3, or virF mutant strain to assess the importance of the
CTD for effector protein transfer. Consistent with previous find-
ings (54), the effector mutant strains exhibited a highly attenuated
virulence phenotype, as evidenced by the capacity to incite forma-
tion of small tumors after prolonged incubation periods of several
months (Fig. 4B, b to d). For each mutant, mixed infection with
the AT-DNA strain restored virulence to wild-type levels (Fig. 4B,
b to d). For the virE2 mutant, however, a mixed infection with the
VirD4ACTD,,-producing strain failed to restore virulence, sug-
gesting that the CTD also strongly contributes to VirE2 transfer
(Fig. 4B, b). In striking contrast, coinfection of the virE3 or virF
mutant with the VirD4ACTD,-producing strain resulted in ro-
bust tumor development, suggesting that VirD4,’s CTD is dis-
pensable for transfer of these effectors to plant cells (Fig. 4B, ¢
and d).

We next characterized the effects of the CTD deletion on Tra]/
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FIG 5 Effects of ACTD mutations on functions of VirD4 homologs in E. coli.
(A) E. coli donors carrying pKM101AtraJ (Atra]) and producing the Tra]/
VirD4 or TraJ/VirD4ACTD chimeras listed were assayed for pML122 transfer.
Transfer frequencies were measured in 2-h solid-surface matings. (B) The E.
coli donors producing full-length TraJ/VirD4 chimeras or ACTD variants
listed were assayed for transfer of Cre or Cre-effector fusion proteins, as mon-
itored by CRAT. The values represent the means of at least three experiments
with standard deviations. ¥, P < 0.01 versus Cre-only transfer mediated by the
TraJ/VirD4 chimeras; **, P < 0.01 versus Cre-only transfer via the TraJ/
VirD4ACTD chimeras; |¥, P < 0.01, transfer via a TraJ/VirD4ACTD chimera
versus the isogenic TraJ/VirD4 chimera.

VirD4,, function in E. coli. Overall, the results paralleled our find-
ings with the A. tumefaciens infection assays. The TraJ/
VirD4ACTD,,-producing donor transferred pML122 to E. coli
recipients at a frequency comparable to that of the TraJ/VirD4, -
producing donor (Fig. 5A) and also showed a reduction in levels of
transfer of Cre-VirE2 to levels that were not significantly different
than that of Cre-only transfer (Fig. 5B). Intriguingly, however, the
ACTD mutant donors reproducibly transferred Cre-VirE3 at
elevated frequencies and Cre-VirF at significantly (P < 0.05)
higher frequencies than the isogenic TraJ/VirD4,,-producing
donors (Fig. 5B). The ACTD mutant donor translocated Cre-
VirE2CT100 at frequencies comparable to or higher than those
observed for the TraJ/VirD4,.-producing donor (Fig. 5B). These
findings suggest that VirD4,,’s CTD not only is dispensable for
transfer of VirE3, VirF, and VirE2CT100, but its presence antag-
onizes transfer of these effectors.
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Donors producing the Tra]/VirD4ACTD,, and TraJ/
VirD4ACTD,,, variants were also assayed for the capacity to
translocate rickettsial effectors through the pKM101 channel (Fig.
5B). Donors producing TraJ/VirD4ACTD,,, also reproducibly
transferred Cre—Ats-1 at elevated frequencies and Cre—Ats-
1CT100 at significantly higher frequencies (P < 0.01) than the
Tra]/VirD4,,-producing donor. Similarly, donors producing
Tra]/VirD4ACTD,y,, also transferred the W. pipientis candidate
effectors WD0811 and WalE1 at slightly elevated frequencies, al-
though the differences were not statistically significant. In con-
trast, the ACTDWp mutant delivered Cre-WDO0636 at lower levels
than the isogenic Tra]/VirD4y,,-producing donor (Fig. 5B).

Finally, we speculated that the failure of donors producing TraJ/
VirD,,, or TraJ/VirD4,y, to translocate the MOBQ plasmid pML122
might be due to the presence of the acidic CTDs acting as DNA
mimics. However, donors producing the ACTD variants of TraJ/
VirD4,,, or Tra]/VirDdy, still failed to transfer pML122, arguing
against the notion that the acidic CTDs occlude access of negatively
charged DNA substrates to T4CP receptor domains (Fig. 5A).

VirD4’s AAD and NBD, but not the CTD, bind the VirE2
effector in vitro. In view of the demonstrated importance of
VirD4,.’s CTD for VirE2 translocation, we assayed for binding
of VirD4,.’s CTD with the VirEl/VirE2 complex or the
VirE2CT100 fragment in vitro. Despite repeated attempts, in
pulldown assays we were unable to detect stable interactions
between purified forms of MBP-tagged CTD and either a Hisq-
VirE1/FLAG-VirE2 complex or the His,-VirE2CT100 frag-
ment (Fig. 6). These findings, coupled with the results of our
recent studies exploring VirD4 receptor domain-DNA sub-
strate interactions (19), raised the possibility that other VirD4
domains directly bind the VirE2 effector. To test this possibil-
ity, we purified MBP-tagged (i) VirD4,, with its NTD deleted
(SDp,), (ii) SDp, with the AAD deleted (NBD/CTDp,), and
(iii) AADyp, (Fig. 6A). Interestingly, all three VirD4 variants
bound the Hisg-VirE1l/FLAG-VirE2 complex (Fig. 6B, left).
These domains did not detectably bind VirE1, nor did MBP alone
interact with VirEl or VirE2, confirming that the VirD4,, do-
mains were responsible for binding the VirE2 component of the
chaperone/effector complex (Fig. 6B and data not shown). The
MBP-tagged SDy,,, NBD/CTD,,, and AAD,, variants also bound
the Hise-VirE2CT100 fragment bearing the putative C-terminal
TS (Fig. 6B, right).

We attempted to purify MBP-NBD/CTDp,,, MBP-AADy,,, and
His,-VirE2CT100 in sufficient amounts to evaluate the relative
binding affinities of the VirD4 domains to the VirE2 substrate by
ITC. While we were able to gain further evidence for binding of
VirD4,,.’s AAD and NBD/CTD to VirE2CT100, the binding affin-
ities were not high enough to produce quantitative data (see Fig.
S4 in the supplemental material). We suspect that this was due
either to insufficient concentrations of soluble forms of the MBP-
tagged domains, which tended to aggregate, or to weak affinity or
transient binding. Regardless, the findings support the results
from the pulldown assays suggesting that more than one of
VirD4,,’s domains engage with VirE2. This could reflect a com-
plex docking reaction in which multiple domains of the T4CP
simultaneously engage with the substrate or a sequence of do-
main-substrate binding reactions corresponding to distinct sub-
steps of the translocation pathway.
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FIG 6 VirD4,, domain interactions with the VirE1/VirE2 complex and the
VirE2CT100 fragment bearing a putative translocation signal. (A) Purified forms
of proteins/domains subjected to pulldown assays. (Left) MBP-tagged VirD4,,
domains: SDp,,, soluble VirD4,,, with its N-terminal transmembrane domain de-
leted; NBD/CTDy,,, SDp, with the AAD deleted; AAD,,, AADy,, only; CTDy,,,
VirD4,,’s C-terminal 104 residues. Mass, molecular mass markers (in kilodal-
tons); MBP, purified MBP tag. (Right) His,-VirE1/FLAG-VirE2 complex with
positions of VirE2 (*) and VirEl (-) indicated; His,-VirE2CT100, His-tagged C-
terminal 100 residues of VirE2; His,-VirEl, His-tagged VirE1 chaperone. Proteins
were identified by staining with Coomassie blue G-250 (Bio-Rad). (B) MBP-
tagged VirD4 domains were bound to the amylose resin, and the protein-bead
complexes were mixed with Hise-VirE1/FLAG-VirE2 complex (left) or His-
VirE2CT100 (right). Following extensive washes, the bound proteins were eluted
from the beads with maltose and identified by immunostaining with anti-MBP,
-FLAG, or -His antibodies, as indicated. Full-length proteins detected by anti-
MBP immunostaining are marked with white dots; other immunoreactive species
are putative breakdown products. The MBP-tagged domains did not detectably
interact with purified His¢-VirEl (data not shown).

DISCUSSION

The T4CPs are a unique receptor superfamily associated with
nearly all T4SSs (2, 16). T4CPs fulfill the complex tasks of serving
as docking sites for cognate DNA or protein substrates, energizing
substrate transfer, and productively engaging with translocation
channels (17, 19, 22, 30, 47, 80, 81). In this study, we showed that
chimeric TACPs composed of the NTD of Tra]J k1101 and soluble
domains of VirD4 homologs from alphaproteobacterial species
support transfer of heterologous protein substrates through the
pKM101 conjugation system. We further advanced a mechanistic
understanding of T4CP function by determining that acidic C-
terminal tails, when present, positively or negatively modulate
substrate transfer efficiencies. Finally, our studies established a
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proof of principle for the use of conjugation systems in genetically
tractable E. coli for monitoring translocation of known or candi-
date effectors of T4SSs operating in recalcitrant species.

T4CP coupling activities. To fulfill their coupling functions,
T4CPs must interact with secretion substrates and cognate T4SS
channels. The latter contacts were not a major focus of our study,
but prior work has shown that T4CPs interact with VirB10-like
subunits, as well as the VirB4- and VirB11-like ATPases (15, 18,
30, 44, 47, 82). This interaction network is required not only for
early-stage reactions mediating substrate transfer across the inner
membrane but also for transduction of intracellular signals across
the T4SS channel, enabling substrate translocation to the cell ex-
terior. Earlier studies showing that the transmembrane domains
(NTDs) of T4CPs are necessary for the VirB10 interaction (18, 44,
47, 83, 84) formed a basis for our design of chimeric T4CP recep-
tors. The fact that these chimeras were functional confirmed the
necessity for the NTD and further suggested that this domain
suffices to couple receptors to cognate translocation channels. The
nature of NTD contacts with VirB10 or other components of the
translocation channel, however, remains a particularly intriguing
area for further investigation in view of stoichiometries reported
for the T4SS subunits. For example, T4CPs assemble as hexamers
(17), whereas subunits of a large complex of proteins at the inner
membrane have copy numbers of 12 or 24 and subunits of an
outer membrane subassembly (that includes VirB10) have copy
numbers of 14 (85, 86).

In the A. tumefaciens VirB/VirD4 T4SS, the VirB4 and VirB11
ATPases coordinate with the VirD4 receptor to mediate translo-
cation of DNA substrates across the cell envelope (15, 30, 47). The
nature of these or other T4SS ATPase interactions is not fully
defined but is predicted to involve contacts between their cyto-
plasmic domains (37, 82, 87, 88). Accordingly, the VirD4 moieties
of the chimeric T4CPs must productively engage with the
pKM101-encoded VirB4-like TraB and VirBll-like TraG
ATPases for protein transfer through the pKM101 channel. It is
interesting that these VirD4 homologs exhibit only weak sequence
similarities with the TraJ k0, T4CP (see Fig. S2 in the supple-
mental material), which raises the possibility that the ATPase sub-
unit contacts are transient and possibly stimulated by activating
signals, such as substrate docking, ATP binding, or hydrolysis. Such a
proposal is consistent with a recent model, based on genetic and
structural studies of the R388-encoded ATPases, positing that tran-
sient contacts between the TrwBgsgs Substrate receptor and the
VirB11-like TrwD ATPase act as a switch to convert the R388 channel
from a pilus assembly system to a translocation channel (82).

With respect to the coupling of T4CPs with cognate substrates,
our findings add to earlier evidence that the AAD functions as a
substrate specificity determinant and further suggest that the
CTD, when present, also plays a role in modulating the efficiency
of the docking reaction. Mutational analyses of the AADs of E. coli
TraDy and TrwBgsgq (18, 89) and, more recently, A. tumefaciens
VirD4,, and Enterococcus faecalis PcfCcp o (19) provided genetic
evidence for their contributions to substrate discrimination. The
AADs of VirD4,, and PcfC,cpy, also bind the VirD2,, and
PcfG o relaxases (19) that are responsible for processing and
then piloting DNA cargoes through the A. tumefaciens VirB/
VirD4 and E. faecalis Prg/Pcf T4SSs, respectively (70, 90). VirD2
carries a charged C terminus, the deletion of which abolishes
translocation of VirD2 and T-DNA substrates to plant cells (70).
VirD2’s C-terminal TS is also essential for docking of the T-DNA
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substrate with VirD4,, in vivo (47) and for a detectable VirD2-
AADy;,p, interaction in vitro (19). Together, these findings indi-
cate that the AAD mediates binding of cognate DNA substrates at
least partly through recognition of relaxase translocation signals
(19). A recent study identified a second, internal motif that is also
important for VirD2 transfer, and it will now be of interest to
determine if this motif also contributes to the relaxase-VirD4
docking reaction (70). Other relaxases also carry internal TSs
whose contributions to T4CP docking are presently undefined (7,
9,53,91).

VirD4,,’s AAD is also required for VirE2 translocation to plant
cells (19). Here, we gained further evidence that the AAD is in-
volved in binding of this effector through pulldown assays (Fig.
6B) and by ITC (see Fig. $4 in the supplemental material). How-
ever, we also showed that VirD4 lacking the AAD also bound these
VirE2 substrates (Fig. 6B) and, acknowledging the limitations of
the ITC data, we were unable to distinguish affinity differences in
binding of the VirD4 AAD or AAAD variant with VirE2’s C-ter-
minal TS (see Fig. S4 in the supplemental material). These findings
are consistent with a role for VirD4’s AAD in recruitment of VirE2
but do not exclude the possible involvement of other VirD4 do-
mains in effector docking or later-stage reactions.

We were particularly interested in evaluating the contribution
of VirD4,.’s CTD to substrate docking or translocation. T4CPs
associated with effector translocators often carry such domains,
which vary considerably in length but typically consist of a high
proportion of acidic residues (2). The latter feature is most strik-
ingly illustrated with the A. phagocytophilum VirD4 CTD, nearly
half of which is composed of Glu and Asp residues (see Fig. S1 in
the supplemental material). Underscoring the potential impor-
tance of these acidic termini for substrate binding, DNA binding
proteins often carry acidic C-terminal tails important for binding
to nucleic acid or protein partners or for stimulating NTP hydro-
lysis activities of protein partners (74-78). In fact, in the one
T4CP-substrate contact structurally solved to date, acidic C-ter-
minal residues were shown to specify substrate binding. In the E.
coli F plasmid transfer system, the TraDy receptor recruits the F
plasmid in part through binding of the relaxosome subunit TraM.
An X-ray structure of the TraD-TraM interaction revealed specific
contacts between TraD’s C-terminal acidic residues and TraM
(20, 92). Genetic studies confirmed that the TraDg-TraMj, inter-
action promotes efficient F plasmid transfer and also that this
interaction strongly inhibits transfer of the MOBQ plasmid
RSF1010 through the F T4SS (20, 93). TraD’s C terminus thus
confers selective binding of the cognate F plasmid substrate while
simultaneously blocking receptor access by a promiscuous MOBQ
plasmid substrate.

VirD4,,’s CTD similarly was required for translocation of the
cognate T-DNA substrate in A. tumefaciens (Fig. 4B). In contrast
to the F transfer system, however, VirD4,’s CTD is completely
dispensable for and also does not interfere with transfer of a
MOBQ substrate (Fig. 4), arguing against a competitive-interfer-
ence model as invoked for the F plasmid system. Of further inter-
est, VirD4,’s CTD exerted opposing effects on translocation of
different effector proteins, as evidenced by its requirement for
VirE2 transfer and its antagonistic role in the transfer of VirE3 and
VirF (Fig. 4B and 5B). The CTDs of the VirD4,, and VirD4,y,
homologs also generally negatively impacted translocation of the
known or candidate rickettsial effectors (Fig. 5B). VirD4,,’s CTD
might play a critical role in VirE2 transfer through direct binding
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of the effector; however, thus far, we have been unable to gain
evidence for direct contacts with either the VirE1/VirE2 complex
or the VirE2CT100 fragment (Fig. 6). It remains possible that the
CTD weakly or transiently interacts with VirE2 or other effectors
to regulate their access to other TACP domains. Alternatively, the
CTD might form intrasubunit contacts with other T4CP domains
to expose or occlude access to effectors as a means of regulating
docking reactions. Deciphering the mechanism of action of CTDs
in modulating effector docking or translocation reactions remains
an intriguing area for further investigation.

In sum, our studies have further defined contributions of the
all-alpha and C-terminal domains of T4CPs to T4SS substrate-
docking reactions. VirD4,,’s AAD is essential for translocation of
all the tested substrates in vivo and binds DNA and protein sub-
strates in vitro. In contrast, VirD4,,’s CTD exerts differential ef-
fects on substrate translocation but is completely dispensable for
translocation of a promiscuous MOBQ plasmid. The CTDs of
VirD4,, and VirD4,, also exerted differential effects on substrate
transfer, supporting a general proposal that T4CPs acquired these
domains over evolutionary time as a means of exerting spatiotem-
poral control over the translocation of different effector cargoes
during infection processes.

Chimeric T4CPs for T4SS effector identification and other
applications. Thus far, candidate T4SS effectors from obligate
intracellular rickettsial species have been identified through two-
hybrid screens for VirD4-interacting proteins, bioinformatics
screens for proteins with eukaryote-like motifs, and iTRAQ or
immunofluorescence methods for detection of bacterial proteins
within the eukaryotic host cell (67-69, 73, 94-96). Only a few such
effectors, however, were confirmed as T4SS substrates by demon-
strations of trafficking through surrogate A. tumefaciens VirB/
VirD4 or L. pneumophila or Coxiella burnetii Dot/Icm T4SSs (67,
68, 96). Translocation of rickettsial effectors through the L. pneu-
mophila and C. burnetii Dot/Icm systems is in fact surprising in
view of the fact that DotL and rickettsial VirD4 T4CPs are only
weakly phylogenetically related (see Fig. S2 in the supplemental
material). The results of our studies suggest that E. coli conjuga-
tion systems configured with chimeric T4CPs offer distinct advan-
tages over other surrogate systems in ease of use, genetic manipu-
lation, and, most importantly, fidelity with respect to recruitment
of cognate substrates. One possible limitation, common to all sur-
rogate systems (97, 98) and evidenced here with A. tumefaciens
VirE2 (Fig. 2A), is that effectors requiring a chaperone or adaptor
for translocation are not efficiently delivered via chimeric T4CPs
through E. coli conjugation channels.

We confirmed that A. phagocytophilum Ats-1 is a bona fide
T4SS substrate and provided the first evidence that the charged C
terminus of Ats-1 (10) suffices to mediate transfer through a T4SS.
Both Tra]/VirD4,, and Tra]/VirD4y,, supported Ats-1 transfer,
which at the outset established the utility of both chimeras for
monitoring transfer of candidate effectors from W. pipientis.
We also demonstrated transmissibility of three candidate effec-
tors bearing eukaryote-like domains, WD0636 (Ank domain),
WDO0811 (WH2 domain), and WD0830 (WalE1; synuclein do-
main), via the TraJ/VirD4y, and Tra]/VirD4,, chimera T4CPs. A
demonstration of WalE1 translocation was of particular interest in
view of recent work showing that WalE1 production in Saccharomy-
ces cerevisiae induces a growth defect with formation of aberrant,
filamentous structures that colocalize with actin (99). In vitro studies
confirmed that purified WalE1 bundles actins and cosediments with
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actin filaments in vitro. WalE1 transcripts also were shown to be up-
regulated during critical stages of Drosophila development and, when
overexpressed, WalE1 localizes to the developing oocyte. Taken to-
gether, these data led to a proposal that Wolbachia secretes WalE1
during development to manipulate host actin and facilitate replica-
tion in and infection of important niches in the fly host (99). Our
present findings add to this intriguing story by providing strong evi-
dence that WalFE1 is secreted via the Wolbachia T4SS. This is the first
confirmed T4SS effector for a Wolbachia sp., and our results suggest
that phenotypic profiling of two more candidate effectors, WD0636
and WDO0811, in model yeast and natural fly hosts is now warranted.

We attribute the ability of the Tra]/VirD4,,, and Tra]/VirD4y,,
chimeras to translocate effectors from both A. phagocytophilum
and W. pipientis to the fact that VirD4,, and VirD4,y,, exhibit
>90% sequence identities across their NBDs and AADs (see Fig.
S2 in the supplemental material). Nevertheless, it is reasonable to
predict that A. phagocytophilum and W. pipientis secrete distinct
sets of effectors during infection of mammalian, fly, or nematode
hosts. This is supported by the results of bioinformatics screens,
which identified as many as 50 candidate effectors in A. phagocy-
tophilum, only 4 of which possess Ank domains, whereas Wolba-
chia genomes encode as many as 60 Ank proteins (68, 69, 73, 96).
It is conceivable that the CTDs of these T4CPs, which differ ex-
tensively in their primary sequences (see Fig. S1 and S2 in the
supplemental material), play critically important roles in specify-
ing effector repertoires of rickettsial T4SSs during infection pro-
cesses. Indeed, even with Wolbachia, species-specific variations
exist in the lengths and sequence compositions of the encoded
VirD4 T4CPs (see Fig. S2E in the supplemental material). It is
interesting that of the characterized rickettsial effectors, only Ats-1
and WDO0811 possess positively charged C termini (see Fig. S3 in
the supplemental material). These findings raise intriguing ques-
tions about the locations and properties of TSs in specifying effec-
tor repertoires among the different Rickettsia species.

The results of our studies confirmed that the T4CPs are critical
substrate specificity checkpoints for T4SSs and advanced a mech-
anistic understanding of the T4CP domain requirements for sub-
strate docking. The data support a general model in which func-
tional diversification of T4SSs over evolutionary time was
achieved through acquisition of novel structural features, e.g.,
CTDs, by T4CP receptors (11). Future work devoted to the engi-
neering of chimeric T4CPs in different species might prove useful
for targeted delivery of therapeutic protein or DNA substrates via
repurposed T4SSs into specific eukaryotic host cells of interest.
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