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Bartonella bacilliformis GroEL; Effect on Growth of Human
Vascular Endothelial Cells in Infected Co-Cultures

LAURA S. SMITHERMAN and MICHAEL F. MINNICK*
Division of Biological Sciences, The University of Montana, Missoula, MT 59812

Abstract
Bartonella are the only bacteria known to induce angioproliferative lesions of the human vasculature
and liver during infection. Previous work from our lab suggests that GroEL participates in the
mitogenic response observed in HUVEC cultures supplemented with the soluble fraction of
Bartonella bacilliformis. Work in this study shows that exposure to high concentrations of the fraction
is actually cytotoxic for HUVECs. To analyze this phenomenon, live B. bacillformis - HUVEC co-
cultures were employed to study the effect of excess bacterial GroEL on the host cell during active
infection. Four B. bacilliformis strains were generated to produce varying levels of GroEL. HUVEC
co-cultures with LSS100, a strain that synthesizes markedly greater quantities of GroEL relative to
others, significantly accelerates apoptosis of the co-cultured HUVECs relative to other strains.
Acceleration of apoptosis can be inhibited by Z-VAD-FMK, a pan-caspase inhibitor. Time course
data show that at 18 h of infection, both LSS100 and control strains significantly inhibit spontaneous
apoptosis of co-cultured HUVECs, as previously reported for other Bartonella species. However, by
48 h LSS100 significantly increases apoptosis of the host cell. We hypothesize that intracellular
Bartonella GroEL functions as an HSP60 analog, a eukaryotic orthologue known to accelerate
procaspase 3 activation by enhancing its vulnerability to upstream activator caspases. These data
suggest another strategy whereby Bartonella may regulate host cell growth.

INTRODUCTION
A frequent manifestation of bartonellosis in humans is the production of angioproliferative
lesions of the skin (bacillary angiomatosis and verruga peruana) and liver (bacillary hepatis
peliosis) (13). Such vascular lesions can be life-threatening to the patient, and data suggest
they are induced by a consortium of stimuli, including Bartonella-derived mitogens for
endothelial cells (5,9,15), inhibition of endothelial cell apoptosis by the bacterium (12,21), plus
induction of host cell cytokines, growth factors and a pro-inflammatory response (7,11,17).

Recent data from our laboratory suggest that GroEL participates in the increased in vitro
proliferation of human umbilical vein endothelial cells (HUVECs) exposed to culture
supplements consisting of the soluble fraction of Bartonella bacilliformis (16). Experiments
showed that: 1) final HUVEC numbers correlated with GroEL levels in the culture supplement,
2) mitogenicity of the fraction can be increased if the Bartonella source culture is subjected to
temperature upshift, and 3) mitogenicity of the fraction can be inhibited if it is pre-treated with
anti- B. bacilliformis GroEL antiserum. Whether GroEL is a mitogen for HUVECs or serves
as a chaperonin to the actual Bartonella mitogen(s) (or both) is unknown. Interestingly, B.
bacilliformis GroEL was found to be actively secreted, and the chaperonin was detectable in
both soluble and inner/outer membrane fractions of the bacterium (16).
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In addition to serving as major antigens during bacterial infection (28), GroEL homologues
from other pathogens have been reported to alter the growth rates of cultured human cells. For
example, Chlamydia pneumoniae GroEL is mitogenic for human vascular smooth muscle cells
in culture (19). Actinobacillus actinomyctemcomitans GroEL is mitogenic for cultured
epithelial cells at low concentration but is cytotoxic at higher concentrations or upon prolonged
exposure (10,26,27).

The purpose of this study was to examine the effect of B. bacilliformis on HUVEC co-cultures
and to study the consequences of excess bacterial GroEL during an active infection in vitro.

MATERIALS AND METHODS
Bacterial strains, cell lines and tissue culture

Bacterial strains used in this study are listed in Table 1. B. bacilliformis was cultivated on heart
infusion agar/blood plates (HIAB) as previously described (16). E. coli was grown overnight
at 37° C in Luria Bertani medium supplemented with appropriate antibiotics as needed. Human
umbilical vein endothelial cells (HUVECs) were purchased and routinely cultured in EGM at
37° C, 5% CO2 and 100% relative humidity, per the supplier’s instructions (Clonetics,
Walkersville, Md.). HUVEC use was restricted to tissue culture passages 1–4 to minimize
variability between experiments.

B. bacilliformis - HUVEC tissue co-cultures
The effect of B. bacilliformis infection and over-expression of GroEL on HUVEC growth and
morphology was examined in co-cultures. Gelatin-coated, 96-well plates containing EGM
were seeded with ~2000 HUVECs per well, and plates were incubated for 4 hours to allow for
adherence. Cultures were infected by adding 1.6 x 108 bacteria suspended in EGM to each well
and incubating for three hours. Unbound bacteria were subsequently removed by thoroughly
rinsing three times with M199 containing 20% fetal calf serum (M199-FCS). The wells were
brought to a final volume of 100 μl M199-FCS. HUVECs were cultured and assayed for cell
numbers at 96 h post-infection. Digital micrographs were obtained by staining cells with Hema-
Quik Stain (Fisher Scientific, Pittsburgh, Penn.) and visualizing with a Zeiss Axioskop
photomicroscope (Zeiss, Thornwood, Calif.) interfaced with Image-Pro Plus 3.0 software
(Media Cybernetics, Silver Spring, Md.).

Growth and apoptosis assays
B. bacilliformis cell lysates were prepared by harvesting bacteria into ice-cold phosphate-
buffered saline (PBS; pH 7.4) containing 0.1 mm glass beads and lysing for 3 min with a
Fastprep FP120 disruptor (Thermo Savant, Holbrook, N.Y.). Particulates were removed from
the lysate by centrifuging at 16,000 x g for 5 min followed by ultracentrifugation at 100,000
x g for 60 min. HUVECs were typically seeded at 1,000 cells per well in EGM or M199-FCS
media with lysate supplements of 0 – 300 μg protein /ml. Heat-treated lysates were prepared
by treating for 7 min at 100° C. HUVEC numbers were measured using an acid phosphatase
assay (6) calibrated with linear standard curves of enzyme activity as a function of viable,
adherent HUVEC numbers (0–36,000 cells by hemocytometer) as previously described (16).
Standard curves for the assays encompassed all OD405 values reported in this study.

Apoptosis was examined using 96-h co-cultures infected with B. bacilliformis LSS001 or
LSS100, in the presence or absence of the pan-caspase inhibitor, Z-VAD-FMK, at a final
concentration of 50 μM. Negative control cultures were treated with equal volumes of solvent
(100% ethanol) minus the inhibitor. Briefly, HUVECS were incubated for 3 h at 37° C with
B. bacilliformis and 50 μM Z-VAD-FMK. Co-cultures were subsequently rinsed three times
with M199-FCS and cultured an additional 96 h in M199-FCS containing Z-VAD-FMK (50
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μM). Final HUVEC numbers were quantified using an acid phosphatase assay as described
above. Apoptosis was also quantified by assaying DNA fragmentation in B. bacilliformis/
HUVEC co-cultures incubated for 18 h, 48 h and 96 h post-infection using a Cell Death
Detection ELISA per the manufacturer’s instructions (Roche Applied Science, Indianapolis,
Ind.). Supernatants were also assayed to assess the extent of secondary necrosis in the cultures.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot
analysis

Protein concentrations of samples were determined with a BCA assay kit (Pierce, Rockford,
Il.) and a bovine serum albumin standard. SDS-PAGE was done by standard protocol (1) using
protein samples solubilized in Laemmli sample buffer and polyacrylamide gels (12.5%
acrylamide; w/v). SDS-PAGE gels were fixed and stained with Coomassie brilliant blue by
standard protocol (1) or were immediately transferred to nitrocellulose (0.45 μm pore size;
Osmonics, Minnetonka, Minn.) for immunoblot analysis (22). Immunoblots were developed
as previously described (16), using rabbit anti-B. bacilliformis GroEL antiserum (1:1000
dilution), horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (1:2000 dilution)
(Sigma Chemical, St. Louis, Mo.), H202 as a substrate and 4-chloronapthol as the chromogen.
Images were digitized with a Scanmaker 9800XL and ScanWizard Pro software (Microtek,
Carson, Calif.).

DNA cloning, manipulation and gene expression
Plasmids used in this study are listed in Table 1. The pGRO1 plasmid contains a functional B.
bacilliformis groESL operon (16) and was mutagenized by digestion with PmlI to remove an
internal 1002-bp fragment of groEL. The resulting DNA was purified from crystal violet-
stained agarose gels (1% agarose; w/v) with a GeneClean II kit (QBiogene, Vista, Calif.), and
then ligated to 10-mer XhoI linkers (Promega, Madison, Wisc.) using T4 DNA ligase and
standard protocol (1). The resulting plasmid, pGRO1Δ, was sequenced using an ABI 3100
automated sequencer (Applied Biosystems, Foster City, Calif.) as previously described (4) and
was found to contain an intact groES gene, 36 residual bases at the 5′ end of groEL, a 1002-
bp deletion and four copies of the XhoI linker, resulting in a nonsense mutation immediately
downstream. Transformation of B. bacilliformis was done by electroporation as previously
described (2).

Graphical and statistical analyses
Graphs were generated with Sigmaplot 8.0 software (SPSS, Chicago, Il.). Statistical
significance was determined by a Student’s t test or one way analysis of variance using Instat
3.0 software (GraphPad, San Diego, Calif.). A P value of <0.05 was considered significant.
Mean values ± standard deviation (SD) are reported in this study.

RESULTS AND DISCUSSION
In a previous study, we discovered that HUVEC numbers in 96-h cultures correlated with the
quantity of B. bacilliformis lysate initially added to the tissue culture, with maximal numbers
resulting from a supplement of 10 μg lysate protein/ml medium (16). However, assays in this
study did not examine lysate doses greater than 50 μg/ml. In the same study, we found that B.
henselae cell lysates possessed significantly less mitogenicity for HUVECs than B.
bacilliformis lysates at a 10 μg/ml dose (16). Subsequent studies with B. henselae lysates
actually showed a dose-dependent inhibition of HUVEC growth in response to the supplement
(Smitherman and Minnick, unpublished data). To determine if B. bacilliformis lysates are also
inhibitory at higher doses, we assayed HUVEC growth in EGM medium (Clonetics)
supplemented with a broad range of lysate concentrations. As before, resulting data show that
a B. bacilliformis lysate is significantly mitogenic (p ≤ 0.001) at doses ranging from 1–10 μg
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lysate/ml culture, resulting in a 2- to 3-fold increase in HUVEC numbers relative to heat-treated
controls. A dosage of 100 μg/ml was neither mitogenic nor inhibitory for HUVECs, and
treatment with heat-treated or raw lysates at this concentration produced indistinguishable
results. Further analysis showed that the lysate significantly inhibited (p ≤ 0.006) HUVEC
growth when used at 200 and 300 μg/ml doses, with 83% and 92% reductions relative to their
respective heat-treated controls. Data also suggest that a heat-resistant mitogen, perhaps LPS,
may be active at very high doses (200–300 μg/ml; see Fig. 1).

Since the results in Fig. 1 were similar to those observed with A. actinomyctemcomitans, a
bacterium whose GroEL is mitogenic for cultured epithelial cells at low doses but cytotoxic at
higher doses (10,26), we explored the possibility that B. bacilliformis GroEL might be involved
in inhibiting HUVEC growth at the higher lysate dosages. To that end, we generated four B.
bacilliformis strains that produce different levels of GroEL. JB584 was chosen as the parental
strain because of its amenability to transformation and genetic manipulation (2), and it was
electroporated with pBBR1MCS-2 shuttle vector to produce a negative control strain,
designated LSS001. JB584 was also transformed with pGRO1, a high copy-number plasmid
containing the B. bacilliformis groESL operon, to generate strain LSS100. In order to examine
the respective effect of GroES and GroEL on HUVEC growth, the groEL gene of pGRO1 was
deleted to create pGRO1Δ, a construct transformed into JB584 to produce strain LSS200. SDS-
PAGE analysis of the total protein profiles of the four resulting strains grown on HIAB plates,
plus the corresponding immunoblot developed with rabbit anti-B. bacilliformis GroEL are
shown in Fig. 2. These data clearly show that B. bacilliformis LSS100 produces substantially
more GroEL in vitro, and densitometry analysis of immunoblots containing total protein
profiles (Fig 2B) reveals approximately a two-fold increase in the protein relative to the other
three strains.

The effect of these four B. bacilliformis strains on the growth of HUVECs in co-culture was
examined at 96 h post-infection. Data show a significant increase in cell numbers for HUVECs
co-cultured with strains JB584 (31% increase; p<0.0001) or LSS001 (34% increase; p<0.0001)
compared to uninfected controls (Fig. 3). However, strain LSS100, producing roughly twice
the amount of GroEL as compared to the other strains (Fig. 2), causes a marked and significant
reduction in HUVEC numbers (79% less than JB584-infected co-cultures and 72% less than
uninfected HUVECs; p<0.0001 for both) (Fig. 3).

To ensure that GroEL levels in LSS100 were also elevated during tissue culture infections,
large-scale HUVEC co-cultures (5 ml) were prepared and harvested at 96-hours. The total
protein profiles (HUVEC plus Bartonella) were analyzed on immunoblots probed with anti-
B. bacilliformis GroEL antiserum. These data show that GroEL cannot be detected in
uninfected HUVECs and is markedly greater in the LSS100 infection as compared to co-
cultures with the other Bartonella strains (e.g., a four-fold increase over the JB584-infected
co-cultures by densitometry) (Fig. 4). Taken as a whole, the data suggest that the decrease in
HUVECs observed in the LSS100-infected co-cultures is due to an elevated quantity of GroEL,
since infection with LSS200 (containing a deletion mutation in the cloned groEL and otherwise
isogenic) abrogates the inhibitory effect on growth and restores cell numbers to levels that are
similar to JB584 or LSS001 co-cultures. In fact, differences between HUVEC co-cultures
infected with JB584 and LSS001, or LSS200 (Fig. 3) are not significantly different from one
another (p> 0.05). The data also suggest that GroES is not responsible for the inhibitory effect
seen in a LSS100 infection, as both the groES gene and the groESL operon promoter are intact
in the pGRO1Δ plasmid harbored by LSS200 (Fig. 3). Nevertheless, these data do not rule out
the possibility that a GroES-GroEL complex could be involved in the activity.

The morphology of the 96-h infected HUVEC co-cultures was subsequently examined by
microscopy following fixing and staining with Hema-Quik (Fisher Scientific). HUVECs
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infected with JB584, LSS001 or LSS200 were indistinguishable from one another by visual
inspection of their gross cellular morphology (Fig. 5), although infected cells were for the most
part more vacuolated and granulated than uninfected HUVECs. Similar changes in morphology
have been previously reported for HUVECs infected with B. henselae and B. quintana (5) or
B. bacilliformis (8,23). Unlike the other co-cultures, HUVECs infected with LSS100
consistently showed cell shrinkage, chromatin condensation and membrane blebbing, all
characteristics of cells undergoing apoptosis (Fig. 5), and DAPI and TUNEL staining
qualitatively supported this observation (not shown).

To investigate whether apoptosis was occurring in response to the elevated intracellular GroEL
levels, HUVEC co-cultures infected with LSS001 or LSS100 were incubated for 96 h in the
presence of the pan-caspase inhibitor, Z-VAD-FMK, or an equal volume of its respective
solvent (100% ethanol) as a negative control (Fig. 6). Results show that infection with LSS001
significantly increases HUVEC numbers relative to the respective uninfected control cultures
incubated with ethanol (14.9% increase) or Z-VAD-FMK (30.4% increase) (p <0.0001 for
both). However, infection with LSS100 in the presence of ethanol results in a marked and
significant decrease (84.9%; p < 0.0001) relative to the uninfected control. Overall, these results
are similar to those observed in the absence of ethanol (Fig. 3). When Z-VAD-FMK is included
in the LSS001 co-cultures, HUVEC numbers increase slightly but significantly (8.1%;
p<0.008) relative to the respective negative control, likely reflecting inhibition of spontaneous
apoptosis. Perhaps most notable was the marked and significant increase (549%; p <0.0001)
in HUVEC numbers in the LSS100 co-cultures treated with Z-VAD-FMK relative to the
ethanol control. In fact, the inhibitor restored HUVEC numbers in these particular co-cultures
to levels similar to what is observed in uninfected host cells. Taken together, data in Fig. 6
suggest that the LSS100 strain, with its overproduction of GroEL during infection of the
cultured host cells, can trigger HUVEC apoptosis by 96 h post-infection, and that the process
can be inhibited by treatment with Z-VAD-FMK.

To unequivocally demonstrate HUVEC apoptosis and to examine the process over time, we
measured histone-associated DNA fragments from LSS001- and LSS100- HUVEC co-cultures
by assaying with an ELISA at three post-infection time points (Fig. 7). At 18 h, both LSS001
and LSS100 co-cultures significantly suppress spontaneous host cell apoptosis (39% and 32%
of the apoptosis observed in uninfected HUVECs; p< 0.0001), and LSS100 causes a slight but
significantly greater suppression of apoptosis than LSS001 (p = 0.011). To our knowledge,
these are the first data showing that B. bacilliformis can interfere with spontaneous apoptosis
of HUVECs, as previously reported for B. henselae–HUVEC co-cultures (12,20). As the
Bartonella infection proceeds, the LSS100 co-cultures show a significant increase in HUVEC
apoptosis at 48 h relative to uninfected HUVECs (139% increase; p=0.0032) and over 200%
greater apoptosis than co-cultures infected with LSS001 (p = 0.0003) . In marked contrast,
LSS001 co-cultures maintained a significant inhibition of spontaneous apoptosis (~67% of
what is observed in uninfected cells; p=0.0004). It is interesting to note that although the
LSS001 strain continues to inhibit spontaneous apoptosis of HUVECs at 48 h, the level of
inhibition is roughly half that observed in the 18 h co-cultures (Fig. 7). This last observation
may be due to an accumulation of GroEL in the cell as the bacterium replicates over time.
Assays on culture supernatants from both 18- and 48-h infections contained only trace amounts
(<0.07 OD405 units) of fragmented DNA (not shown), suggesting that secondary necrosis was
not a major factor at these timepoints. At 96 h, both strains enhance apoptosis as compared to
uninfected HUVECs, and culture supernatants suggest that secondary necrosis occurs in both
the uninfected cells and those co-cultured with LSS100. On the contrary, supernatants from
LSS001 co-cultures showed only trace amounts of DNA, suggesting that secondary necrosis
is not occurring (not shown). Taken as a whole, the data suggest that: a) both strains inhibit
host cell apoptosis within the first 18 h of infection, b) that overproduction of GroEL by LSS100
markedly enhances apoptosis by 48 h and c) by 96 h both strains enhance HUVEC apoptosis.
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Previous work has shown that the type IV secretion system (VirB) of B. henselae is essential
to rearrangement of the host cell cytoskeleton during infection, activation of a pro-
inflammatory response via NF-κB, inhibition of HUVEC apoptosis and mediation of a
cytotoxic/cytostatic effect when HUVECs are co-cultured with bacteria at high titer (20).
Interestingly, VirB is not involved in Bartonella mitogenicity for HUVECs. Based upon our
results, it is tempting to speculate that accumulation of secreted GroEL during the high titer
B. henselae infection may have contributed to the observed HUVEC cytotoxicity in that study.
Whether Bartonella GroEL is actually secreted by VirB is unknown, but recent data showing
that GroEL is a substrate for the type IV secretion system in Brucella, a closely-related
pathogen, suggests that it is at least a possibility (24).

Hsp60, a eukaryotic analog of GroEL released by the mitochondria, has been shown to
accelerate pro-caspase 3 activation by enhancing its vulnerability to upstream activator
caspases. As such, Hsp60 constitutes an important regulator of apoptotic cell death (18,25).
Hsp60 activation of caspase 3 is apparently dependent upon an excess (16-fold) of the
chaperonin, whereas equimolar amounts of Hsp60 are inefficient at stimulating caspase 3
maturation. Based upon these observations and results of this study, we hypothesize that
intracellular infection of HUVECs by Bartonella is accompanied by release of GroEL and that
the protein eventually accumulates in the cytosol to a threshold level that stimulates caspase 3
maturation and apoptosis. Normally, this process would require considerable time and increase
in bacterial load as infection progresses. In contrast, infection by a GroEL-overproducing
strain, like LSS100, dramatically increases the kinetics of this process and the resulting
apoptosis.

To reconcile the different activities we have ascribed to GroEL, it is important to note that the
previous study which implicates the protein as a participant in HUVEC mitogenicity was done
using cell cultures exposed to soluble fractions of B. bacilliformis (16), whereas the current
study examines the effects of GroEL synthesis by the pathogen during active infection.
Undoubtedly, HUVEC surface receptors for GroEL are different from those located within the
confines of the cell and may contribute to the different effects observed. Previous studies with
Chlamydia pneumoniae have shown that GroEL binds the TLR4 of human vascular smooth
muscle cell and is a potent mitogen (19). In eukaryotes, extracellular Hsp60 binds to TLR-2,
TLR-4, CD91 and CD36 (21) and it is conceivable that extracellular binding of Bartonella
GroEL to these or other receptors might enhance endothelial cell proliferation. Alternatively
or in addition, GroEL could serve as a chaperonin which protects or maintains proper folding
of some uncharacterized bacterial mitogen(s) in the cell lysate. We do not believe the
mitogenic /extracellular (16) and the apoptotic/intracellular effects (this study) are mutually
exclusive. It is even conceivable that accumulation of Bartonella GroEL during an intracellular
infection and subsequent induction of apoptosis could provide a host cell escape route for the
bacterium. Regardless, our data suggest that GroEL released by Bartonella during intracellular
infection may represent another strategy for regulating host cell growth.
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FIG. 1.
Dose-response of HUVECs cultured 96 h in EGM supplemented with a range of B.
bacilliformis KC583 cell lysate concentrations as indicated, showing mitogenic activity at 1–
10 μg/ml and inhibition of growth at 100–300 μg/ml dosages. Data represent the average of
three experiments ± SD. (Raw, raw lysate; heated, lysate pretreated at 100° C for 7 min).
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FIG. 2.
Differential GroEL synthesis in four B. bacilliformis strains. A) Coomassie blue-stained SDS-
PAGE analysis of the total protein profiles for strains JB584, LSS001, LSS100, and LSS200
(lanes 1–4, respectively), and B) the corresponding immunoblot developed with rabbit anti-B.
bacilliformis GroEL antiserum. All lanes contain 30 μg total protein. GroEL is indicated by a
double arrow. Molecular mass values from protein standards are given to the left in kDa.
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FIG. 3.
Number of HUVECs in M199-FCS medium following a 96-h co-culture with B.
bacilliformis strains JB584, LSS001, LSS100 or LSS200. Data represent the average of six
experiments ± SD.
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FIG. 4.
Immunoblot showing GroEL levels in infected HUVECs cultivated in M199-FCS, following
a 96-h co-culture with the indicated B. bacilliformis strains. Lane 1, uninfected HUVECs (no
detectable GroEL); Lanes 2–5, HUVECs infected with JB584, LSS001, LSS100, and LSS200,
respectively. The GroEL protein is arrowed.
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FIG. 5.
Micrographs showing representative cell morphologies of infected HUVECs following a 96-
h co-culture with four B. bacilliformis strains including JB584, LSS001, LSS100 and LSS200.
An uninfected HUVEC is provided for comparison. Cells were visualized using Hema-Quik
Stain (Fisher Scientific) and are shown at 1000x magnification. Note the marked apoptosis in
+LSS100 cells.
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FIG. 6.
Z-VAD-FMK inhibits the reduction of HUVEC numbers observed with a B. bacilliformis
LSS100 co-culture. HUVEC numbers at 96 h of co-culture in M199-FCS medium plus the
indicated B. bacilliformis strain together with Z-VAD-FMK (50 μM) or an equal volume of
solvent (100% ethanol) as a negative control are shown. Data represent the average of six
experiments ± SD.
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FIG. 7.
HUVEC DNA fragmentation during a B. bacilliformis LSS001 and LSS100 co-culture as
determined by ELISA (Roche). Results from co-cultured HUVECs at 18 h, 48 h and 96 h are
shown as a percentage of uninfected HUVECs, with the 100% line outlined. Data represent
the average of three experiments ± SD (3 independent determinations were done per
experiment).
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Table 1
Bacterial strains and plasmids used in this study

Strain/Plasmid Relevant Genotype/Description Source/Reference
B. bacilliformis
 KC583 Neotype strain ATCC (3)
 JB584 Transformation-competent strain (2)
 LSS100 JB584 containing pGRO1 (16)
 LSS001 JB584 containing pBBR1-MCS2 (16)
 LSS200 JB584 containing pGRO1Δ This study
E. coli
 DH5α Host for plasmid propagation Gibco-BRL, Grand Island, N.Y.
Plasmids
 pBBR1MCS-2 B. bacilliformis shuttle vector, Kmr (2,14)
 pGRO1 pBBR1MCS-2 with cloned B. bacilliformis groESL operon (16)
 pGRO1Δ pGRO1 with 1002-bp deletion in groEL and four intervening XhoI linkers This study
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