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Caulobacter crescentus has a single dnaK gene that is highly homologous to the hsp70 family of heat shock
genes. Analysis of the cloned and sequenced dnaK gene has shown that the deduced amino acid sequence could
encode a protein of 67.6 kilodaltons that is 68% identical to the DnaK protein of Escherichia coli and 49%
identical to the Drosophila and human hsp7O protein family. A partial open reading frame 165 base pairs 3' to
the end of dnaK encodes a peptide of 190 amino acids that is 59% identical to DnaJ of E. coli. Northern blot
analysis revealed a single 4.0-kilobase mRNA homologous to the cloned fragment. Since the dnaK coding region
is 1.89 kilobases, dnaK and dnaj may be transcribed as a polycistronic message. Si mapping and primer
extension experiments showed that transcription initiated at two sites 5' to the dnaK coding sequence. A single
start site of transcription was identified during heat shock at 42rC, and the predicted promoter sequence
conformed to the consensus heat shock promoters of E. coli. At normal growth temperature (30°C), a different
start site was identified 3' to the heat shock start site that conformed to the E. coli sigma 70 promoter consensus
sequence. S1 protection assays and analysis of expression of the dnaK gene fused to the lux transcription
reporter gene showed that expression of dnaK is temporally controlled under normal physiological conditions
and that transcription occurs just before the initiation ofDNA replication. Thus, in both human cells (I. K. L.
Milarski and R. I. Morimoto, Proc. Natl. Acad. Sci. USA 83:9517-9521, 1986) and in a simple bacterium, the
transcription of a hsp70 gene is temporally controlled as a function of the cell cycle under normal growth
conditions.

The heat shock response is an apparently universal phe-
nomenon by which a cell subjected to a sudden increase in
temperature induces the synthesis of a small number of
highly conserved proteins, the heat shock proteins (hsps)
(20, 21, 26). The high degree of conservation of the hsps
suggests that these proteins are involved in important pro-
cesses within the cell.
The best studied among these proteins is the family of

polypeptides of Mr 70,000. Eucaryotic organisms typically
contain several hsp70-related genes (17, 25, 34). Regulation
of these genes is complex; some hsp70 genes are expressed
only after cells are stressed, whereas others are expressed
constitutively or are developmentally regulated. In contrast,
Escherichia coli encodes only one hsp70 protein, the product
of the dnaK gene (4). DnaK is an abundant protein even at
normal temperatures (reported to compose 1.4% of the
cellular protein), and its synthesis is induced by heat and
other forms of stress (15). It is required for the initiation of
lambda phage DNA replication (19), is essential for cellular
growth, and appears to be required for the initiation ofDNA
replication at high temperatures (28, 31). We have previously
shown that the DnaK homolog from Caulobacter crescentus
is under complex regulation. In addition to increased syn-
thesis after brief exposure to heat (13, 29) or peroxide (29),
under physiologic growth conditions DnaK appears to be
synthesized at a defined time in the cell cycle, just before the
initiation ofDNA replication (13). This response is similar to
that observed with the human hsp70 protein, which has been
shown in HeLa cells to rapidly increase synthesis during
entry into the S phase and to decline in the late-S and G2
phases (23). Furthermore, the human hsp70 protein is local-
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ized to the nucleus in the S phase. At each cell division in C.
crescentus, only the progeny stalked cell is able to initiate
DNA replication (8), and DnaK synthesized in the predivi-
sional cell is selectively localized to this cell upon division
(29).
To determine whether a single dnaK gene is responsible

for both the stress response and the response to temporal
control signals, we cloned dnaK; it occurred in a single copy
on the genome, and we identified both a conserved heat
shock promoter and a conserved Eu70 promoter in tandem 5'
to the start of the dnaK coding sequence. Analysis of dnaK
transcription in vivo showed that the gene is only transcribed
from the heat shock promoter at high temperatures but is
transcribed from both promoters in a temporal manner at
normal growth temperatures.

MATERIALS AND METHODS
Bacterial strains and plasmids. The synchronizable wide-

type strain C. crescentus CB15N, used in all experiments,
was grown in PYE medium or in modified minimal M2
glucose medium (6). Cultures were synchronized by the
method of Evinger and Agabian (12). E. coli HB101 was
grown in LB medium (24). Plasmid B8, containing the
Drosophila hsp70 gene cloned into pBR322, was obtained
from E. Craig. Plasmid pUCD615, containing the promoter-
less luxCDABE cassette, was obtained from C. I. Kado (16).
Plasmid pRK290.20R, a derivative of the broad-host-range
plasmid pRK290 (9), contains a multiple restriction site
cassette inserted in the EcoRI site.

Cloning of the dnaK gene. C. crescentus genomic DNA was
digested with the restriction enzyme BamHI, transferred to
nitroceilulose, and hybridized at low stringency (6x SSC
[lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate]-5x
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FIG. 1. Map position of the C. cresc

restriction map of a 3.5-kb BamHI fragme
portion of dnaJ (pGR24). A subclone, pJ(
the dnaK 5' region and 370 bp of dnaK cc

promoterless lux operon is shown below
1,100-bp BamHI-XhoI fragment used foi
assays is also shown. Restriction enzyme,
PstI; R, RsaI; S, SaII; X, XhoI.

Denhardt solution-0.1% sodium do(
washes in 5 x SSC at 37°C) to the Dro
the B8 plasmid (18). A single band (

region corresponding to 3.5 kilobases
crescentus genomic DNA was then
and size fractionated by agarose ge
DNA fragments from 2 to 4 kb in size
ed and ligated to BamHI-digested pB]
genomic library. After transformation
ing partial library was screened by prn
digests of miniplasmid preparations
tion with a nick-translated Drosophilc
plasmid. Both methods yielded the
fragment.
DNA sequencing. DNA sequence

3.5-kb cloned fragment was done by t]
et al. (32). Various restriction fragmer
M13mpl8 and M13mpl9, and their co
determined on both strands after de
prepared by using the cyclone syst
Biotechnologies. A restriction map o

Fig. 1, and the sequence is shown in
Nuclease S1 and primer extension n

S1 mapping experiments was a 1.1-kb
isolated from pGR24 (Fig. 1). S1
performed as described by Amemi
following modifications. Hybridizatic
90°C for 10 min, followed by transfer
,ug of C. crescentus total RNA. Nuc
performed with 100 U per sample at 2
extension mapping (3) was done with
otide (24-mer) that was complementa
456 of the dnaK coding sequence (Fi
tide was obtained from Operon TI
Calif. The oligonucleotide was 5' end
hybridized to 50 ,ug of C. crescentus
was carried out in 25 p1l of 0.1 M
ethanesulfonic acid) (pH 6.4)-1.0 M
45°C for 12 h. The samples were pr
and suspended in 49 ,ul of 50 mM I

DraI 105 X Dra 1 8.5)-2 mM dithiothreitol-5 mM MgCl2-40 mM KCl-0.2 mM
purA gyr B deoxynucleoside triphosphates and RNasin (1 U; Boeringer

Mannheim Biochemicals, Indianapolis, Ind.). The oligonu-
cleotide was extended at 42°C with 20 U of avian myeloblas-
tosis virus reverse transcriptase (Life Sciences, St. Peters-
burg, Fla.) for 90 min. The unlabeled oligomer served as a

s x primer for the sequencing ladder, and sequencing was per-
I|ZZ formed by the dideoxynucleotide-chain termination method

RS C B (32) with [a-355]ATP.
d7 Z Construction of dnaK-lux transcription fusion. A dnaK-lux
&naJr transcription fusion was made by inserting the 1.35-kb

_ignismoom BamHI-PstI fragment from pGR24, containing the entire
upstream region plus 370 base pairs (bp) of the coding region
of the dnaK gene in front of the promoterless lux genes in
pUCD615 (16) (Fig. 1). The dnaK-lux transcription fusion
was then subcloned into pRK290.20R, and the resulting
recombinant plasmid, pJG42, was mated into C. crescentus.

entus dnaK gene and a Biochemical techniques. Standard methods were used for
nt containing dnaK and a DNA end labeling, nick translation, and Northern blots (22).
j42, containing968 bp of Cellular RNA was purified from C. crescentus cells as

)ding sequence fused to a described by Amemiya et al. (2). Luciferase activity was
,the restriction map. An assayed in C. crescentus cultures containing plasmid-borne
r S1 nuclease protection lux genes. To assay the activity of luciferase at defined time
s: B, BamHI; C, ClaI; P, points in the cell cycle, synchronized cultures were incu-

bated at 32°C, and then samples were shifted to 25°C for 10
min at the times indicated in Fig. 6B. Because luciferase is

decyl sulfate at 55°C; irreversibly denatured at temperatures greater than 30°C,
sophila hsp70 probe in this method provides a means of assaying the new synthesis
of hybridization in the of luciferase over a short period of time. After incubation at
(kb) was observed. C. 25°C for 10 min, each sample of the culture (optical density
digested with BamHI at 660 nm, 0.3 to 1.0) was placed in a scintillation vial, and
1 electrophoresis. The n-decylaldehyde (2% emulsion) was added to a final concen-
were then electroelut- tration of 0.002%. Emitted light was measured immediately
R322 to create a partial over a period of 6 s in a Packard scintillation counter (model
iinto E. coli, the result- 3330). Counts obtained on the 3H channel were converted
)bing Southern blots of into quanta emitted by using a known radioactive standard
)r by colony hybridiza- for calibration (33).
7 hsp70 probe in the B8
same 3.5-kb BamHI RESULTS

analysis of the entire Isolation and sequence analysis of the dnaK gene from C.
he procedure of Sanger crescentus. A single segment of DNA in the C. crescentus
its were subcloned into genome was identified by hybridization of the Drosophila
mplete sequences were hsp70 probe B8 (18) to genomic DNA blots. DNA isolated
letion subclones were from the region of the gel that hybridized to the probe was

:em from International used to construct a BamHI plasmid library in pBR322, as

if the clone is shown in described in Materials and Methods. Two recombinant plas-
Fig. 2. mids that hybridized to the Drosophila probe were isolated
napping. The probe for and shown to have identical restriction maps. The restriction
BamHI-XhoI fragment map of the insert in pGR24 is shown in Fig. 1.
nuclease assays were The existence of a physical map of the C. crescentus

ya et al. (1) with the genome generated by the ordering of DraI restriction frag-
)ns were carried out at ments with respect to the genomic map (10) allowed us to
to 56°C for 3 h, with 50 determine the general map position of the dnaK homolog.
,lease S1 digestion was We used the cloned fragment as a probe of Southern blots of
37°C for 30 min. Primer Dral-digested chromosomal DNA separated by pulsed-field
[a synthetic oligonucle- gel electrophoresis (10). The cloned DNA hybridized to a

ry to nucleotides 433 to single DraI restriction fragment of 305 kb (Fig. 1). Its relative
ig. 2). The oligonucleo- position was determined by integrating in both orientations a

echnologies, Alameda, plasmid that contained the dnaK gene. This homologous
I labeled with y-32P and integration introduced another DraI site, and comparison of
total RNA. Annealing the restriction fragments generated by insertion in both
piperazine-N,N'-bis(2- orientations allowed the placement of dnaK near the junc-
NaCI-5 mM EDTA at tion with the adjacent 105-kb fragment (Fig. 1).
ecipitated with ethanol To confirm the identity of the cloned fragment as the dnaK
rris hydrochloride (pH gene, the fragment was cleaved with various restriction

J. BACTERIOL.
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AewCAcC_CTO CATAcGCAGCcGG0ACAACG 0TGAGCATTGC CGT CTCAA0CCCACGG CCG CCG
30 60

90 120 150

_OCC0ACMA_CCCTTOG_6GITOCI_cTGCGCCATCCCCCASASCGCTCG
180 210

BAALL_ _ __CCACAACCATICcGCCcGTOTG T
240 270 300

COT0AAcCCTMA6AGNCCAAGCC W _ _ _CCG
330 360 390

Ras!
-Nt Sar Lys I1 Ile 0ly Ile Asp Loeu ly Thr Thr

_CCTCCCCCTAAA66A6ATG AGC AAC ATrAA CTT T ATC GAC CTT CGC ACC ACC
420 450

Asn Bar Cys Val A1 Ile Hat Asp 6ly Lys Thr Pro Lys Val Ile GIu Asn Akla Glu ly
AAC TCC TSC CTC CC ATC ATC GAC GGC AAG ACC CCC AAM GTC ATC GAG AAC GCC GAG GGC

430 510
XboS

Ala Arg Thr Tbr Pro Ser Val Val Ala Pbt juj_Cl Asp ly 0lu Arg lAu Ile Gly Gln
OCT CCC ACC ACC CCOC TC CTC GTC GCC TTC c acGAC 0CT GAG CGC CST ATC GGC CAM

540 570

Pro Ala Lys Arg Gln Ala Val Thr Asn Pro Tbr Asn Thr Lau Phb Ala Ile Lys Arq Lau
COC GCC AAM CCC CAM GCC GTC ACC AAC CCC ACC AAC ACG CTC TTC GCC ATC AAM CGC CTG

600 630

Ile ly Arq Thr Ala Bar Asp Pro Val Va1 Glu Lys Asp Lys 0ly Hat Val Pro Tyr Ar;
ATT 0CC CCC ACC CCC AMC GAC CCC TOGTCG MA AAM GAC AAM GGC ATG GTC CCC TAC AGA

660 690

Bar gar Ar; Ala Ar; Ala 0ly Asp Ala Trp Val Lys Ala His 0ly Lys Asp Tyr S-r Pro
TCC TCA AO GCC CGA GCC cca GAC CCC TOG GTC AAM GCC CAC CCC AAM GAC TAC ACC CCC

720 750
PstX

Gln Glu Val ar Ala Pba is-IuL Cl.n Lys Hot Lys Glu Ala Ala Glu Ala His LAo lyCM GAA GTC TOC GCC TTC ATT 50W AAM ATC AAM GAA CCC GCC GMAA CC CAC CTT GCC
780 610

61u Pro Val Thr Lys Ala Val II- Thr Val Pro Ala Tyr Phb Asn Asp Ala Gln Ar; Gln
GAM CCC CCAACCAM 0CC STC ATC ACG GTT CCC GCC TAC TTT AAT GAC GCT CAG CGT CAM

840 870

Ala Thr Lys Asp Ala 0ly Lys Ile Ala 6ly Lou Glu Val Lou Ar; Ile Ile Asn Glu Pro
GCC ACC AAM GAC GCC GGC AM ATC 0CC GGC CCT GM TC CTG CCC ATC ATC AAC GAG CCC

900 930

Thr Ala Ala Ala LAo Ala Tyr 0ly Lau Asp Lys Asn Asp 0ly Lys Lys Ile Ala Val Tyr
ACG 0CC OCT CC CTG GCC TAC GOT CTC CAC AM AAC GAC GCC AAM AAG ATC GCC CTC TAT

960 990

Asp Lou ly 0ly ly Thr Pbs Asp Val Bar XIl Lau Glu II ly Asp ly Val Ph- Glu
GAC CTC GOT 0CC 0CC ACC TTC GAC GTG TCC ATC CTG CAA ATC GGC OAT GGC CTC TTC GAG

1020 1050
Sall Sall

Va1 L yr Asn Gly Asp Thr Pb. Lau 0ly 0ly lu Asp Pb. Asp Lau Arg Ile Val
GTG AAM_CAC AAC GCC GAC ACC TSC TG CGC CCC GAM GAC TIC GAC CT0 CGG ATC

1080 1110
SalI

Sy2Tyr LAu Ala Asp Clu Ph Lys Lys Glu Gln ly liLiAn lau Ar; Lys Asp Lys Lau
gM TAC CTC 0CC GAC GMa TTC AAG AMG GMG CAG GCC gG_ca CTG CGC AMG GAC AAM CST

1140 1170
PutI Sail

Ala IOLA" Ar; Lau Ar; Clu Ala 01u Lys Ala Lys Lys 0lu Lou S-ArSL-rL Ala Gl1
OCT M_MCa C CC CC G GCC GAA AM GCC AAM AAM Ga CTC TCqLcG CT CAO

1200 1230
RsaI
Svr 0lu Val Asn Lau Pro PbE Ile SBr nat Asn Ala Bar 0ly Pro Lau His Lau Asn Ile

GMA CTC AAC CTC CCC TTC ATC AGC ATO AMC 0CC TCC GCT CCC CT0 CC CTC AAC ATC
1260 1290

SaI
Lys Lou SBr Arg Ala Lys LAu Clu Ala Lou yliLiE Asp Lou Ile Ala Arg Thr Ila Gly
AM CTG TCG CCC 0CC AAGCTG GM 0CC CTG g CAC0 GAC CTC ATC 0CC CGC ACC ATC GGT

1320 1350

Pro Cys 0lu Gin Ala Lou Lys Asp Ala 0ly Lau Lys Lys Bar Asp I1- Asp Clu Va1 Ilb
CCC TOC GMA CAG OCT CTG AAM GAC GCT GGC CTC AAM AMG AC GAC ATC GAC GAA GT ATC

1380 1410

Lou Val Gly 0ly Nat Bar Arg Nat Pro Lys Val Gln Gln Ala Val Gln Asp Phs Phe Gly
CTG GTC GCC GGC ATG AC CCC ATG CCC AAM GTC CAG CAG GCG GTG CAG GAC TSC TTC GGC

1440 1470

Ar; 0lu Pro His Lys Gly V71 A n Pro Asp 0lu Val Val Ala Laou ly Ala Ala Val Gln
CGC GAG CCG CAC AAG GCC GTO AAC CCT GAC GAA GTC GTG GCT COT GGC GCC CCC GTT CAM

1500 1530

3053

Ala 0ly Val Lou Gln 0ly Asp Val Lys Asp Val Lou Lau Lau Asp Val Thr Pro Lou TShr
CCC 6C0 G CT6 CMA GOC GAC CTC AMG GAC TG COTC CTC CTG GAC 0TC ACC CCC CTG ACC

1560 1590

Lou 0lyI7 Asp TShr Lou 0ly 0ly Val Pb Tshr Pro Lau Ile Clu Ar; Asn Thr TSr Il
CT6 6CC ATC GAC ACC OTO GOC GOT 0M TTC ACC CCC crc ATC GM CCC MAC ACC ACC ATC

1620 1650

Pro TShr Lys Ar; SBr Gln TSr Pa Bar TShr Ala Asp Asp Asn GCn Sar Ala Val Tbr hli
CCC ACC AAM CCC TCG CAM ACC TmC TCC ACC CCC GAC GAC aMC CaM TCG 6CC 0TC AcG ATC

1660 1710

Arg Val Pba Gln 6ly 6lu Ar; Ala nat Ala Gln Asp Asn Lys Not G1n 0ly Gln Phs Asp
CGO 0T6 TTC CaM GC GA CCC GCO ATO GCC CM GAC AC AaM ATG Ca GC CMG TTC GAC

1740 1770

Lou Val 0ly Ile Pro Pro Ala Pro ar; 6ly Val Pro Gln Il Clu Val Thr Phb Asp ISe
OCTG CC GCC ATC CCC CCC CCC CCC CCC 606 CTO CCC CaM ATC GMa GTC ACC TTC GAC ATC

1600 1530

Asp Ala Asn 0ly Ile Val 1ln Va1 His Ala Lys Asp Lys Ala TShr Asn Lys 0lu Gln SBr
GAC 0CC MC 0CC ATT CTC CM OTC CAC 0CC AAM GAC Aa CC ACC AAC AaM GMa CAM TCC

1860 1890

I. Ar; Ile Gln Ala Asn 0ly 0ly Lau Ser Asp SBr Asp hl 0lu Ar; Net Val Lys 0lu
ATC CCC ATC CAM GCC aaT GCC CGC CTT TCC CAC AMC GAC ATC GMa CCC ATG GTC AAC GAA

1920 1950

Ala Glu Al A n Lys Ala Ala Asp Clu Lys Lys Lys Gin Lau V71 0lu Ala Lys Asn Gln
GCC GM GCC AAC A OCT GCC GAC G AM AM AA CAM cTG GC GAM 0CC Aa AAC CaM

1960 2010

Gly 0lu Ala Ile Lu. His SBr Thr 0lu Lys Ala LAu Ala 0lu His 0ly Asp Lys Val 0ly
GCC GM GCC ATC CT0 CAC TCC ACC cG AAM 0CC cTG GCC GAM CAT GGC GAC Aa GTC 0CC

2040 2070

Ala Ala lu Lys TShr Ala hI 0lu TShr 0ly Is* Thr 0lu Lau Lys TShr Ala Lou 0lu 0ly
GCC GCT GA AM ACC GCC aCGAA ACC 606 ATA ACC MCAG CTOG Aa ACC GCC cT0 GAA GC

2100 2130

0lu Asp Val Clu Ala hl Gln Ala Lys TShr Gln Ala Lau Il Gln Ala SBr Nat Lys Lou
GAA GAC GTC GAM GCC ATC CAM GCC AaM ACC CAM GCC CT? ATC CaM GCT TCG aTG AaM CTG

2160 2190
RsI

6ly 0lu Ala naL_1 Ala Ala Gln 6ln 6ly Ser Ala 0lu 0ly 6ly Asp Ala Lys Ala Asp
GCC GM GCC ATrLTA GCC CCC CA CM GCC TCC 6CC GM GGC GCC GAC 0CC AAM GT GAC

2220 2250
Sall Sall

Asp GlyVal liAJ_i Aa Glu Pts Clu 6lu ISLAm Asp Asn Lys Pro Ala Ala End
CAC CCC T g.S" GCC mGTTC GMGCAA GAC AAC AM CCC GCC GCT TAA CCG

2260 2310

2340 2370 2400

2430 2460
Clal

nst Ar Asp Tyr Tyr 6lu Ile lAo 6ly Va1 Thr Ar TShr jL.A. Clu Ala 0ly Lau
A ATc CCC GAC TAT TAC GAM AMT CTC CCC 0IG ACC COG ACC ACCAT GM GCT GOT CT0

2490 2520

Lys SBr Arg Val Ar; Lys Lau Ala Ht Glu His His Pro Asp Ar; Asn 0ly7 ly Cys Glu
AAM TCC CCC GTT CCC AG COT 6CCC ATG GMA CAC CAC CCT GAC CCC AMT GGC GGC TSC GAM

2550 250

Asn Ala Ala 6ly Arg Pbs Lys 6lu Ile Asn Clu Ala Tyr SBr V71 LAo SBr Asp Ser Gln
AMC 6CCCC 006 CCCmTCCAM GM ATC MC GM 0CC TAT TCC CTC CTC TCC OAT TCC CAG

2610 2640

Lys Arg Ala Ala Tyr Asp Arg Pbs 6ly His Ala Ala 0ly Gln Arg 0ly Ar; Asn 0ly Pro
AAM CCC 6CC GCC TAT GC CCC TTC GCC CAT CCC CCC GOT CMA COG COC CCC MAC GOT CCC

2670 2700

0ly 0ly Pbs 0ly 0ly Gln 6ly Pbs Asp Ala SBr Asp Ile Phs Asn Asp Val Pbs 1ly Asp
GGC 006 TTC GCC GCCC CM GOC TTC GAC ACCMC GAC ATC TIC MC GAC GTC TOT GGC OAT

2730 2760

Val Pbs 6ly 0lu nat pbs 6ly 6ly 0ly ar; Ala Val Gln Ar; Pro Gln Ar; 0ly Gln Asp
GTG TIC GCCGAAG TIC G CCOCT COT CCA GTC CAA COG CCC CAM CCC GGC CM OAC

2790 2820
Xhol

Lou Arg Tyr Asp Lou 6lu Ile TSr 9 Gin Ala Tyr Ala 0ly Ala Clu Va71 0lu Is
CTG COT TAT GAC CTG GM ATC ACC =c" CMA GCC TAT GCC GGC GCC GAM GTC GAM ATC

2650 2860

Thr Ile Pro Arg His Clu Pro Cys 6lu V71 Cys 6lu 6ly Ser 0ly Ala Lys Pro 0ly Thr
ACC ATI CCC COC CAT GAM CCC TGC GMa TC TGC CGMAa TCCGCC GCC AM CCC GGC ACC

2910 2940

Gln Pro Lau Cys Lau Arg Thr Cys 0ly 0ly Ala 0ly Pro 7a1 Ar; Ala Tbr Gln 0ly Pbs
cMa CCC cTC TOT CTG CCC ACCTOcGOT 0CC CCC CCC CCT CTC CGA GCG ACC CAM GGC TTC

2970 3000
5arX

Pbs Ala Val Clu Ala Ala Ar; Cys 0ly QyS=TIC GCC TC GMa GCC CCC CCC TCC 0CC GM-=
3030

FIG. 2. DNA sequence of the C. crescentus dnaK gene and a portion of the adjacent dnaJ gene. All of the sequence was determined on
both strands and across all restriction sites of the insert in pGR24 shown in Fig. 1. The sequence complementary to the synthetic
oligonucleotide (24-mer) is underlined. The inverted repeats in the DNA sequence are indicated by horizontal arrows.

enzymes and subcloned into M13mpl8 and M13mpl9, and
the DNA sequence was determined by the dideoxy-chain
termination method (Fig. 2). DNA sequence analysis re-
vealed an open reading frame coding for a protein that was

highly homologous to E. coli DnaK (Fig. 3). A comparison of
the predicted amino acid sequence revealed 68% identity
with the E. coli DnaK protein (4) and 49% identity with the
Drosophila hsp70 protein (18). The dnaK gene could encode
a protein of 67.6 kilodaltons. A second open reading frame

that did not end in the clone was detected downstream of the
dnaK gene (Fig. 2). The TAA stop codon for the dnaK gene
was separated from the ATG start codon of the open reading
frame by 165 bp. The predicted sequence of the possible 190
amino acids encoded by the open reading frame had 59%
identity to the DnaJ protein (5, 27) of E. coli (Fig. 3).

Effect of heat shock on the in vivo transcription of dnaK.
The in vivo transcript of the dnaK gene was detected by
Northern blot analysis with total RNA prepared from C.

VOL. 172, 1990
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flQanbLADALFI*QDFYT-*V***RF*I.CAN*FRN

C ar_Ug T I G P C Z Q A L X D a G L K K S D I D E V I L V G G N S^.coli S * Z * L K V * * Q * * * * 8 V * * * * D * * * * * * Q T
S*LQ*VK**N**K*SV*G*HDIV****STDrnami±h * L Q *V *IX* * N **XID *GCQO*HD I V* ***S T

c _ t aRNRP KVQQAVQ D F F -GR P H K G V N P D E V V A
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C.cr--c-ntu T L G I D T L G G V F T P L I E R N T T I P T K R S Q T F
E. Cali 8 * * * Z * N * * * M * T * * A K * * * * * * * H * * V *
Dr S* * * E*A** *NM*K%* ** * *C R** C *Q TK(* *

C Sfiga = S T A D D N Q 8 A V T I R V F Q G Z R A M A Q D N X N Q G
ZXcoli * * * 1! * * * * * * * * H * L * * * * K R * A * * * S L *

**YS**G*P*ST*Q*YZ~*****T**NAL*

c ur_ LGQF D L V D I P P A P R G V P Q I E V T F D I D A N G I V
TN * D NQSAN * R**AQ D * L

Csms Q V H A K D K A T NP E Q V I R I Q AN G G L S D S D I
,.coli H *S *** * N S C * * * K *T *KI * S S *-*N R D E*
Dr la SNS Z R S * G* A It N*T*K N D XK* R ** Q A E*

e _ R N V K Z a ZAN K AA D Z K K KQ L V E a N Q G E A
Q ** R D** * AE * * R*F E* *QTR* * *A H

DrQaRJ D* ** N * *K* Y A D I* * * H R * R I T S R * A L * S

CLaManS aI LHSTZKALAZH-GDKVGAAEKTAIETGI
E. aLi. L * * * * R * Q V E * A - * * * LP*DD** * * *SAL

Drosohi v Y V F N V K Q S V E Q A P A G * L D E * D * N S V L D K C

C.ceaenu T Z L K T A L Z G Z D V E A I Q - - - A K T Q A L I Q A S
L.co~alA.i * A * E * * * * * * K A* * - - - ** N*E*A*V *

N * T I R W * D 8 N T T A Z KE E F D H * t E E *---T

. N RVDSK L G E - A MY A- A Q Q G S Al G G D A K - -- A
zoli ~Q * * M * I * Q Q Q H * * * Q T * - * A --* * S A N N*
Droso R H C 8 P I N T K1{ H Q * G A G * A * * P G A N C G Q Q*

C -DDGCVVDDAVV---FEV D D N KP A A end
coliGGPTXK* * D * * * * * - * * * * * K * - - - *
Drosola G G - - F G G Y 8 G P T V * * * * - - - - - - *

J. BACTERIOL.



DEVELOPMENTAL CONTROL OF CAULOBACTER GENE dnaK

D DU

*AXQ* * ** * * * *SK*At*RZ I R X A Y K R * * *

C.creentus ZI HX P D R N G C C Z N A A G R F X Z I N ZA Y s V L S D S
L X Y * * * * * Q * D X Z * Z A x* * - x* * *E ** T * *

C- Decnu Q X R A A Y D R F C H a a G Q R G R N G P G G F G G Q G F D
Z~~~*Ca-li* Q y* ** FZt Q * G 11*C *G A

CcrDc A S D I F N D V F G D V F G Z 1 F G G G R A V Q R P Q R G Q
ISa:olt F *** C * I - - - - G R **A A * A

CDrMC= D L R Y D L Z I T L Z Q A Y A G a Z v Z I T I P R H Z P C Z
EZcolt * * * NNM * L Z * V R * V T X **R **T L * Z * D

C crO _ V C E C S G A X P G T Q P L C L R T C G G A G P V R A T Q G
E.oll * *H * ********Q T C P * * S * Q * Q N R

C,ces F F A V F A A R --C G G S
ZXcolt * * *Q Q T C P H Q * R

FIG. 3. (A) Comparison of the predicted aniino acid sequence of C. crescentus DnaK with E. coli DnaK (4) and Drosophila hsp70 (18).
Those amino acids identical in both sequences are indicated with an asterisk. Gaps in the aligrnment are marked by hyphens within the
sequences. (B) Comparison of the predicted amino acid sequence of the open reading frame adjacent to the dnaK gene with the amino acid
sequence of E. coli DnaJ (5, 27).

crescentus either grown at 30°C or heat shocked at 42°C for
the times shown in Fig. 4A. The RNA was electrophoreti-
cally separated on formaldehyde agarose gels, transferred
onto, nylon filters, and hybridized to a 32P-labeled 3.5-kb
BamHI fragment from pGR24. The 3.5-kb fragment hybrid-
ized to a 4.0-kb mRNA that was present at low levels in cells
growing at normal temperatures (30°C) and was transiently
induced approximately 10- to 20-fold during heat shock at
42°C, reaching a peak at 15 min. The size of the dnaK gene
alone is 1.89 kb. The large size of the transcript and its
increased expression upon heat shock, together with the
DNA sequence data, suggest that the dnaK and dnaJ genes
of C. crescentus could be cotranscribed in a manner similar
to that found in E. coli (30, 35).
The effect of heat shock on the expression of the dnaK

gene was also determined by Si nuclease protection assays.
A probe was constructed by end labeling the BamHI-XhoI
fragment shown in Fig. 1. This fragment was hybridized to
RNA isolated from cells grown at normal temperatures
(30°C) or from cells heat shocked at the times indicated in

A B
1 2 3 4 5 1 2 3 4

4.0 kb. 32 _r

FIG. 4. Effect of heat shock on in vivo transcription of the dnaK
region. (A) Northern blot analysis of C. crescentus RNA with the
entire 3.5-kb insert from pGR24 as a probe. Total RNA (5 ,ug),
isolated from cultures grown at 300C (lane 1) and after 5, 10, 15, and
20 min of exposure to 42°C (lanes 2 through 5, respectively), was
subjected to Northern blot analysis as described in Materials and
Methods. The major transcript at 4 kb is indicated. (B) Nuclease Si
protection assays of dnaK transcripts. The RNA (50 ,ug) was from
cells growing at 30°C (lane 1) and from cultures shifted to 420C for
10, 15, and 20 min (lanes 2 through 4, respectively). The 5'
end-labeled DNA probe was the 1.1-kb BamHI-XhoI fragment
shown in Fig. 1. The heat shock-protected RNA fragment of 320
bases and the 280-base protected fragment from cells grown at 30°C
are indicated.

Fig. 4B. Nuclease Sl-resistant fragments were separated on
urea-polyacrylamide gels. RNA isolated from cells grown at
normal temperatures yielded a 280-nucleotide protected
fragment (Fig. 4B), suggesting that the 5' terminus could lie
approximately 150 nucleotides upstream of the dnaK trans-
lation start. A faint fragment of 320 nucleotides was also
detected in cells grown at 30°C. Upon heat shock, however,
this 320-nucleotide protected fragment transiently increased
in amount with time of exposure to 42°C and peaked at 15
min. The heat shock transcript mapped to a region 190
nucleotides upstream of the dnaK translation start site.

Identification of the dnaK transcription initiation sites by
primer extension. A 24-nucleotide synthetic oligomer com-
plementary to nucleotides 433 to 456 of the dnaK coding
sequence shown in Fig. 2 was end labeled with 32P and
hybridized to RNA isolated either from heat-shocked cells or
from cells grown at normal temperature. The hybrids were
extended by reverse transcriptase, and the products were
resolved in urea-polyacrylamide gels run next to a sequence
(ladder). A single extension fragment was obtained with
heat-shocked RNA (Fig. SC, lane 1). The migration of the
fragments indicated an initiation site at either the cytidine or
guanosine residue at position 236 or 237, respectively (Fig.
5B). Two extension fragments were observed with template
RNA from cells grown at normal temperatures (Fig. 5C, lane
2). The less abundant fragment comigrated with the tran-
script obtained with heat-shocked RNA. The predominant
extension fragment corresponded to the smaller transcript
detected by Si protection assays (Fig. 4B). The initiation site
of this smaller fragment was at the cytidine or guanosine
residue at position 279 or 280, respectively (Fig. 5B).
Sequences 5' to the two transcription start sites were

compared with E. coli consensus promoter sequences lo-
cated at positions -10 and -35 (Table 1). Both the se-
quences at positions -10 and -35 5' to the heat shock
transcript (P1) were a close match to the tandem E. coli
dnaK P1 and P2 heat shock promoters. However, the
sequences 5' to the start of the transcription of the C.
crescentus P2 promoter conform, at the -35 region, to the
consensus Eu70 promoter, and the -10 region more closely
resembles the Eu70 -10 region than it does the Eu32 -10
region.
Temporal control of dnaK expression. The time of appear-

ance of the dnaK transcript was measured in synchronous
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FIG. 5. (A) Schematic diagram of the dnaK dnaJ region. (B)
Sequence of the 5' region of both the dnaK gene and the adjacent
dnaJ gene. Features of the promoter regions P1 and P2 are indi-
cated. (C) Primer extension mapping of the dnaK gene transcrip-
tional start sites. An oligonucleotide complementary to nucleotides
433 to 456 within the dnaK coding sequence (underlined in Fig. 2) was
synthesized and 5' end labeled with [y-52P]ATP. This probe was
hybridized for 12 h at 45°C to 50 jig of total RNA from heat-shocked
cells (lane 1) or from cells grown at 30°C at 0.85 cell cycle division unit
(lane 2). Due to the very strong signal obtained with heat-shocked
cells, lane 1 was underexposed. The hybrids were then extended by
using reverse transcriptase as described in Materials and Methods.
The sequencing ladder was generated by using the same 24-mer as a
primer and M13mpl8 containing the 1.1-kb BamHI-XhoI fragment
(coding strand). The sequence shown is the complement. The
potential transcription start sites are indicated by arrows.
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FIG. 6. Expression of the dnaK gene as a function of the C.
crescentus cell cycle. (A) Nuclease Si protection assays of dnaK
transcripts isolated from samples of synchronized CB15N cells at
the cell division units indicated below the autoradiogram. RNA (50
,ug) was from cells heat shocked for 10 min (HS) or was isolated
from cells at 0, 0.15, 0.25, 0.35, 0.5, 0.65, 0.85, or 1.0 cell division
unit. The probe was the 1.1-kb BamHI-XhoI fragment labeled at the
5' end. (B) Expression of luciferase from the dnaK-lux transcription
fusion on plasmid pJG42 as a function of the cell cycle. Cultures of
C. crescentus CB15N containing pJG42 were synchronized, and the
synthesis of luciferase at the indicated division units of the cell cycle
shown below the graph of activity was monitored by measuring
bioluminescence as described in Materials and Methods. O.D.,
Opical density. One count per second is equivalent to 273 photons
emitted per s.

cultures grown at 300C with the Si nuclease protection assay
(Fig. 6A). Total RNA isolated at different times during the
cell cycle was hybridized to a 32P-labeled 1.1-kb BamHI-
XhoI probe (Fig. 1) and then treated with Si nuclease. The
280-nucleotide protected fragment was present at high levels
between 0.25 and 0.35 division units, coincident with the
initiation of DNA replication. After a period of low tran-
script levels, the RNA fragment was again detected in large
amounts near the end of the cell cycle, just before the
initiation ofDNA replication in the progeny stalked cell. The
320-nucleotide fragment, which was protected by RNA
isolated from heat-shocked cells, was also detected in these
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TABLE 1. E. coli and C. crescentus promoter sequences

Promoter -35 region Spacing (bp) -10 region

Ear32 consensus T tC CcCTTGAA 13-15 CCCCATtT
E. coli
dnaK Pl TCTCCCCCTTGAT 14 CCCCATTT
dnaK P2 TTGGGCAGTTGAA 13 CCCCTATT
groE TTTCCCCCTTGAA 13 CCCCATTT

C. crescentus
dnaK Pl TTATGGCCTTGCG 14 CCCCATAT
dnaJ GAGCCGCCTTGCC 15 TCCCACTT

Eu70 consensus TTGACA 16-18 TATAAT
C. crescentus dnaK P2 TTGACG 15 CACAAC

a From Cowing et al. (7).

experiments, but at lower levels. At normal physiological
temperatures the transcript from the heat shock promoter P1
was temporally controlled, analogous to the transcript from
the P2 promoter.
To determine whether the sequences 5' to the start of the

dnaK gene were sufficient to control its temporal expression,
the 1.35-kb BamHI-PstI fragment containing the entire up-
stream region plus 370 bp of the coding region of the dnaK
gene (Fig. 1) was subcloned into the transcription reporter
vector pUCD615. This vector contains a promoterless lux
operon from Vibrio fisheri (16). The expression of the lux
genes fused to the dnaK promoter was monitored by mea-
suring photon emission as described in Materials and Meth-
ods. Expression of the transcription fusion directed by the
dnaK promoter was cell cycle regulated (Fig. 6B). The
promoter region of dnaK appeared to initiate transcription of
the chimeric gene during the swarmer to stalk transition and
again in the predivisional cell just before cell division. In
each instance the gene was expressed immediately before
the initiation of DNA replication.

DISCUSSION

hsp70 genes are present in a wide variety of species.
Genes related to Drosophila hsp70 have been isolated from
organisms as diverse as E. coli, Saccharomyces cerevisiae,
maize, chickens, and humans (21). A hig-h degree of similar-
ity exists among these genes and their encoded proteins. A
comparison of the protein-coding region of the E. coli and
Drosophila genes, for instance, reveals 57% identity at the
nucleotide level (4). Using a Drosophila hsp70 gene probe,
we isolated a fragment of C. crescentus DNA that appeared
to encode the DnaK heat shock protein: Sequence analysis
reyealed that the predicted amino acid sequence of the C.
crescentus DnaK protein was 68% identical to E. coli DnaK
and 49% identical to Drosophila hsp70. Sequence analysis of
the region downstream of the dnaK gene revealed a coding
sequence for a peptide that was 59o identical to E. coli
DnaJ.
The heat shock response in E. coli is regulated by the

rpoH gene product, a32, which directs RNA polymerase to
initiate transcription from heat shock promoters at all tem-
peratures (7). The increased synthesis of heat shock proteins
after a shift to higher temperatures is caused by increased
transcription initiation from heat shock gene promoters by
3 RNA polymerase. Recent experiments have demon-

strated that the concentration of E&32 transiently increases
after a shift to a high temperature, due to an increase in rpoH

mRNA level occurring mainly through a posttranscriptional
mechanism (11, 14). Three heat-inducible promoters for the
operon containing dnaK and dnaJ genes were identified both
in vivo and in vitro in E. coli. These promoters are also used
at normal temperatures. In C. crescentus, the dnaK gene
also had two transcription start sites, but only one was heat
inducible.
The promoter corresponding to the transcript that in-

creased in abundance during the heat shock response, P1,
had a -10 region that conforms to the consensus -10 region
for heat shock promoters of E. coli (4), and its -35 region fits
reasonably well with the consensus -35 region of E. coli
heat shock promoters (Table 1). These results suggest that
C. crescentus contains a minor sigma factor similar to a32 of
E. coli. A heat shock protein of 37 kilodaltons was previ-
ously detected in C. crescentus by immunoprecipitation with
anti-RNA polymerase antibody (29). This protein is a candi-
date for the C. crescentus heat shock sigma factor but awaits
biochemical analyses with the purified protein.
The P2 promoter, which appears to conform to the EU70

promoter and the U70 promoters found in front of some C.
crescentus genes, was active only during growth at physio-
logic temperature (30°C) but was under temporal control. All
of the regulatory sequences required for temporal control of
dnaK transcription appeared to be within the 820 bp 5' to the
start of transcription. This conclusion is supported by the
observation that this 5' regulatory region and 370 bp of dnaK
coding sequence fused to a promoterless lux operon resulted
in the same temporal expression of the lux activity as the
expression of the chromosomal dnaK gene. The C. cres-
centus dnaK gene was transcribed just preceding the S phase
during the transition from swarmer to stalked cells and again
in late predivisional cells just before the initiation of DNA
replication in the progeny stalked cell. These results confirm
previous observations that the C. crescentus dnaK protein is
synthesized at defined times in the cell cycle (13).

Transcription at the putative heat shock promoter under
normal physiological conditions also varied as a function of
the cell cycle, showing an increase at the transition from
swarmer to stalked cells and again when cells were beginning
to divide (0.85 to 1.0 division units). There are at least two
possible explanations for this. In other systems the increase
in transcription from heat shock promoters is mediated
through increases in the level of cr32. It may be that the
comparable heat shock sigma factor gene is under cell cycle
modulation and that other heat shock proteins are also
increased at this point during the cell cycle. More likely,
cis-acting sequences that contribute to temporally controlled
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modulation of gene expression affect the rate of dnaK
transcription by both the constitutive but low levels of the
heat shock sigma factor and the sigma 70 factor.
The function of DnaK in C. crescentus is not known,

although there are a number of possible roles for this heat
shock protein during the normal cell cycle. DnaK and other
heat shock proteins might participate in global control of
development in C. crescentus. This function may be medi-
ated through stability and proteolysis of cell-type-specific
proteins. Alternatively, the DnaK protein might be required
for some aspect of C. crescentus DNA replication. It is
known that the E. coli DnaK and DnaJ proteins are required
for successful initiation of phage lambda DNA replica-
tion (19), and recently a mutant allele of dnaK has been
shown to cause conditionally defective initiation of E. coli
DNA replication (31). Maximal transcription of dnaK
in C. crescentus reflects the time of initiation of new
rounds of DNA replication; in fact, the DnaK protein
specifically segregates to the progeny stalked cell, in which a
new round ofDNA replication occurs (29). These results are
analogous to that seen with the cell-cycle-controlled tran-
scription of the human hsp7O gene in HeLa cells (23). Thus,
the expression of a highly conserved heat shock protein in
such diverse cell types as a bacterial cell and a human cell
shows parallel cell cycle control under normal physiological
conditions.
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