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Agrobacterium tumefaciens is a plant pathogen that utilizes a
type IV secretion system (T4SS) to transfer DNA and effector
proteins into host cells. In this study we discovered that an
�-crystallin type small heat-shock protein (�-Hsp), HspL, is a
molecular chaperone for VirB8, a T4SS assembly factor. HspL is
a typical �-Hsp capable of protecting the heat-labile model sub-
strate citrate synthase from thermal aggregation. It forms olig-
omers in a concentration-dependent manner in vitro. Bio-
chemical fractionation revealed that HspL ismainly localized in
the inner membrane and formed large complexes with certain
VirB protein subassemblies. Protein-protein interaction studies
indicated that HspL interacts with VirB8, a bitopic integral
inner membrane protein that is essential for T4SS assembly.
Most importantly, HspL is able to prevent the aggregation of
VirB8 fused with glutathione S-transferase in vitro, suggesting
that it plays a role asVirB8 chaperone. The chaperone activity of
two HspL variants with amino acid substitutions (F98A and
G118A) for both citrate synthase and glutathione S-transferase-
VirB8was reduced and correlatedwithHspL functions in T4SS-
mediated DNA transfer and virulence. This study directly links
in vitro and in vivo functions of an �-Hsp and reveals a novel
�-Hsp function in T4SS stability and bacterial virulence.

�-Crystallin-type small heat-shock proteins (�-Hsps)2 are
ubiquitous ATP-independent low molecular mass chaperones
consisting of a conserved�-crystallin domain of 80–100 amino
acid residues flanked by a variable N-terminal region and a
C-terminal extension (1). A number of in vitro and in vivo
studies demonstrated that �-Hsps bind partially denatured
proteins to prevent irreversible protein aggregation resulting

from stresses or diseases (2). In contrast, little is known about
the actual physiological substrates or clients of �-Hsps and
the molecular mechanisms underlying their in vivo func-
tions. Studies with �-Hsp variants demonstrated that the
chaperone activity determined in vitro is critical for their func-
tion in vivo, that is very important for organisms. Point muta-
tions in human �A-crystallin are associated with hereditary
cataracts (3–5). The �A-crystallin R49C protein causes both
loss of chaperone activity in vitro (6) and increases protein
insolubility in vivo (7, 8), suggesting the importance of its chap-
erone activity for eye lens transparency. Mutation studies of
Hsp16.6 from the cyanobacterium Synechocystis indicated a
link between in vitro chaperone activity and cellular thermotol-
erance (9–11). Almost all characterized �-Hsps have been
studied using thermal-labile artificial model substrates such as
citrate synthase (CS), firefly luciferase, or malate dehydrogen-
ase to determine their ability in preventing aggregation of these
substrates in vitro (12, 13). Occasionally, different model sub-
strates provided conflicting results emphasizing an urgent need
for the identification of the actual physiological �-Hsp sub-
strates or clients.
In general, the expression of bacterial �-Hsp genes is

low or undetectable under normal growth conditions but is
massively induced under heat shock or as consequence of
other non-heat-shock stresses (1). The induction of bacterial
�-Hsp genes during the process of bacterial infection or under
virulence-induced conditions was previously reported in the
human pathogensMycobacterium tuberculosis (14–16),Myco-
bacterium leprae (17), and the plant pathogen Agrobacterium
tumefaciens (18). Although the �-Hsp genes inM. tuberculosis
andA. tumefaciens are required for full virulence, themolecular
mechanisms underlying their role in bacterial virulence are not
clear. Multiple �-Hsp genes are present in rhizobial bacteria
(19–21) includingA. tumefaciens containing at least fourmem-
bers of �-Hsp genes (hspC; hspL; hspAT1; hspAT2) (22). The
latter three were induced by heat shock (22), whereas only hspL
was up-regulated by the virulence gene inducer acetosyringone
(AS) (18, 23).
A. tumefaciens is a Gram-negative plant pathogenic bacte-

rium with the unique ability to conduct interkingdom DNA
transfer to plant genomes. This horizontal gene transfer is
mediated by an evolutionarily conserved type IV secretion
system (T4SS) comprising the VirD4-coupling protein and
11 VirB proteins (VirB1 to VirB11) that also assembles T-pili
(24, 25). Accumulating biochemical and genetic data suggest
that VirB6 and VirB8 are inner membrane proteins function-
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ing as an inner membrane base complex to connect the VirB7/
VirB9/VirB10 core channel across the double membrane (26–
28). Crystallography and protein-protein interaction studies
also suggest that VirB8 dimerization and interactions with
VirB4 and VirB10 are important for its role in T4SS assembly
(29, 30). As monitored by transfer DNA immunoprecipitation
assays, the T-complex (a covalent complex of single-stranded
DNA and VirD2) is translocated across the cell envelope via
four discrete steps of sequential interactions with VirD4,
VirB11, VirB6/VirB8, and VirB2/VirB9 (31). In addition to
transporting theT-complex and effector proteins frombacteria
into plant cells, the T4SS can translocate the Q group incom-
patibility plasmid RSF1010 from A. tumefaciens into plant cells
(32) or between agrobacteria (33).
Wepreviously discovered thatHspL is aVirB-induced�-Hsp

involved in VirB protein accumulation, T4SS-mediated DNA
transfer, that is required for full virulence of A. tumefaciens
(18). Here, we demonstrate that HspL is a typical molecular
chaperone interacting not onlywith themodel substrate CS but
also with VirB8. HspL is able to protect both target proteins
from aggregation in vitro. The altered chaperone activity of two
HspL variants correlated well with reduced HspL functions in
promoting T4SS-mediated DNA transfer and virulence. The
provided evidence strongly suggests that HspL functions as a
VirB8 chaperone and that this chaperone activity is responsible
for its role in DNA transfer and virulence of A. tumefaciens.

EXPERIMENTAL PROCEDURES

Plasmids, Bacterial Strains, and Growth Conditions—The
bacterial strains and plasmids constructed or used in this study
were summarized in supplemental Table 1. The sequences of
primers used for plasmid construction were listed in supple-
mental Table 2. A. tumefaciens strains were routinely grown at
28 °C in 523 medium (34), and Escherichia coli strains were
grown at 37 °C in Luria-Bertani medium (35). Antibiotics were
added at the following final concentrations: 100�g/ml ampicil-
lin, 20 �g/ml of tetracyclin (Tc), and 10 �g/ml of gentamicin
(Gm) for E. coli; 50 �g/ml erythromycin, 50 �g/ml of rifampi-
cin, 250 �g/ml of spectinomycin, 20 �g/ml of Tc, and 50 �g/ml
of Gm for A. tumefaciens. The A. tumefaciens virulence gene
induction was performed as described (18) by growing the
agrobacterial cells in I-medium (AB-MES, pH 5.5) (36) at 25 °C
for 16 h in the presence of 200 �M AS (Sigma) without the
addition of any antibiotics.
SDS-PAGE and Western Blot Analysis—Proteins were re-

solved by either glycine-SDS-PAGE (35) or Tricine-SDS-PAGE
(37). Western blot analysis was performed as described previ-
ously (36) using primary polyclonal antibodies against HspL
(18), VirB (38, 39), or GroEL (40) followed by secondary anti-
body using horseradish peroxidase-conjugated goat anti-rabbit
IgG (Chemicon International, Inc.) and detection using the
Western Lightning System (PerkinElmer Life Sciences).
Chemiluminescent signals were visualized on an x-ray film
(Eastman Kodak Co.).
Protein Expression and Purification—The expression vec-

tors pET22b(�) and pET42b(�) were used to construct the
plasmids for overexpression of His-tagged HspL and glutathi-
one S-transferase (GST)-fused VirB8, respectively. The overex-

pression of HspL-His (�19 kDa) and GST-VirB8 (�52 kDa) in
the E. coli BL21(DE3) strain was performed according to the
instructions of the pET user manual (Novagen, EMD Bio-
sciences, Inc.) by isopropyl 1-thio-�-D-galactopyranoside (0.4
mM) induction at 37 °C for 1.5 h (HspL-His) or 28 °C for 2 h
(GST-VirB8). His-tagged HspL and variants were purified via
Ni-NTA His Bind Resins, and GST-VirB8 was purified via glu-
tathione-agarose (Sigma).
Thermal Aggregation Protection Assay—The artificial model

substrate CS (Sigma) or native client VirB8 fused with GST
were used as substrates for thermal aggregation protection
assays (41). Thermal aggregation of CS and GST-VirB8 were
induced at 43 and 50 °C, respectively, and they were co-in-
cubated with His-tagged HspL or two inactive variants
(HspLF98A and HspLG118A) in 50 mM sodium phosphate,
pH 6.8, to assess the HspL chaperone activity in protecting
substrates from aggregation. CS was dialyzed against TE
buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and stored at
�20 °C before use.
Size Exclusion Chromatography (SEC)—Native sizes of His-

taggedHspL and its variantswere determined by analytical SEC
on a Superdex 200 pg Hiload 16/60 column (GE Healthcare) in
the cold room (4–8 °C) after equilibration with mobile buffer
(1 M NaCl, 50 mM sodium phosphate pH 8.0, 10% glycerol).
Purified proteins were separated on an ÄKTATM explorer sys-
tem (GE Healthcare) at a flow rate of 0.7 ml/min. Absorbance
was recorded at a wavelength of 280 nm. Blue dextran (2000
kDa) was used to determine the void volume that we routinely
obtained at 43.3-ml elution with the following calibration pro-
teins: thyroglobulin (669 kDa), apoferritin (443 kDa), amylase
(200 kDa), alcohol dehydrogenase (150 kDa), albumin (66 kDa),
carbonic anhydrase (29 kDa), and vitamin B12 (1.3 kDa).
Biochemical Fractionations, Membrane Protein Solubili-

zation, and Spheroplast Protease Accessibility Assay—Cellu-
lar fractions were isolated as described (42) with the excep-
tion of lysozyme (Sigma) treatment that was conducted on
ice for 1 h after cell lysis. Protein solubilization experiments
with detergents were performed as described (43) with minor
modifications. Insoluble membrane fractions (1 mg/ml
protein concentration) were resuspended in 200 �l of 50 mM

Tris-HCl, pH 7.5 (buffer only), or in the presence of 1 M

NaCl, 0.1% Na2CO3, 1% Triton X-100, 6 M urea, or 1% SDS in
the buffer. After incubation on ice for 30 min, the samples
were centrifuged at 150,000 � g for 1 h to sediment insoluble
proteins. The resulting supernatant and the pellets resus-
pended in 200 �l of 50 mM Tris-HCl, pH 7.5, were analyzed
by Western blotting. Spheroplasts were prepared as de-
scribed (44) with minor modifications. A. tumefaciens cell
culture was harvested by centrifugation at 10,000 � g at 4 °C
for 10 min and resuspended in buffer (50 mM Tris-HCl, pH
7.5, 20% sucrose, 2 mM EDTA, 0.2 mM dithiothreitol, 0.25
mM phenylmethylsulfonyl fluoride) to A600 � 10. The cell
suspension was treated with lysozyme (0.5 mg/ml) and incu-
bated on ice for 1 h. Spheroplasts were collected by centri-
fugation at 5000 � g for 5 min, gently washed once, and
resuspended in the same volume of buffer (50 mM Tris-HCl,
pH 7.5, 20% sucrose, 10 mM MgSO4) followed by treatment
with Streptomyces griseus protease (Sigma) at the final con-
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centration of 100, 50, or 25 �g/ml for 10 min on ice. The
reaction was stopped by adding 2� SDS sample buffer (35),
and the samples were then boiled immediately for 15 min.
Dodecyl-�-D-maltopyranoside (DDM)-extracted HspL Com-

plex and Its Interacting Protein(s)—Themembrane isolation,
extraction of membrane-associated proteins with DDM
and SEC for analysis of HspL and VirB protein complexes,
were conducted as described (45) with minor modifications.
Membrane fractions isolated from A. tumefaciens strains
NT1RE(pJK270) or �hspL(pHspL-His) grown in AS-induced
I-medium at 25 °C for 16 h were resuspended at 0.2 mg/ml
protein concentration in lysis buffer (50mM sodiumphosphate,
250mMNaCl, pH 8.0) containing 2%DDM and incubated with
rocking at 4 °C overnight to extract membrane protein com-
plexes. The DDM-extracted soluble fractions were collected by
centrifugation at 150,000 � g at 4 °C for 1 h, which sedimented
the insoluble fraction. 1 ml of DDM-extracted proteins was
analyzed by SEC on a Superdex 200 HiLoad 16/60 column as
described above. When applicable, the samples were 4-fold-
diluted in lysis buffer and used to pull down potential HspL-
interacting protein(s) purified via a Ni-NTA His Bind Resin
column (Novagen). Purified HspL-His and its interacting pro-
tein(s) were resolved by glycine-SDS-PAGE and detected by
Western blotting with specific antibodies.
Yeast Two-hybrid Analysis—MatchmakerTM yeast two-hy-

brid analysis was performed according to the instructions of
the user manual (Clontech, Mountain View, CA). The PCR-
amplified full-length virB8 (VirB8-Y2H, digested by NdeI/
EcoRI) and hspL (HspL-Y2H, digested by NdeI/BamHI) were
cloned into pGADT7 to create anN-terminal fusion to the acti-
vation domain and into pGBKT7 to create anN-terminal fusion
to the DNA binding domain (Clontech) at the same restriction
enzyme sites, respectively. Each pair of plasmids was trans-
formed into Saccharomyces cerevisiae strain AH109 and
selected on synthetic dextrose minimal medium in the absence
of leucine and tryptophan grown at 28 °C for 3 days. The posi-
tive clones were selected twice by their growth on synthetic
dextrose medium in the absence of Ade, His, Leu, and Trp
grown at 28 °C for 3 days.
Co-purification of HspL-His and VirB8 from E. coli—The

proteins encoded by pETHspL and pTrcB8 plasmids were co-
expressed in E. coli BL21(DE3) by isopropyl 1-thio-�-D-galac-
topyranoside induction at 37 °C (0.4mM) for 2 h. Soluble HspL-
His and its interacting protein(s) were bound to a Ni-NTA His
Bind Resin column (Novagen) and washed with washing buffer
(50 mM NaH2PO4, 300 mM NaCl, 50 mM imidazole, pH 8.0)
following the manufacturer’s instructions. The bound proteins
were eluted with elution buffer (50 mM sodium phosphate,
300 mM NaCl, 250 mM imidazole, pH 8.0), resolved by gly-
cine-SDS-PAGE, and detected by Western blotting with
VirB8- and HspL-specific antibodies.
Conjugal Transfer Analysis of Q Group Incompatibility Plas-

mid RSF1010—The conjugation assays were carried out using
NT1RE(pJK270), and its derivatives as donor strains and
NT1RE-Sp as the recipient strain is as described (18).
Tumor Assay on Potato Tuber Discs—Quantitative tumori-

genesis assays using potato tuber discs were performed follow-
ing the method described (18) with minor modifications.

The potato tuber discs were placed on water agar, infected
with 10 �l of bacterial culture, and incubated at 24 °C for 24 h.
To prevent bacterial growth, infected potato discs were dipped
into phosphate-buffered saline containing Timentin (25 �g/
ml) for a few seconds before further incubation at 24 °C on
water agar supplemented with Timentin (100 �g/ml). Tumors
were scored after 3 weeks.

RESULTS

HspL Possesses Concentration-dependent Chaperone Acti-
vity and Oligomerizes in Vitro—To understand the molecu-
lar mechanism underlying the contribution of HspL to T4SS-
mediated DNA transfer and virulence of A. tumefaciens, we
first investigated whether HspL possesses typical chaperone
activity in preventing a model substrate from thermal aggre-
gation. His-tagged HspL was purified and co-incubated with
the standard heat-labile substrate CS at 43 °C. Although CS
alone or in the presence of bovine serum albumin as a control
aggregated rapidly as measured by light scattering (absor-
bance at 360 nm), thermal aggregation was inhibited in the
presence of HspL (Fig. 1A). CS aggregation was reduced with
increasing HspL concentrations, reaching full protection of
CS from aggregation when HspL/CS co-incubation was set
at a molar ratio of 2:1 (Fig. 1A). This result indicated that
HspL is a typical �-Hsp possessing chaperone activity in pro-
tecting CS from thermal aggregation in a concentration-de-
pendent manner.
Another property of �-Hsp is the formation of large olig-

omers, which is a prerequisite for chaperone activity (2). SEC
analysis of purified soluble HspL resulted in two major peaks,
the first corresponding to the void volume. Both peaks in-
creased with increasing protein concentrations, and the second
peaks corresponded to molecular masses of 208, 264, and 330
kDa at 0.5, 1.0, and 2.0 mg/ml protein concentration, respec-
tively (Fig. 1B). Based on SDS-PAGE analysis, the majority of
HspL eluted in the second peaks, but we also detected low
amounts eluted in the void volume (�44 ml of elution volume)
(supplemental Fig. S1). The data suggest that native HspL pre-
dominantly forms large complexes containing appropriately
12–18 subunits.
TwoHspLVariants Causing ReducedHspL Chaperone Activ-

ity and Altered Oligomerization Patterns—The �-crystallin
domain of �-Hsps plays a critical role in its oligomerization
and chaperone activity (9, 41). Multiple amino acid sequence
alignments of HspL and selected homologs encoded by Rhi-
zobiaceae and Homo sapiens �-crystallin A and B revealed
the presence of a typical �-crystallin domain with conserved
amino acid residues in HspL (supplemental Fig. S2). Several
amino acid residues are strikingly conserved in all �-Hsps,
strongly suggesting that these conserved amino acids are
critical for �-Hsp function. Here, we generated two HspL
variants in which the conserved residues Phe-98 or Gly-118
were substituted by Ala (F98A and G118A, supplemental
Fig. S2). The importance of these two conserved amino acids
has been documented previously in assays for both in vitro
chaperone activity and in vivo function (9, 41). AlthoughCSwas
fully protected from thermal aggregation by wild type HspL,
HspLF98A completely lost the ability to prevent CS aggrega-
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tion, and HspLG118A possessed reduced chaperone activity
(Fig. 2A). The defect in chaperone activity was not due to pre-
cipitation of the HspL variants that remained mostly soluble
after heat treatment (supplemental Fig. S3).
To determine whether the altered chaperone activity corre-

lated with changes in oligomerization, we examinedHspLF98A
and HspLG118A by SEC and found that oligomerization was
different from the wild type in both cases (Fig. 2B and sup-
plemental Fig. S1). In comparison to the 264-kDa oligomer of
wild type HspL, HspLF98A formed two different complexes,
one eluting with the void volume and the other at 130 kDa.
HspLG118A formed a large 600-kDa oligomer. These results
suggest that formation of a stable and defined oligomer is
important for HspL chaperone activity.

HspL Chaperone Activity Corre-
lates with Its Function in Promot-
ing T4SS-mediated DNA Transfer
and Virulence—We next exam-
ined whether the altered in vitro
chaperone activity of HspLF98A
and HspLG118A correlated with a
change in HspL function in vivo.
The expression of wild type hspL
driven by its native promoter on an
IncP plasmid rescued the defect of
the hspL deletionmutant (�hspL) in
tumorigenesis efficiency on potato
tuber discs (Ref. 18, Fig. 3A, and
supplemental Table 3). In contrast,
the expression of pHspLF98A in
�hspL did not restore wild type
tumor formation, and expression of
pHspLG118A gave an intermediate
phenotype. Similar to our previous
findings (18), the deletion of hspL
had only modest effects on T4SS-
mediated plasmid transfer, but the
expression of HspL stimulated trans-
fer to levels higher than wild type
(Fig. 3B and supplemental Table
4). This effect may be explained by
the modest overexpression of HspL
from the IncP plasmid (18), and the
stimulation underlines the positive
contribution of HspL to T4SS func-
tion. The expression of pHspLF98A
in �hspL did not rescue the reduced
transfer efficiency caused by the
absence of HspL (Fig. 3B, supple-
mental Table 4). Consistent with
its residual in vitro activity,
pHspLG118A caused the increased
T4SS-mediated transfer efficiency
in �hspL to a level between �hspL
and �hspL expressing wild type HspL.
The positive correlation between
chaperone activity, T4SS-mediated
DNA transfer, and virulence strongly

suggested that the chaperone activity ofHspL is critical for its in
vivo functions participation in T4SS.
HspLCo-fractionates with Inner andOuterMembranes—We

showed the importance of HspL chaperone activity in promot-
ing DNA transfer, and this raises the question of how HspL
impacts T4SS functions.Our previous study revealed thatHspL
protein accumulation was triggered in response to certain VirB
proteins, and optimal VirB protein accumulation required
HspL (18). Thus, we hypothesize that HspL may function as a
VirB chaperone to prevent VirB proteins from aggregation
and/or degradation. To assess this possibility, we first examined
the subcellular localization of HspL to determine whether it
co-fractionates with VirB proteins in the membrane. Biochem-
ical fractionations revealed that HspL was present in the insol-

FIGURE 1. The chaperone activity and oligomerization property of HspL-His6. A, thermal aggregation
protection assays using 600 nM CS as substrate were performed at 43 °C in the absence (�) and presence of
HspL-His6 with concentrations at 150 nM (�), 300 nM (f), 600 nM (Œ), and 1.2 �M (F) or of 1.2 �M bovine serum
albumin (BSA; (�). 1.2 �M HspL-His6 (E) or BSA (�) alone were also treated at the same condition as controls.
Aggregation was monitored in absorbance at 360 nm and presented as a function of time. B, 0.5 ml of purified
HspL-His at concentrations of 2.0 mg/ml (continuous line), 1.0 mg/ml (broken line), and 0.5 mg/ml (dotted line)
were analyzed via SEC on Superdex 200 HiLoad 16/60. Blue dextran (2000 kDa) was used to determine the void
volume at �44-ml elution volume and calibration markers are indicated. Protein elution was monitored by
absorbance at 280 nm. mAU, milliabsorbance units.
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uble membrane fractions, whereas little signal was detected in
the soluble cytoplasmic and periplasmic fractions (Fig. 4A).
HspL protein was tightly associated with membranes, because
it was not solubilized by high salt concentrations (1 M NaCl or
0.1% Na2CO3) or mild nonionic detergent (1% Triton X-100).

Only strong denaturant (6 M urea)
or ionic detergent (1% SDS) suc-
ceeded in solubilizing the chaper-
one (Fig. 4B). Further analysis of
the membrane fractions by sucrose
gradient separation revealed that
HspL localized primarily in the
inner membrane but also associated
with the outer membrane (Fig. 4C).
The presence of HspL in both inner
and outer membranes provoked us
to determine whether HspL is ex-
posed across the inner membrane.
We converted agrobacterial cells
to spheroplasts and performed prote-
ase sensitivity assays. We observed
the complete digestion of HspL
without traces of truncated prod-
ucts, and this suggested that mem-
brane-associated HspL is exposed
toward the periplasm (Fig. 4D). As
controls, cytoplasmic GroEL and
the integral inner membrane VirB2
proteins were analyzed and shown
to be resistant to protease digestion,
whereas the bitopic inner mem-
brane VirB8 was amenable to pro-
teolytic cleavage, resulting in trun-
cated products.
HspL Co-fractionates with VirB

Complexes and Interacts with VirB8,
a Key T4SS Assembly Factor—HspL
is predicted to be a soluble protein
without signal peptide or trans-
membrane domain (23), and there-
fore, its co-fractionation withmem-
branes may be due to its association
withmembrane-associated VirB pro-
tein complexes. To assess this possi-
bility, we extracted membrane pro-
teins with the mild detergent DDM
and then size-fractionated the DDM-
extracted proteins by SEC (Fig. 5A).
The eluted fractionswere analyzedby
WesternblotwithVirB10 as amarker
of high molecular mass T4SS core
components, VirB2 as a marker of
low molecular mass pilus assembly
complex components, and VirB8 as
a marker present in both subassem-
blies (45, 46). HspL was detected in
fractions across both T4SS subas-
semblies (Fig. 5A), raising the possi-

bility that HspL may associate with certain VirB proteins such
as VirB8 and VirB2 based on their largely overlapped eluted
fractions. To test this possibility, we expressedHspL-His driven
by its native promoter in the hspL deletion mutant under AS-
inducing conditions, collected the DDM-extracted membrane

FIGURE 2. HspL protein variants (HspLF98A and HspLG118A) were impaired in chaperone activity with
altered oligomerization patterns. A, thermal aggregation protection assays using model substrate CS (600
nM) was carried out at 43 °C in the absence (E) or presence of HspL-His6 (F), HspLF98A-His6 (f), and
HspLG118A-His6 (Œ) at concentration of 1.2 �M. Aggregation was monitored in absorbance at 360 nm and
presented as a function of time. B, 0.5 ml (1.0 mg/ml) of HspL-His6 (continuous line), HspLF98A-His6 (broken line),
and HspLG118A-His6 (dotted line) were analyzed via SEC on Superdex 200 HiLoad 16/60. Blue dextran (2000
kDa) was used to determine the void volume at �44-ml elution volume, and calibration markers are indicated.
Protein elution was monitored by absorbance at 280 nm. 10 �l of each eluted 2-ml interval was resolved in 15%
glycine SDS-PAGE followed by Coomassie Blue staining.
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proteins, and purified HspL-His and its interacting proteins
via a Ni-NTA column. Western blot analysis showed that
VirB8 co-eluted with HspL-His but not with VirB2 (Fig. 5B).
This result suggested that HspL forms a protein complex

with VirB8 either by a direct or by an indirect interaction via
other proteins.
To confirm the HspL-VirB8 interaction, we performed co-

purification experiments after co-expressing VirB8 and HspL-
His in E. coli. VirB8 co-eluted with HspL-His from a Ni-NTA
column, and its amount correlated with that of purified HspL-
His in each elution fraction (Fig. 5C). In contrast, VirB8 alone
was not retained by the nickel column in the absence of HspL
(Fig. 5D), suggesting that VirB8 co-purifiedwithHspL-His via a
direct physical interaction. The notion that HspL and VirB8
interact was further supported by yeast two-hybrid analysis. No
interaction was detected when each of the fusion proteins was
expressed alone with the paired empty vector (data not shown).
In agreement with the biochemical data, we detected self-inter-
action of HspL and interaction between HspL fused to the
GAL4 activation domain and VirB8 fused to the DNA binding
domain (Fig. 5E). These protein-protein interaction studies in
A. tumefaciens and in the heterologous E. coli and yeast back-
grounds demonstrated that HspL physically interacts with
VirB8.
HspL Is a VirB8 Chaperone in Protecting GST-VirB8 from

Aggregation in Vitro—VirB8 is a bitopic inner membrane pro-
tein with a short N terminus facing the cytoplasm and a large
C-terminal domain localized in the periplasmic space (26). Its
association with both T4SS core and pilus subassemblies
and direct interaction with several VirB proteins localized in
both inner and outermembranes provided strong evidence that
VirB8 plays a key role in T4SS assembly (26). Based on the
results presented above, it is possible that HspL impacts T4SS
function via functioning as VirB8 chaperone. To test this
hypothesis, we expressed full-length VirB8 fused with GST at
its N terminus and purified the soluble GST-VirB8 fusion pro-
tein (supplemental Fig. S4) for chaperone activity assay. Soluble
GST-VirB8 but not GST alone gradually aggregated during
heat treatment (Fig. 6).When the experiment was conducted in
the presence of HspL, GST-VirB8 was protected from thermal
aggregation (Fig. 6). As in the CS assay (Fig. 2A), HspLF98A did
not protect GST-VirB8 from aggregation, and HspLG118A
possessed reduced chaperone activity (Fig. 6). The chaperone
activity of HspL for both the model substrate CS and VirB8
fused to GST suggests that HspL is a chaperone and that VirB8
is a native substrate in the T4SS complex.

DISCUSSION

The chaperone activity of �-Hsps is usually analyzed by
testing their ability to prevent aggregation of thermally
denatured artificial model substrates in vitro. In most cases it
remains an open question of whether the in vitro chaperone
activity reflects the respective biological function. In this
study we provided strong evidence that the virulence-in-
duced A. tumefaciens small heat-shock protein HspL is a
VirB8 chaperone. The correlation between reduced chaper-
one activity of two HspL variants and the effects on T4SS-
mediated DNA transfer and virulence of A. tumefaciens pro-
vided a direct link between in vitro and in vivo functions. Our
study also revealed the first example of a small heat-shock
protein as a molecular chaperone involved in T4SS functions
and bacterial virulence.

FIGURE 3. HspL protein variants (HspLF98A and HspLG118A) were
impaired in complementing the tumorigenesis efficiency (A) and
T4SS-mediated DNA transfer in �hspL mutant (B). For virulence assay,
A. tumefaciens wild type (WT) strain NT1RE(pJK270), �hspL mutant,
�hspL(pHspL), �hspL(pHspLF98A), and �hspL(pHspLG118A) were ana-
lyzed for their tumorigenesis efficiency (number of tumors per disc) on
potato tuber discs by inoculation with 10 �l (108 cfu/ml) of bacterial cells.
For T4SS-mediated RSF1010 transfer, all A. tumefaciens strains harboring
the Q group incompatibility plasmid RSF1010 served as the donor strains
and co-incubated with the recipient strain NT1RE-Sp (18) on the I-medium
agar in the presence of 200 �M AS at 25 °C for 3 days. The transfer effi-
ciency was evaluated as the number of transconjugants per input donor.
Average values for relative tumorigenesis or RSF1010 transfer efficiency
from three independent experiments are shown with S.E., in which the
efficiency of wild type strain NT1RE(pJK270) was set at 100% and that of
other strains is shown relative to that of NT1RE(pJK270). Means annotated
with the same letter (a– d) are not significantly different; those with differ-
ent letters are significantly different (p � 0.05) according to Duncan’s
multiple range test. Representative potato tuber discs with tumors were
shown. The absolute tumorigenesis and RSF1010 transfer efficiency
obtained from three independent experiments were shown in sup-
plemental Table 3 and 4, respectively.
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Similar to many �-Hsps including HspH of Bradyrhizobium
japonicum (41), HspL oligomerizes in a concentration-depen-
dent manner ranging from appropriately 12 to 18 subunits in
vitro (Fig. 1B). Two available �-Hsp crystal structures,
MjHsp16.5 from the archaeon Methanococcus jannaschii (47)
and TaHsp16.9 from wheat (48), both revealed a hollow, foot-
ball-like 24-mer structure of native �-Hsp. Thus, it is possible
that HspLmay form a spherical structure yet to be determined.
Two HspL protein variants with amino acid substitutions at

specific amino acids in the conserved �-crystallin domain
(HspLF98A and HspLG118A) had reduced chaperone activity
(Figs. 2A and 6), and the oligomeric stateswere altered (Fig. 2B).
We noticed that all SEC analysis resulted in two major peaks,
the first corresponding to the void volume, and both peaks con-

tained HspL proteins (Fig. 2B and supplemental Fig. S1), but
those of HspL and HspLG118A in the void volume represent
only small amounts and do not likely represent a significant
fraction. Although the majority of wild type HspL forms the
264-kDa oligomer, HspLF98A eluted as a smaller 130-kDa olig-
omer and in the void volume (Fig. 2B). HspL and its variants
were purified as soluble proteins, and the majority remained
soluble after heat treatment (supplemental Fig. S3). Therefore,
the significant amounts of HspLF98A eluted in the void vol-
ume, and earlier fractions likely represent a soluble complex
larger than 669 kDa; the largest protein marker could be
resolved by Superdex 200 (GE Healthcare).
The absence of chaperone activity of the HspLF98A is con-

sistent with respective HspH F94A (or F94D) protein of B. ja-

FIGURE 4. Biochemical fractionations of HspL. A, equal volumes of total proteins (T), soluble fraction (S), and insoluble membrane fraction (IS) of wild type
strain NT1RE(pJK270) grown in I-medium at 25 °C for 16 h with the addition of DMSO or AS were subjected to Western blotting. The quality of fractionation was
assessed by monitoring the distribution of GroEL (cytosolic marker) and VirB9 (membrane marker). B, the insoluble membrane fraction was treated in 50 mM

Tris-HCl, pH 7.5 (buffer only), in the presence of salts or detergents as indicated. Soluble (S) and insoluble (IS) fractions were separated by ultracentrifugation
and subjected to Western blotting. C, the insoluble membrane fractions separated by sucrose density gradient centrifugation at 120,000 � g at 4 °C for 18 h
were collected from the top of the gradient and analyzed. The fractions were detected by Western blotting. The fractions containing the outer membranes
(OM) and inner membranes (IM) were identified on the basis of the activity of the inner membrane specific enzyme NADH oxidase (open triangle) and the outer
membrane specific lipopolysaccharide 2-keto-3-deoxyoctonate (KDO, open square) (57). D, spheroplasts were treated with protease at different concentrations
(0, 25, 50, or 100 �g/ml) and subjected to Western blotting. The resistance of cytosolic GroEL to protease digestion indicates the quality of spheroplast
preparation.
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ponicum (41) and Hsp16.6 F102A protein of Synechocystis (9).
AlthoughHspHG114A in B. japonicum caused a complete loss
of chaperone activity, the HspLG118A still retained partial
chaperone activity, similar with that observed in the respective
Hsp16.6G124A protein in Synechocystis (9). The importance of
G118 for proper oligomerization is consistentwith critical roles
of equivalent Synechocystis Hsp16.6 G124 and B. japonicum
HspH G114 in maintaining oligomers (9, 41). The HspL F98A
protein formed both larger and smaller oligomers (Fig. 2B) but
did not render the proteinmonomeric (�19-kDa) like its coun-
terparts, HspH F94A or F84D in B. japonicum (41), or form
dimers (�38 Da), like the equivalent Hsp16.6 F102A in Syn-
echocystis (9). The somewhat distinct functions of conserved
amino acids in different �-Hsps in dimerization or oligomeri-
zation imply that different �-Hsps may not fold into oligomers
in the same manner. Nevertheless, our results clearly indicate

that the amino acid residues Phe-98 and Gly-118 of HspL are
critical for maintaining proper oligomerization (Fig. 2B).

The lost or reduced chaperone activity observed in case of
the two HspL variants (F98A and G118) (Figs. 2A and 6) corre-
lated with the loss or reduction of their ability in promoting
T4SS-mediated RSF1010 transfer between agrobacteria and
tumorigenesis (Fig. 3). The link between in vitro and in vivo
functions has also been observed for the equivalent Hsp16.6
F102A and G124A that resulted in loss and severe reduction in
thermotolerance of Synechocystis, respectively (9). Basha et al.
(49) showed thatHsp16.6 interacts with several heat-labile pro-
teins during heat stress in vivo, and these substrates could be
released by ATP-dependent chaperones in vitro. Importantly,
this work also demonstrated that Hsp16.6 interacts with serine
esterase, one of the identified substrates, and protects it from
aggregation in a heat-dependent manner in vitro. Consistent

FIGURE 5. HspL co-fractionated with VirB complexes and physically interacted with VirB8. A, membrane fractions of A. tumefaciens wild type strain
NT1RE(pJK270) grown in I-medium in the presence of AS at 25 °C for 16 h were subjected for 2% DDM extraction followed by ultracentrifugation. The
DDM-solubilized membrane proteins were further fractionated by SEC on Superdex 200 HiLoad 16/60, and the elution of HspL and of the T4SS components
VirB10 (marker of high molecular mass core complex (HMM)), VirB2 (marker of low molecular mass pilus assembly complex (LMM)), and VirB8 (marker present
in both subassemblies) was analyzed by SDS-PAGE and Western blotting with specific antisera as indicated. B, the membrane fraction of AS-induced A. tume-
faciens �hspL(pHspL-His) strain was extracted with 2% DDM followed by ultracentrifugation to separate DDM-extracted soluble proteins (S1) from insoluble
pellets (IS). The soluble fraction was incubated with Ni-NTA and eluted by elution buffer (E) and then analyzed by Western blotting detected with specific
antisera as indicated. E. coli BL21(DE3) strain containing both pETHspL and pTrcB8 (C) or pTrcB8 only (D) was induced by 0.4 mM isopropyl 1-thio-�-D-
galactopyranoside at 37 °C for 2 h. The soluble protein extracts were run through Ni-NTA His Bind Resins to purify HspL-His and its interacting proteins. The total
protein (T), insoluble pellet (P), soluble supernatant (S), flow-through (F), wash fraction (W), and eluted fractions (E1�E5) were analyzed by Western blot with
HspL and VirB8 antisera. E, yeast two-hybrid protein-protein interaction results using combinations of various full-length HspL and VirB8 are indicated. For each
transformant, five independent colonies were streaked out on synthetic dextrose medium in the absence of Ade, His, Leu, and Trp grown at 30 °C for 3 days to
select the transformant expressing the interacting proteins. AD, activation domain; BD, binding domain.
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with its induction by the virulence gene inducer AS (and not
heat), we here demonstrate that HspL interacts with its sub-
strate VirB8 in a large complex in A. tumefaciens (Fig. 5, A and
B). Moreover, we provided direct evidence that HspL is a VirB8
chaperone in protecting it from aggregation in vitro (Fig. 6).
This argument is further supported by the observation that
more soluble VirB8was detected whenVirB8was co-expressed
with HspL-His than when it was expressed alone in E. coli (Fig.
5, C and D), suggesting that HspL protects VirB8 from aggre-
gation in vivo.
The identification of HspL tightly associated with the mem-

brane and exposed to the periplasm (Fig. 4) suggested thatHspL
may interact with membrane lipids and/or with membrane
proteins such as VirB8. Despite the lack of any obvious trans-
membrane domain or Sec-dependent signal peptide, �-Hsp
associations with membranes have been well documented (2).
E. coli IbpA/B localized in the outer membrane and functioned
in protecting cells from heat and oxidative stress (51–53).
M. tuberculosis Hsp16.3, a major immunodominant protein,
was found to be a major membrane protein (54). In addition,
Synechocystis Hsp17 binds to specific membrane lipids and is
important for thermostability of thylakoidmembranes (55, 56).
It would be interesting to understand how different �-Hsps are
translocated into and/or across the bacterial inner membrane.
VirB8 is a key T4SS assembly factor interacting with many

VirB proteins (25, 26, 50). Our results suggest that HspL may
function as a specific VirB8 chaperone to maintain VirB8 in a
folding-competent state. This may be critical for the stability of
VirB8, and as a consequence, it also affects the stability of its
interacting proteins (18). Nevertheless, HspL may also interact
directly with other T4SS components, and this possibility will
be tested in the future. To dissect the contribution of HspL, it
would be of particular interest to identify HspL variants that
uncouple their chaperone activity and interaction with VirB8,

and this may shed light on the contribution of HspL to T4SS
function and Agrobacterium virulence.
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