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The dnaK gene from Pseudomonas syringae pv. glycinea
PG4180 was cloned and sequenced. The dnaK coding re-
gion was 1,917 bp and contained a putative 0*? heat shock
promoter 86 bp upstream of the translational start site.
grpE, another heat shock gene, was found immediately up-
stream of the putative dnaK promoter. The predicted
amino acid sequence of dnaK showed relatedness to the
ATPase and substrate binding domains commonly found
in heat shock proteins, as well as the highly conserved sig-
nature sequence motifs belonging to the Hsp70 protein
family. Furthermore, the PG4180 dnaK gene comple-
mented an Escherichia coli dnaK mutant for growth at
temperatures above 37°C, indicating that a fully func-
tional dnaK homologue had been cloned fron®. syringae
pv. glycinea. All attempts to eliminate dnaK function by

insertion mutagenesis failed, possibly because DnaK per-

forms essential functions inP. syringae pv. glycinea. Ex-

pression ofdnaK in P. syringae pv. glycinea PG4180 was
investigated by constructing dnaK::uidA transcriptional

fusions; expression ofinaK increased markedly when cells
were preincubated at 18°C and then shifted to 35°C. An
anti-DnaK monoclonal antibody was used to detect Dnak;
in P. syringae pv. glycinea race 4, DnaK levels followed cell
density during a 6-h incubation at 26°C. When cells were
shifted from 26°C to either 32 or 38°C, DnaK levels in-
creased transiently, and then decreased rapidly. Although

the cells continued to grow when incubated at 32°C,

growth was not supported at 38°C. Our results indicate
that P. syringae pv. glycinea responds to heat shock by
producing DnakK, but DnaK does not aid in acclimation to
sustained elevated temperatures.

Virulence factors in bacteria are often coordinately regu-
lated by various environmental factors including temperature,
osmolarity, and pH (Mekalanos 1992). In contrast to human
and animal bacteria pathogens, little is known about how
temperature impacts the virulence of phytopathogenic bacte-
ria. A generdized response to increased temperatures in most
organisms is the synthesis of heat shock proteins, which are

Corresponding author: Carol Bender; Fax: 1-405-744-7373; E-mail:
cbender@okstate.edu

Nucleotide and amino acid sequence data are to be found at GenBank as
accession number AF135163.

also called molecular chaperones. These proteins mediate the
correct assembly of other polypeptides without being part of

the functional assembled structure and promote the disassem-

bly of proteins that have been damaged by stress (Ellis and
Hemmingsen 1989; Mager and Kruijff 1995). The temperature

at which cells reach the maximum level of heat shock protein
synthesis depends on the optimal growth temperature for the
organism. In general, a 10 to 12°C temperature increase be-
yond the optimal growth temperature is required to fully in-
duce the synthesis of heat shock proteins (Key et al. 1981).
During the temperature induction period, prokaryotes shift
transcription fromo™ to %2, which enables RNA polymerase

to recognize the promoters of heat shock genes (Segal and
Ron 1995; Straus et al. 1990). In bacted#, activation is
autoregulated by DnaK, which controls both the synthesis and
stability of 6® (Straus et al. 1990).

In several phytopathogenic bacteria, temperature is known
to modulate virulence. For example, tumor inductiorAgso-
bacterium tumefaciens is optimal at 22°C and does not occur
at temperatures at or above 32°C (Braun 1947; Riker 1926).
The lack of virulence at temperatures above 32°C has been
attributed to the synthesis of nonfunctional VirA and VirB10
proteins, which are required foir gene activation and T-
DNA transfer, respectively (Banta et al. 1998; Jin et al. 1993).
However, it is also important to note that heat shock proteins
were observed iA. tumefaciens at temperatures only slightly
higher than 32°C (Mantis and Winans 1992), suggesting that
normal cellular activities were diverted to the heat shock re-
sponse, a process that could affect virulence.

Pseudomonas syringae pv. glycinea, causal agent of bacte-
rial blight of soybeans, is a cool-weather pathogen that causes
significantly more damage at 22 to 26°C and relatively little
disease at 30°C (Coerper 1919; Park and Lim 1986). The
phytotoxin coronatine (COR) is a virulence factoPirsyrin-
gae pv. glycinea and contributes significantly to the chlorosis
and stunting associated with bacterial blight of soybean
(Gnanamaickam et al. 1982). In vitro studies indicated that the
P. syringae pv. glycinea strain PG4180 produced COR at 18
and 24°C but not at 30°C (Palmer and Bender 1993). In sub-
sequent studies, elevated temperatures (28 to 30°C) were shown
to interfere with optimal functioning of the COR regulatory
proteins by affecting protein stability or conformation (Budde et
al. 1998; L. Wang, C. Bender, and M. Ullricimpublished).

The heat shock responsefsyringae has not been previ-
ously studied. Since the pathogenicityPofsyringae pv. gly-
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cinea is compromised at elevated temperatures, we investi-
gated the expression and synthesis of dnaK in this bacterium
before, during, and after heat shock.

RESULTS

Cloning dnaK from PG4180.

P. syringae pv. glycinea PG4180 was used in al cloning and
complementation studies because it was easier to manipulate
genetically than P. syringae pv. glycinea race 4. Furthermore,
the use of PG4180 facilitated studies in which dnaK and COR
gene expression were measured simultaneously. Primers com-
plementary to conserved portions of dnaK were used to am-
plify and clone a 721-bp region of this gene from PG4180
(Fig. 1E). The polymerase chain reaction (PCR) product in
pLK.721 was sequenced to verify that it contained dnak, and
our results indicated that the PG4180 dnaK fragment shared
>75% amino acid identity to dnaK from Escherichia coli.
Since the nucleotide sequence of dnaK in E. coli is 1,917 bp
(Bardwell and Craig 1984), a cosmid library of PG4180
genomic DNA was constructed in pRK7813, and the 721-bp
insert in pLK.721 was used to screen the library for clones
containing the complete dnaK coding region. Two cosmid
clones that hybridized to the 721-bp dnaK probe, pLH3 and
pDF5, were chosen for further analysis. A 5-kb EcoRI frag-
ment from pDF5 was subcloned in pZErO2.1, creating pLK1,
and a 7-kb Hindlll fragment from pLH3 was subcloned in
pBluescript SK*, resulting in pLK2 (Fig. 1A, B). Both strands
of the PG4180 dnaK gene were sequenced with pLK1 and
pLK?2 astemplates.

Southern blot hybridizations and sequence analysis.

PG4180 genomic DNA was digested with Hindlll, BamHI,
or EcoRI and analyzed by Southern blotting with the 721-bp
dnaK probe. Only one fragment hybridized to the probe in
each digest regardless of stringency, indicating that dnaK oc-
curs as a single copy in PG4180 (data not shown). Identical
hybridization results were obtained with a race 4 isolate of P.
syringae pv. glycinea supplied by A. K. Vidaver.

The nucleotide sequence of the PG4180 dnaK gene is
shown in Figure 2. The coding region was 1,917 bp and the
upstream region contained the consensus sequence commonly
found in E. coli heat shock promoters (single underscored se-
guences upstream of the trandlational start site in Figure 2).
The PG4180 dnaK was highly related to dnaK from E. coli
(70% nuclectide identity, 72% amino acid identity, 92%
amino acid similarity). The translated product of the PG4180
dnaK gene contained two separate domains, a high-affinity
ATPase domain (amino acids 1 to 385; 94% amino acid simi-
larity to E. coli), and a substrate binding domain (amino acids
393 to 537; 92% similarity to E. coli; Fig. 1D). Conserved
amino acids involved in the interaction of DnaK with Mg-
ADP (D, K, and E at positions 8, 70, and 171, respectively;
McKay et a. 1994), GrpE (N, G, and R at positions 29, 32,
and 34, respectively; Buchberger et a. 1994), or target sub-
strates (P at positions 464 and 466; Zhu et a. 1996) were aso
identified (Fig. 2). Conserved heat shock protein signature
sequences (IDLGTTNS, VYDLGGGTFDVSVI, VILVGGQT
RMPLVQK) were found in the translated sequence of dnaK
from PG4180 (Fig. 2) with the MOTIFS program included in
the UWGCG (University of Wisconsin Genetics Computer
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Group) sequence anaysis software package (version 9.1).
These conserved amino acids are presumably involved in the
interaction of DnaK with other molecular chaperones or nas-
cent polypeptides (Minder et al. 1997).

Additional sequencing of pLK2 indicated that grpE, which
encodes another heat shock protein, was located 500 bp up-
stream of the dnaK trandationa start site (Fig. 1B, shaded
rectangle). Comparison of the deduced amino acid sequence
of the PG4180 grpE and the E. coli homologue indicated 48%
identity and 66% similarity (data not shown).

Complementation of an E. coli dnaK mutant.

The dnaK mutant, E. coli GW4813, lacks 800 bp upstream
of the promoter and 933 bp of the dnaK coding sequence and
is unable to grow at temperatures above 37°C. When pLK2
was introduced int&. coli GW4813, growth at 42°C was re-
stored, indicating that the PG418baK homologue could
complement the mutation irE. coli GW4813. Neither
pLK.721 nor pBluescript SK complemented GW4813 for
growth at 42°C.

Several attempts were made to creatdnaK insertion
mutant of PG4180. However, all efforts to insert a"kan
Cm’ cassette into the centrBtoRI site of dnaK were un-
successful, even when the matings and screening procedures
were performed at 18°C to facilitate the growth of tempera-
ture-sensitivednaK mutants. Although it was possible to
mobilize the construct containing a mutateddaK into
PG4180, Tecolonies were not obtained via double homolo-
gous recombination. When plasmid isolation procedures in-
dicated the disappearance of the plasmid construct, Southern
blot hybridizations and PCR analysis indicated that the
clones used for marker exchange had integrated into the
chromosome via a single crossover event, leavingltia&
gene fully intact.

Growth of P. syringae pv. glycinea at various temperatures.

There was little difference in growth whéh syringae pv.
glycinea was incubated at 26 to 33.5°C (Fig. 3A). The optimal
temperature was 30.7°C for multiplication Rfsyringae pv.
glycinea race 4, whereas no doubling was observed when the
culture was incubated at 38.5°C (Fig. 3B). All growth curves
were repeated with similar results. The relationship between
CFUs and OD was consistent and uniform for the tempera-
tures studied, and similar results were obtained for PG4180
(data not shown), which is also a race 4 isolate.

GUS assays.

pDNAKP1, pDNAKP2, pDNAKPR (Fig. 1C), and
pBBR.GUS were mobilized intd®. syringae pv. glycinea
PG4180 and assayed fd@-glucuronidase (GUS) activity.
Colonies ofE. coli or P. syringae pv. glycinea PG4180 con-
taining pDNAKP1 or pDNAKP2 developed a light blue color
on media containing 5-bromo-4-chloro-3-indolyl glucuronide
(X-Gluc), indicating a basal level ainaK transcription at
physiological temperatures (37 and 28°C, respectively). Cells
containing pDNAKPR d¢naK in the transcriptionally inactive
orientation) or pBBR.GUS (vector control) showed no color
development on media containing X-Gluc.

When PG4180 transconjugants containing pDNAKP1,
pDNAKP2, pDNAKPR, or pBBR.GUS were grown in
KMB broth at 28°C, growth curves were similar, indicating



that the transcriptional fusions had no significant effect on that is optimal for COR production in PG4180 (Palmer and
growth (data not shown). A time course experiment at 28°C Bender 1993). pCFLP contains tio::uidA transcriptional
was conducted in which GUS activity in the PG4180 trans- fusion; thecfl gene is required for COR synthesis, anddhe
conjugants was measured every 2 h for 10 h; all PG4180promoter was shown to be optimally transcribed at 18°C
derivatives were grown in KMB broth and the experiment (Liyanage et al. 1995). Growth of PG4180 containing
was performed twice. GUS activity in PG4180(pDNAKP1) pDNAKP2, pCFLP, or pBBR.GUS was similar when incu-
and PG4180 (pDNAKP2) increased with cell growth and bated at 18°C for 72 h (Fig. 4). Howevetfi;:uidA (pCFLP)
was similar for both transconjugants (data not shown); anddnaK::uidA (pDNAKP2) transcriptional fusions were dif-
therefore, pDNAKP2 was used in all further experiments ferentially expressed;fl transcription increased rapidly after
since it contained less of thénaK coding region than 10 h and GUS activity exceeded 30,000 U at 72 h (Fig. 4).
pDNAKP1 (Fig. 1C). However, expression of thanaK::uidA transcriptional fusion

Transcriptional activity of PG4180 containing pDNAKP2, remained low throughout the sampling period, even though
pCFLP, or pBBR.GUS was evaluated at 18°C, a temperaturegrowth continued to increase (Fig. 4).

A e P v ok sE
I I 11 I
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B H X S P IEI‘:’ II:’ V H
L | |
| Tt -
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Fig. 1. Restriction maps of (A) pLK1, (B) pLK2, (C) dnaK::uidA transcriptional fusions, (D) Pseudomonas syringae pv. glycinea PG4180 dnaK, and (E)
pLK.721. B, Hindlll site at the right border of pLK2 was located in the vector polylinker. Locations of grpE and dnaK are indicated by shaded and open
rectangles, respectively. C, Solid and open bars represent the uidA gene and the dnaK promoter region, respectively. D, Arrow indicates location used for
insertion of the antibiotic resistance cassettes and shaded rectangles indicate location of the conserved heat shock domains. Abbreviations: E, EcoRl; P,
Pstl; V, EcoRV; G, Bglll; K, Kpnl; S, Smal; H, Hindlll; X, Xhol; D, Ddel; N, Notl.
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GAGCAGGCTTGAAATCAGCTGTAAGGCCCCCATTTAAAGGTCAAGCGTTTAAGAGCTACC
GCACGGTGTAAACGCACTGGCGGCAACCAAATCCAAGTTTTGCAAGTTTCGGGAGAGTCA

GATGGACAGAATTATCGGTATCGACCTGGGGACTACCAACTCCTGCGTCTCCATTCTGG
M D R I I G c v 5 I L E

AAAACGGTAACGTCAAGGTTATCGAGAACGCAGAAGGTACTCGTACTACACCTTCGATCA
N G NV KV I ENAEGTRTT P S I I

TTGCTTATGCCAATGACGGTGAGATCCTGGTCGGTCAGTCCGCCAAGCGTCAGGCCGTTA
A Y A ND G E I L V G Q S A K R Q A V T

CCAATCCGCACAACACGCTGTACGCGGTAAAGCGTCTGATTGGTCGCAAGTTCGAAGAGG
N P H N T L Y A V KR L I G R K F E E D

ATGTCGTTCAGAAAGACATCCAGATGGTTCCTTACAAGATCGTCAAGGCTGACAACGGTG
v v 9 K b I 9 MV P Y K I V K A DN G D

ATGCCTGGGTTGAAGTGAATGGCCAGRAAAATGGCACCTCCTCAGATTTCCGCTGAAATCC
AWV E VNG OQ KMA AU®P P Q I S A E I L

TGAAGAAAATGAAAAAGACTGCCGAAGACTACCTCGGTGAAGCGGTTACCGAAGCGGTCA
K KM K K TAZEDYUL G E AUV TEA AV I

TCACCGTTCCGGCCTATTTCAACGACAGTCAGCGTCAGGCAACCARGGACGCCGGCCGTA
T v P A Y F N D S Q R 0 A T K D A G R I

TTGCCAGTGTGGACGTCAAGCGCATCATCAACGAACCAACCGCGGCCGCTCTGGCTTACG
A~S Vv DV KR I I NE P TA AW AW AILA A Y G

GTATGGATAAGGCCAAGGGCGATCACACTGTCATCGTTTATGACCTGGGTGGCGGTACGT
M D K A K G D H T V I

TCGACGTCTCGGTCATCGAGATTGCCGAAGTTGATGGCGAGCACCAGTTCGAAGTGTTGG
A'E V b GG E H Q F E V L A

CCACCAACGGCGACACGTTCCTGGGCGGTGAAGACTTTGACATTCGTCTGATCGACTACT
T N G D T F L G G E D F D I R L I D Y F

TCGTCCACGAATTCAAGAAAGAAAGCGGCATGAACCTCARGGGTGACCCGCTGGCCATGC
vV H E F K K E S GM N L K G D P L A M Q

AGCGTCTGAAAGAAGCTGCCGAGAAAGCCAAGATCGAGCTTTCTTCCAGCACGCAGACCG
R L K EA A E KA AI KTIEIU LS S S T Q T E

AAGTCAACCTGCCGTACATCACTGCAGATGCAACCGGTCCAAAGCACCTGGTCGTGAAAA
v N L P Y I T A DA T G P K H L V V K I

TTTCGCGCTCCAAGCTGGAATCGCTGGTTGAAGACCTGGTTCAGCGCACCATCGCTCCTT
S R s KL E S L V E D L V Q R T I A P C
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Fig. 2. Nucleotide sequence of Pseudomonas syringae pv. glycinea PG4180 dnaK including the putative promoter region. Translational start and stop
sites are indicated in bold. Putative ribosome binding site is double-underscored. Conserved nucleotides found in the promoter regions of heat shock
genes are underscored. Deduced amino acid sequence of dnaK is indicated below the DNA sequence. Amino acids presumably involved in interaction of
DnaK with Mg-ADP, the co-chaperone GrpE, or target substrates are underlined and printed in bold italics. Hsp70 signature sequences are shaded.
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In temperature shift experiments, PG4180 derivatives con-
taining pPDNAKP2, pCFLP, or pBBR.GUS were initially grown
at 18°C for 24 h, then shifted to either 24 or 35°C for an 8-h in-
cubation. Growth continued to increase when cells were shiftedshifted from 18 to 24 or 35°C. Althougtfl::uidA activity in
to 24°C; however, 35°C was unfavorable for growth, and cell PG4180(pCFLP) increased with time at 24°C (Fig. 5B), ex-
doubling did not occur (Fig. 5A). When cells were shifted to pression never reached the levels observed at 18°C (Fig. 4).
At 35°C, cfl::uidA transcriptional activity decreased beginning
PG4180(pPDNAKP2) increased slightly and then remained at 2 h, and GUS levels remained low throughout the sampling

24°C, transcriptional activity of thelnaK::uidA fusion in

constant (Fig. 5B). In contrast, the shift to 35°C resulted in a period (Fig. 5B).

Fig. 2. (cantinued from preceding nage)
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threefold increase in activity of thipakK:: uidA fusion, and GUS
levels remained high throughout the sampling period (Fig. 5B).
cfl gene expression was also monitored after cells were

GCGARATGGCGCTTAAAGATGCTGGCATCGACAGAAGCAAGATCAACGACGTGATTCTGG

EM AL KD AGTIDT RS K I N D & /
TCGGTGGTCAGACCCGTATGCCGCTGGTGCAGAAGCTGGTAACCGAGTTCTTCGGTAAAG
K L VT E F F G K E
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Detection of Dnak. tifs belonging to the Hsp70 protein family, including ATPase

The anti-DnaK monoclonal antibody specifically cross- and substrate binding domains (Fig. 1C). The amino terminus
reacted with a 69-kDa protein in P. syringae pv. glycinea race of the PG4180 DnaK was more homologous to other DnaK
4 (data not shown), which corresponds to the predicted size of proteins than the carboxyl terminus, a feature common to all
DnaK based on sequence analysis of the gene from both E. members of the Hsp70 family (Miernyk 1997).
coli (Bardwell and Craig 1984) and P. syringae pv. glycinea. In E. coli, therpoH gene productg®, positively regulates
Figure 6A, B, and C depict the ODgy Of P. syringae pv. gly- the heat shock genes and directs the core RNA polymerase to
cinea race 4 and the amount of DnaK detected during a 6-h the dnaK promoter. InE. coli, the dnaK promoter recognized

incubation period at 26, 32, and 38.5°C, respectively. At by 6® is located 121 bp upstream of theaK translational
26°C, a basal level of DnaK was produced and detection wasstart site (Cowing et al. 1985). A syringae pv. glycinea
correlated with cell growth (Fig. 6A). Wheh syringae pv. PG4180, a potential promoter sequencedf@K was located
glycinea cells were initially grown at 26°C and then shifted to 86 bp upstream of the translational start site (Fig. 2). The lo-
32 or 38°C, there was a rapid, transient increase in DnaK pro-cation and sequence of the PG4#88K promoter are similar
duction beginning at 2 h that decreased rapidly at 3 to 4 hto those ofc®-dependent promoters d@. coli, which are
(Fig. 6B, C). Although cells continued to grow at 32°C, among the strongest promoterskEncoli (Mager and Kruijff

38.5°C was unfavorable for growth & syringae pv. gly- 1995). The E. coli ¢ consensus sequence is TCTC-

cinea, and the Oy, remained low (<0.2). CCCTTGAA (-35) and CCCCAT-TA (-10); these two regions
are separated by 13 to 17 bp (Table 1). In PG4180, the puta-

DISCUSSION tive 35 and —10 regions are 7/12 and 8/8 nucleotides identical

to theE. coli consensus and are separated by 14 bp (Table 1).
Southern blot hybridizations at low and high stringencies In many organismgjnaK anddnaJ are organized as an op-
suggested thatnaK exists as a single copy B syringae pv. eron, and there is usually a third member associated with the
glycinea PG4180. In contrast, some prokaryotes and many dnakJ genes, the co-chaperogepE. Additional sequencing
eukaryotes harbor multiple forms of DnaK (Seaton and Vick- localized grpE immediately upstream of thénaK promoter
ery 1994 Werner- Washburne et al. 1987) The translat|ona|(F|g 1B), an organization that is conservedGhDstrldlum

Temp. (C); Doubling Time

——726;2 h || min

w3« = 30.7; 1 h 40 min

— -X—- 32; | h47 min

wwwgn»» 355;2 h 3] min

OD at 600 nm

— —m— — 38.5; Did not
double

0.1 -

Fig. d grown in

Luria-Bertani broth with aerat|on The experlment was repeated Wlth similar results
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aureus (Ohta et al. 1994). Additional sequencing upstream of
grpE and downstream of dnaK (1 kb in either direction) did
not identify a potential dnaJ homologue in PG4180; however,
it remains likely that dnaJ is located further downstream of
dnaK or elsewhere on the PG4180 chromosome.

The activity of the PG4180 dnaK gene was analyzed in
complementation experiments. When pLK2 was introduced

into the E. coli dnaK mutant GW4813, growth at 42°C was

mutants ofE. coli have been recovered (Bukau and Walker
1989), many attempts at creatidigaKk mutants have been un-
successful (Brans et al. 1996; Minder et al. 1997). Since ef-
forts to obtain a PG418@naK mutant were unsuccessful, we
also tried to obtain a PG418PpE mutant. These attempts
were also unsuccessful, indicating that disruptiogrpE may

also be lethal for PG4180. The absence of GrpE may result in
the accumulation of proteins that cannot be properly assem-

restored. Growth of GW4813 at 42°C could not be restored by bled, thus explaining why efforts to delegepE in E. coli

the introduction of pLK.721, which lacks the PG41&taK
promoter region and the first 700 bp of ttheaK coding re-
gion. InterestinglydnaK from Bacillus megaterium, Borrelia

burgdorferi, and Mycobacterium tuberculosis did not com-

plement arE. coli dnaK mutant for growth at elevated tem-

have been unsuccessful (Ang and Georgopoulos 1989).
Transcriptional fusions were constructed to moninakK
gene expression in vitro. At 28°C in KMB brotinaK::uidA
transcriptional activity in PG4180 correlated with cell growth.
Similar results were obtained faihaK in E. coli cultures

peratures (Mehlert and Young 1989; Sussman and Setlowgrown at physiological temperatures (Minder et al. 1997).

1987; Tilly et al. 1993).

In the present study, we attempted to construct a PG4180

dnaK mutant by introducing antibiotic resistance cassettes into

the EcoRlI site located in the center dfaK (Fig. 1C). All at- 08
tempts to obtain a PG418MaK mutant by homologous re-
combination were unsuccessful, even when selection pro- -
ceeded at 18°C to encourage the survival of temperature- 06
sensitivednaK mutants. Since the antibiotic cassettes used to £
generatadnaK mutants could have polar effects, the possibil- ; 0.4
ity exists that DNA located downstreamdsfakK might influ- 3
ence our attempts to isolate mutants. However, no distinct ®
open reading frames were identified in a 1-kb region down- 8 02
stream of theinaK coding sequence. Our inability to isolate a
PG4180dnakK mutant may indicate that DnaK serves an es- 0 : :
sential housekeeping function in this organism, and elimina- 0 2 4 6 8
tion of the gene results in a loss of viability. AlthoudjiaK
Time (h)
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- pPBBR.GUS (OD) - PDNAKP2 (OD) @ DCFLP (OD) Fig. 5. Effect of heat shock on expressiondnfK andcfl promoter fu-

Fig. 4. Temporal expresson of [B-glucuronidase (GUS) activity in
PGA4180 containing dnaK::uidA (pDNAKP2) and cfl::uidA (pCFLP)
transcriptional fusions. pBBR.GUS contains a promoterless uidA gene.
All cultures were grown in Hoitink-Sinden medium optimized for coro-
natine production (HSC) with antibiotic selection (chloramphenicol at

sions in Pseudomonas syringae pv. glycinea PG4180. pBBR.GUS,
pDNAKP2, and pCFLP were the vector control, transcriptionally active
dnaK::uidA fusion, and transcriptionally activefl::uidA fusion, respec-
tively. All cultures were grown at 18°C for 24 h in Hoitink-Sinden me-
dium optimized for coronatine production (HSC) containing chloram-
phenicol at 25 pg/ml, and then shifted to the new growth temperatures

25 pg/ml) at 18°C. Growth curves and GUS activity were based on mean(24 or 35°C)A, Growth curves andB) (3-glucuronidase (GUS) activity

values from two parallel cultures. The experiment was repeated with
similar results.

were based on mean values from two parallel cultures. The experiment
was repeated with similar results.
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When PG4180 derivatives were grown at 18°C, a suboptimalafter the temperature upshift was also observed at the protein
temperature for growtltfl::uidA transcriptional activity was  level (Fig. 6B, C). However, elevated levels dfaK tran-
extremely high, andnaK::uidA expression remained low but scription and translation did not result in the acclimation of
detectable (Fig. 4). Expression of tle#::uidA fusion in- PG4180 to growth at 35 or 38°C.

creased slowly when bacteria were shifted from 18 to 24°C, a In order to assess the fate of DnaKFRnsyringae pv. gly-
temperature that sustains both growth and COR productioncinea, Western blotting (immunoblotting) was used to detect
(Fig. 5B). Howevergfl::uidA transcriptional activity remained  DnaK in cultures grown at various temperatures. These ex-
low when cells were shifted from 18 to 35°C. These results periments differed from typical heat shock experiments, which
are relevant to disease development in the field, where CORusually subject a bacterial culture to a short heat treatment (2
contributes to both symptom development and virulence. At to 3 min) and then return the cells to the original growth tem-
temperatures above 30°C, COR production is negligible andperature. In our experiments, cultures were maintained at the
symptom development decreases substantially (Palmer andhew temperature for the duration of the study. We were inter-
Bender 1993). In contrast, increaseabK::uidA transcrip- ested in mimicking conditions found in nature, where phyto-
tional activity was detected 2 h after the temperature waspathogenic bacteria encounter elevated temperatures for pro-
shifted from 18 to 35°C. The increased transcriptional activity longed periods of time. The specific cross-reaction oEan
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ﬁg. 6. Growth of Pseudomonas syringae pv. glycinea race 4 and DnaK detection by Western blotting (immunoblotting) at (A) 26, (B) 32, and (C)
38.5°C. All cultures were grown in Luria-Bertani (LB) broth for 16 to 20 h, adjusted tg,®M.1, and then shifted to 26, 32, or 38.5°C. Total cellular
proteins fromP. syringae pv. glycinea were isolated, separated on sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) gels, and

transferred to nitrocellulose membranes. Individual Western blot bands representing DnaK were quantified and shown dsriteagités. The ex-
periment was repeated several times with similar results.

Table 1. dnaK promoter sequences

Promoter? -35 regior? Spacer region -10 regioh
Pseudomonas syringae pv. glycinea dnakK GAGCAGGCTTGAA TCAGCTGTAAGGC CCCCATTTAAA
Bradyrhizobium japonicum dnaK P1 TTCGGTCCTTGCG GGCCCCTCCCcCccC TCCTATATGAG
Bradyrhizobium japonicum dnakK P2 ACGGGGGCTTGCC GAAGCCCGGACCTGT TAATAACTCCT
Agrobacterium tumefaciens dnak CTTGCGCCTTGCA GCAGGAAAAATCGCT CCTTATATACG
Caulobacter crescentus dnak P1 TTATGGCCTTGCG GGCGGCCCCTATC CCCCATATCCG
Escherichia coli %2 consensus TCTC-CCCTTGAA 13t0 17 bp CCCCAT-TA
a-purple proteobacteria heat shock co nsensus® CTTG 17to 18 bp CYTAT-T--G

@ Comparison of the putative P. syringae pv. glycinea PG4180 dnaK promoter sequence with the dnaK promoters from B. japonicum (Minder et al.
1997), A. tumefaciens (Segal and Ron 1995), and C. crescentus (P1) (Gomes et al. 1990).

b The nuclectides identical to those in the consensus sequence for E. coli 63 promoters (Yura et al. 1993) are underlined.

¢ The nucleotides found in the —35/-10 consensus sequence for heat shock promotefpristeobacteria (Segal and Ron 1995) are also indicated. Ab-
breviation: Y, pyrimidine.
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coli anti-DnaK monoclonal antibody to DnaK in P. syringae This is the first report of heat shock gene®irsyringae, a
pv. glycinea enabled us to clearly detect the protein temporally ubiquitous plant pathogen found in both extreme and temper-
at various temperatures. At 26°C, a basal level of DnaK wasate climates. SincB syringae pv. glycinea is predominantly a
detected until cells reached the early phase of stationarycool-weather pathogen, temperature is an important factor in
growth (Fig. 6A). These results are similar to those reported forthe ability of this organism to incite disease in the soybean
DnaK inE. coli (Rockabrand et al. 1995). WhEnsyringae pv. host. Our results indicate that the heat shock responBe in
glycinea cells were initially grown at 26°C and then shifted to syringae pv. glycinea can be induced at moderate tempera-
32°C, there was an immediate increase in the detection oftures (32°C) that are only slightly higher than the optimal
DnaK; this was followed by decreased detection at 3 h (Fig. temperature for growth in vitro (30.7°C). One possible expla-
6B). Although a transient increase in DnaK was observed at 2 hnation for reduced virulence 6f syringae pv. glycinea at ele-
when cells were shifted to 38.5°E,syringae pv. glycinea was vated temperatures is the onset of the heat shock response,
unable to acclimate to this elevated temperature (Fig. 6C). which diverts energy and resources away from processes that
In E. coli, DnaK, DnaJ, and GrpE make up the Hsp70 chap- increase virulence, such as COR synthesis.
erone system, which is involved in many metabolic processes.
For exampleE. coli cells that lacked functional copies of the \ATERIALS AND METHODS
Hsp70 family did not produce flagella, suggesting that DnakK,
DnaJ, and GrpE might be required for the proper assembly ofBacterial strains and culture conditions.
flagella (Shi et al. 1992). Other studies indicate that the DnaK The bacterial strains and plasmids used in this study are
chaperone system functions in the localization and regulationlisted in Table 2E. coli DH5a was used in all cloning ex-
of membrane proteins, including those that belong to the two-periments, and pRK2013 was used as a mobilizer plasmid in
component signal transduction family (Clarke et al. 1996; triparental matings (Bender et al. 1992)l E. coli strains
Kelley and Georgopoulos 1997). Furthermore, the Hsp70 were maintained in Luria-Bertani (LB) medium or Terrific
chaperonins participate in nucleotide excision repair, therebyBroth (TB) (Sambrook et al. 1989). TiResyringae pv. gly-
enhancing the resistance of bacteria to UV radiation (Zou etcinea strain PG4180 was grown in King’s medium B (KMB)
al. 1998). Consequently, DnaK is not only important in the (King et al. 1954) or mannitol-glutamate (MG) medium
heat shock phenomenon, but also in many other physiological(Keane et al. 1970) at 28°C. In some experiments, PG4180
processes necessary for bacterial survival. was grown in Hoitink-Sinden medium optimized for coro-

Table 2. Bacterial strains and plasmids

Strain or plasmid Relevant char acteristics Reference or source
Escherichia coli
DH50 Sambrook et al. 1989
GW4813 dnak52::Cm" Paek and Walker 1987
PBL500 lacZ::Tn5lagl ™ Rockabrand et al. 1995
Pseudomonas syringae pv. glycinea
PGA4180 Pathogenic on soybeans Bender et a. 1993
race4 Pathogenic on soybeans A. K. Vidaver
Plasmids
pBluescript I SK*  Ap'; ColEl origin; 2.9-kb cloning vector Stratagene, La Jolla, CA
pZEr0O2.1 Km'; 3.3-kb cloning vector Invitrogen, Carlsbad, CA
pRK7813 Tc"; 10.5-kb cosmid vector Jones and Gutterson 1987
pRK415 Tc'; RK2-derived cloning vector Keen et al. 1988
pBSL15 Ap" Km'; contains 1.2-kb Km" cassette in pUC18 Alexeyev 1995
pMCm Ap' Cm'; contains 2.9-kb Cm" cassettein pMTL24 Murillo et al. 1994
pBBRIMCS Cmr; 4.7-kb broad-host-range cloning vector Kovach et al. 1994
pBBR.GUS Cm"; 6.6-kb, contains uidA in pPBBR1IMCS Pefaloza-Vazquez and Bender 1998
pCFLP Cni; containscfl::uidA in pBBR1IMCS Pefialoza-Vazquez and Bender 1998
pCR2.1 Ap Km'; 3.9-kb cloning vector Invitrogen
pLK.721 Af; 721-bp polymerase chain reaction (PCR) fragmeminaK from PG4180 This study
pLH3 Tc'; PG4180 library clone in pRK7813 This study
pDF5 T¢; PG4180 library clone in pRK7813 This study
pLK1 Km"; 5-kb EcoRI fragment from pDF5 in pZErO2.1 This study
pLK2 Ap"; 7-kb Hindlll fragment from pLH3 in pBluescript SK This study
pLK3.Km Tc' Km'; containsdnaK::Km" allele in pRK415 This study
pLK3.Cm Ap CnT; containsdnaK::Cm' allele in pBluescript SK+ This study
pLK4 Ap' Km"; 1-kb PCR fragment from PG4180; contains 730 bpraK and 270 bp of up- This study
stream DNA in pCR2.1
pLK5 Ap’ Km"; 0.4-kb PCR fragment from PG4180; contains 130 bdnaK and 270 bp of  This study
upstream DNA in pCR2.1
pDNAKPR Cnil.2-kb EcoRI-Pstl fragment in pBBR.GUS; contains teaK promoter in tran- This study
scriptionally inactive orientation
pDNAKP1 Cnf; 1-kb fragment from pLK4 in pBBR.GUS; contaideak::uidA in transcriptionally This study
active orientation
pDNAKP2 Cnf; 0.4-kb fragment from pLK5 in pBBR.GUS; contaidsak::uidA in transcription-  This study

ally active orientation
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natine production (HSC) at 18°C (Palmer and Bender 1993). subcloned into pBluescript SKr pZErO2.1 according to stan-
When appropriate, antibiotics were added at the following dard protocols (Sambrook et al. 1989).

concentrations (ug/ml): ampicillin, 100; chloramphenicol,

25; kanamycin, 25; and tetracycline, 12Far analysis of DNA sequencing and analysis.

DnaK by Western blottingP. syringae pv. glycinea race 4 Automated nucleotide sequencing was performed with Am-
was maintained on KMB agar and stored at 4°C. Prior to pli Taq DNA polymerase, an ABI 373A apparatus, and the
use, a loopful of inoculum was transferred into fresh LB ABI PRISM Dye Primer Cycle Sequencing Kit (Perkin Elmer,
medium and incubated overnight at 26°C in a shaking water Foster City, CA). Automated sequencing was provided by the
bath (250 rpm; Magni Whirl Incubator Shaker; Blue M Oklahoma State University Recombinant DNA/Protein Re-
Electric, Blue Island, IL)P. syringae pv. glycinea PG4180 source Facility. The DNA region sequenced and the deduced
was used in all cloning and complementation studies be-proteins were analyzed with the software packages provided

cause it was easier to manipulate genetically thasyrin- by UWGCG or the NCBI (National Center for Biotechnology
gae pv. glycinea race 4. Information) BLAST network server.
DNA isolation procedures. Complementation of an E. coli dnaK mutant.

Plasmids were isolated froe coli by the TENS mini-prep Competent cells dE. coli K-12 strains GW4813dhaK mu-
procedure (Sambrook et al. 1989). Plasmids submitted for setant) and PBL500 (wild type) were prepared by standard proce-
qguencing were purified with the Promega Wizard Mini-Prep dures (Sambrook et al. 1989) and transformed with pLK2 (Fig.
Kit (Madison, WI). PG4180 plasmid DNA was isolated by the 1B), pLK.721 (Fig. 1E), or pBluescript SKGrowth was com-
procedure of Kado and Liu (1981). For library construction, pared at 37 and 42°C for th& coli wild-type and mutant
genomic DNA of PG4180 was isolated as described by Stas-strains with and without the plasmid constructs.
kawicz et al. (1984) and purified on CsCI-EtBr gradients

(Sambrook et al. 1989). Construction of a PG4180 dnaK mutant.
To facilitate the construction of mutadhaK alleles, the
PCR conditions. 1.4-kb Ddel fragment containing an internal portion drifiaK

Amplification of dnaK by PCR was accomplished with (Fig. 1D) was subcloned in pBluescript SKreating pLKS.
primers synthesized by the University of Nebraska-Lincoln The Kni cassette in pBSL15 was then inserted intoEtaR|
DNA Synthesis Laboratory. Genomic DNA from PG4180 and site in the central region anaK (Fig. 1D), and the 2.6-kb
plasmid pLK2 were used as templates and the following oli- fragment containing thelnaK::Km" allele was excised and
gonucleotides were used as degenerate primers in the PCR—€loned into pRK415. This clone, which was designated
the variable bases S, B, N, D, and R were defined by the In-pLK3.Km, was introduced into PG4180 by triparental mating,
ternational Union of Biochemistry (Cornish-Bowden 1985): and selection for the vector antibiotic marker"\was re-
forward primer 5 GCGGAATTCATSACBGTNCCNGCA, moved to facilitate homologous recombination. A similar ap-
the EcoRI recognition site is shown in bold and the under- proach was used to introduce the 'Grassette from pMCm
scored base pairs correspond to nucleotides 418 to 437 irinto theEcoRI site of the truncatednaK gene in pLK3. This
Bardwell and Craig (1984); and reverse primerAERGGG recombinant was designated pLK3.Cm and introduced into
ATCCATDCCGTTDGCRT CRACRTCGAASGThe BamHI PG4180 by electroporation (Sambrook et al. 1989), and Cm
recognition site is shown in bold and the underscored basetransformants were selected.
pairs correspond to the complement of nucleotides 1423 to
1458 in Bardwell and Craig (1984). Conditions for PCR in- Construction of dnaK transcriptional fusions.
cluded 25 cycles at 94°C for 1 min, 60°C for 1 min, and 72°C  Plasmid pBBR.GUS, which contains a promoterleisi
for 3 min. Reaction mixtures (100 pl) contained reaction gene downstream of a multi-cloning site, was used to create
buffer, 1.5 mM MgC}, 200 pM concentrations of each dNTP, dnaK::uidA transcriptional fusions. To obtannaK::uidA fu-

1 pg of chromosomal DNA or 0.1 pg of plasmid DNA, 50 sions in the transcriptionally active orientation, tmaK up-
pmol of each primer, and 10 U dhg DNA polymerase stream region was amplified from pLK2 by PCR with restric-

(Promega, Madison, WI). tion sites incorporated into the primers to facilitate cloning.
The forward primer, 5GGCGAAAGCTTTGCAGGAAAGTG
Library construction and screening. CCGACG, was used for amplification of both 1.0- and 0.4-kb

A PG4180 genomic library was constructed in pRK7813 as PCR products and containedHandlll site (see underscored
described previously (Barta et al. 1992). Hocoli transfectants nucleotides). Reverse primers h&dtl sites and were '5
were screened fanaK by colony hybridization with the 721-bp GGCAGCTGCAJ CAGACGCTGCAT and 5 CCAGCTG
probe containing a portion afnaK amplified from PG4180 CAGACCGTCATTGGCATAAGC for the 1.0- and 0.4-kb
(Fig. 1E) The PCR product was approximately 1 kb but, when PCR products, respectively. PCR products were cloned into
digested withEcoRI andBamHlI, the fragment was reduced to pCR2.1, resulting in pLK4 (1-kb fragment) and pLK5 (0.4-kb
0.7 kb because of an interrizdoRlI site. For probing the cosmid  fragment). pLK4 and pLK5 were then digested whtindlil
library, thednak probe was labeled withu{*P]dCTP with the andPstl and cloned into pBBR.GUS, resulting in pDNAKP1
Rad Prime DNA Labeling System (Gibco BRL, Gaithersburg, and pDNAKP2, respectively (Fig. 1C). The 1.2kdil/EcoRl
MD). For all other experiments, the probe was labeled nonra-fragment of pLK2 was cloned in pBBR.GUS in the transcrip-
dioactively by incorporation of digoxygenin-11-dUTP (Genius tionally inactive orientation resulting in pDNAKPR (Fig. 1C).
Labelling and Detection Kit, Boehringer Mannheim, Indianapo- pCFLP, which contains &fl::uidA transcriptional fusion, and
lis, IN). Selected restriction fragments containiK were pBBR.GUS were also used in GUS assays.
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