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ABSTRACT

Four cDNA clones representing mRNAs whose levels were af-
fected by a photoperiod that induces flowering in Pharbitis nil
were isolated by a differential hybridization screening procedure.
The level of mRNAs represented by three clones (12L, 15L, and
1 7L) increased following a photoperiod that induces flowering and
that represented by the fourth clone (clone 27) increased under
conditions in which flowering was inhibited. DNA sequence analy-
sis showed that one cDNA, clone 1 7L, is homologous to members
of the 83- to 90-kD heat-shock protein (hsp) gene family. The
corresponding gene, hsp83A, was isolated and its DNA sequence
was determined. hsp83A encodes a protein that exhibits 70%
amino acid identity with Drosophila melanogaster HSP83. The P.
nil hsp83A gene contains two introns within the coding region.
hsp83A mRNA was not detectable in cotyledons of plants grown in
continuous light, but its level increased transiently following a 14-
h dark period and reached a maximum 2 h after the lights were
turned on. A dramatic increase in the level of hsp83A mRNA was
also found 2 h after an end-of-day dark treatment. Genomic
Southern blot analysis demonstrated that the P. nil hsp83-90 gene
family consists of at least six members, one of which appears to be
constitutively expressed in the light.

Flowering in plants is dependent on several environmental
factors including photoperiod. Pharbitis nil (Japanese morn-

ing glory) is a qualitative SD plant whose seedlings can be
induced to flower following exposure to a single dark period
of sufficient length (210 h) (reviewed in refs. 6 and 29).
Flowering can be inhibited with a night break at the 8th h
after the beginning of the dark period. The primary sensor

of the photoperiod in seedlings is the cotyledons. Physiolog-
ical studies indicate that in response to the critical night
length the cotyledons produce a transmissible substance that
is rapidly transported to the apical meristem, the site of stable
changes, to initiate processes leading to the transition from
vegetative to reproductive growth (15, 16). Biochemical stud-
ies indicated that flowering in P. nil is suppressed by appli-
cation of actinomycin D, an RNA synthesis inhibitor, to the
cotyledons before a dark treatment (2). In a similar study,
cyclohexamide, an inhibitor of protein synthesis, was found
to inhibit flowering in another SD plant, Xanthium strumar-

1 This work was supported by grants from the National Institute
of Health (GM42557) and the Agricultural Experiment Station of the
University of Minnesota.

ium (27). Results of these studies suggest the involvement of
new RNA and protein synthesis in floral induction.
To investigate the molecular changes associated with the

photoperiodic inductive process we used differential hybrid-
ization screening to isolate genes whose expression is altered
upon exposure of plants to an inductive photoperiod. In this
paper, we report the isolation of four cDNA clones that
represent mRNAs whose steady-state levels are affected by
photoperiod. DNA sequence analyses of two of the cDNA
clones indicate that they can encode proteins homologous to
two families of known hsps2. We report the structure, se-
quence, and expression of one of these genes that is a member
of the eukaryotic hsp83-90 gene family.

MATERIALS AND METHODS

Plant Material

Pharbitis nil, strain Violet, seeds were purchased from
Marutane Co., Ltd., Japan. Seeds were treated with concen-
trated sulfuric acid for 40 min and rinsed in running tap
water at 28 to 300C for 30 min. The seeds were allowed to
imbibe in tap water for about 10 h at 300C and germinated
between moist Whatman 3MM filter paper overnight at 300C.
The germinated seeds were selected for uniformity, sown in
Gibco professional soil mix, and grown in a growth chamber
for 5 d at 230C in continuous fluorescent white light (110 ,uE
m-2 s-'). At this time, plants were subjected to an inductive
dark period of 14 h. For control experiments, plants received
a 20-min red light interruption in the middle of the dark
period. Red light was obtained by wrapping the fluorescent
bulbs with red cellophane. After the dark period, plants were
exposed to light as indicated in the figure legends. The
cotyledons were excised, frozen in liquid nitrogen, and stored
at -700C. Plants were scored for flowering about 4 weeks
following the dark treatment.

For heat-shock experiments plants were grown in contin-
uous light. The cotyledons were excised and submerged in a
solution containing 1 mm potassium phosphate, pH 6.0, and
1% sucrose for 2 h at 250C (control) or at 400C (heat shock).
For the experiment shown in Figure 7, seeds were germi-

nated and grown in darkness for 21/2 d, at which point they
had emerged from the soil. Plants were then subjected to 12
or 24 h of cool-white fluorescent light (145 ,uE m-2 s-1) before

2 Abbreviations: hsp, heat-shock protein; SSC, standard sodium
citrate; GuSCN solution, 6.25 M guanidinium isothiocyanate, 0.05 M
Tris (pH 7.5), and 0.01 M EDTA.
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light treatments as described in the figure legend. Where
indicated, 650- and 750-nm plastic filters (Carolina Biological
Supply) on boxes were placed over the plants. The amount
of light reaching the plants under the 650- and 750-nm filters
was 5 and 0.05 ,uE m-2 s-', respectively.

RNA Isolation

Total RNA from P. nil cotyledons was isolated by a phenol/
SDS extraction procedure described by Ausubel et al. (3).
Contaminating polysaccharide material was removed by ad-
sorption onto cellulose (21). Poly(A)+ RNA was purified by
chromatography on an oligo(dT)-cellulose column (4).

Construction and Screening of P. nil Libraries

Poly(A)+ RNA, isolated from induced P. nil cotyledons
harvested 2 h after a 14-h dark period, was used to construct
a cDNA library in the bacteriophage vector XgtlO (13). Ap-
proximately 200,000 recombinants were plated, and duplicate
filters were screened with radiolabeled cDNA probes pre-
pared against poly(A)+ RNA from induced and control coty-
ledons. Probes were generated with Maloney murine leuke-
mia virus reverse transcriptase (BRL) using conditions
recommended by the manufacturer. Clones representing
mRNA whose abundance is affected by an inductive photo-
period were isolated by three rounds of screening. The hy-
bridization for the differential screen was carried out with 9
x 106 cpm of probe DNA per mL in 50% formamide, 3x
SSC, 5x Denhardt's solution, 50 mm sodium phosphate (pH
6.5), 2 mm EDTA, 0.1% SDS, and 100 ,ug/mL of denatured
salmon sperm DNA at 500C for 24 h and at 420C for an
additional 12 h. The filters were washed at 650C in 2x SSC
and 0.1% SDS at 650C and in 0.2x SSC and 0.1% SDS at
650C. Each wash was for 30 min.
To isolate genomic clones corresponding to the cDNA

clones of interest, a P. nil genomic library constructed in
bacteriophage X vector EMBL3 was screened with the appro-
priate cDNA clones as probes. The genomic library was
constructed by cloning Sau3AI fragments of P. nil genomic
DNA into the BamHI site of EMBL3. A single clone homolo-
gous to the hsp83A cDNA clone was isolated by screening
400,000 recombinant plaques under high stringency. Four
additional overlapping hsp83A clones and the hsp83B ge-
nomic clones were isolated by low-stringency hybridization
to a P. nil genomic library created similarly in Stratagene's X
DASH vector by Dr. John Larkin.

Nucleic Acid Hybridization

Low-stringency Southem hybridization analysis was per-
formed in 30% formamide, 3x SSC, 50 mi sodium phos-
phate (pH 6.5), 5x Denhardt's solution, 0.1% SDS, 2 mM
EDTA, and 100 Mg/mL of denatured salmon sperm DNA.
Hybridization was for 16 h at 450C. Following hybridization,
blots were washed at room temperature twice with 5x SSC
and 0.1% SDS, once with 0.2x SSC and 0.1% SDS, and
finally with 0.2x SSC and 0.1% SDS at 500C. Each wash
was for 30 min.
Northem hybridizations were performed using Nytran

membranes as directed by Schleicher and Schuell except that
the hybridization solution was identical with that described
for the differential screen hybridization. DNA probes for
hybridizations were prepared by the random primer method.

DNA Sequence Analysis

The DNA sequences of the cDNA clones and the hsp83A
gene were determined by the dideoxy-chain termination
method using Sequenase (28, United States Biochemical).
Template DNA, prepared by the alkaline lysis procedure, was
passed through a Sepharose CL-6B spun column following
sodium hydroxide denaturation (22). For sequence analysis
of the hsp83A genomic clone, overlapping segments of the
gene were subcloned into the plasmid vector pBluescript
KS(+/-) (Stratagene, Inc.). Overlapping deletions were con-
structed by exonuclease III-mung bean nuclease treatment
(Stratagene, Inc.). A segment of the gene, residues 1586 to
1924 (Fig. 3), could not be cloned into a plasmid vector. The
DNA sequence of this region was determined using synthetic
deoxyoligonucleotides as primers and the recombinant phage
DNA as the template.

RNase Protection

The RNase protection analysis (Fig. 6) was performed
according to the method of Maniatis et al. (20). A plasmid
RF117 was constructed by cloning a 3.36-kb EcoRI fragment
from the genomic clone (residues -2095 to +1266) into the
plasmid vector pBluescript KS(-) (Stratagene, Inc.). pRF117
DNA was linearized at an HpaI site at position -536 and was
used as a template for in vitro transcription by T7 RNA
polymerase in the presence of radiolabeled CTP. After puri-
fication, the radiolabeled RNA (100,000 cpm), complemen-
tary to the hsp83A mRNA, was hybridized overnight to 20
,ug of total RNA at 550C. The hybridization mixture was
diluted with 300 AL of solution containing 300 mm NaCl, 5
mM EDTA, 10 mm Tris-HCl (pH 7.5), 50 ,ug/mL of RNase A,
and 2 ,ug/mL of RNase Ti. The reaction was incubated at
370C for 1 h. Proteinase K and SDS were added to a final
concentration of 0.2 mg/mL and 0.5%, respectively, and the
incubation was continued for an additional 30 min at 370C.
The samples were extracted with 1 volume of a phenol/
chloroform mixture, and the nucleic acids in the aqueous
layer were precipitated by the addition of 2 volumes of ethyl
alcohol. The pellet was resuspended in 20 ML of gel-loading
buffer (80% formamide, 10 mm EDTA) and heated for 3 min
at 1000C, and a 5-AL aliquot was loaded on a urea-6%
polyacrylamide sequencing gel.
The RNase protection analysis (Fig. 7) was performed using

a procedure modified from that described by Firestein et al.
(10). Cotyledons of 10 plants per treatment were frozen,
ground in liquid nitrogen, and homogenized in the presence
of 10 mL of phenol and 8 mL of 6.25 M GuSCN solution.
Chloroform (10 mL) was added, and the sample was mixed
and centrifuged for 20 min at 3500 rpm in a table-top
centrifuge. The aqueous layer was precipitated with ethanol,
and the pellet was washed with 5 mL of 3 M sodium acetate,
pH 5.2, and centrifuged at 10,000g for 10 min. The mRNA-
containing pellet was dried and resuspended in 100 ,uL of 5
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M GuSCN solution per gram of tissue. Ten microliters of this
RNA was mixed with 1.5 ,L of antisense RNA probe in 5 M
GuSCN solution, heated to 650C for 3 min, and hybridized
for 2 h at room temperature. The samples were then diluted
with 400 ,gL of RNase solution (0.3 M NaCl, 0.03 M Tris [pH
7.5], 0.01 M EDTA, 50 Asg/mL of RNase A, and 1 ug/mL of
RNase T1) and incubated at 300C for 30 min. Proteinase K
was added (0.2 mg/mL), and the samples were incubated at
370C for 30 min. After the sample was extracted with phenol/
chloroform, the aqueous layer was precipitated with ethanol
and glycogen. The pellet was resuspended in 6 uL of 80%
formamide and 0.01 M EDTA and run on a urea-polyacryl-
amide sequencing gel. RNA probes for hsp83A and hsp83B
were synthesized by in vitro transcription of linearized
pRF1 l OS and pRF256SA, respectively. Plasmid RF1 1OS con-
tains residues -2095 to +231 as an EcoRI-SacI fragment in
plasmid vector pBluescript KS. Plasmid RF256SA contains
the homologous region of the hsp83B gene.

Primer Extension

The transcription start site of hsp83A was determined by
primer extension as described by Ausubel et al. (3). An end-
labeled synthetic deoxyoligonucleotide, dCTCGGCCAT-
CTGAACATCCG, complementary to residues 116 to 135
(Fig. 2), was hybridized to 25 ,ug of total RNA isolated from
heat-shocked P. nil cotyledons. Hybridization was performed
overnight at different temperatures, as indicated in the legend
to Figure 7.

control (C) plants in a northern blot hybridization assay (Fig.
1). The level of mRNA corresponding to clones 12L, 15L, and
17L increased following an inductive photoperiod (lanes 3-
8) and that corresponding to the fourth clone, clone 27,
decreased under these conditions (lanes 1 and 2). Time-course
analysis by RNA dot blots showed that the level of RNA
corresponding to two of the clones (12L and 17L) peaked 2
h after the lights were turned on and rapidly decreased
thereafter. These two clones were chosen for further analysis
of the light dependence and the inhibitory effect of the night
break on the expression of the corresponding genes.
The DNA sequences of the cDNA clones were determined,

and comparison of the polypeptides encoded by the cDNA
clones with sequences in the Genbank data base showed that
two of the gene products were homologous to hsps. The gene
product encoded by clone 12L was homologous to members
of a small hsp gene family of plants, and that encoded by
clone 17L was homologous to 83-kD hsps found in animals.
No sequence homologous to the polypeptides encoded by
clones 27 and 15L was found in the data base. In this paper,
we report the structure and expression of a P. nil hsp83 gene.

Isolation of hsp83 Genomic Clone and Structural
Features of the Gene

A P. nil genomic library was constructed in the bacterio-
phage X EMBL3 vector, and a clone containing the hsp83
gene was identified by screening 400,000 recombinants with

RESULTS

To determine the time at which the maximum difference
in the mRNA population of induced and uninduced plants
could be found, two-dimensional gel electrophoretic analyses
of in vitro translation products were performed. Plants were
subjected to an uninterrupted dark period of 14 h (induced
plants) or to a similar treatment with a 20-min red light night
break in the middle of the dark period (uninduced plants).
The cotyledons were harvested at various time points relative
to the end of the dark period. Poly(A)+ RNA was isolated
from the cotyledons and translated in vitro in a rabbit retic-
ulocyte lysate system in the presence of [35S]methionine, and
the translation products were analyzed by two-dimensional
gel electrophoresis (23). Significant differences in the poly-
peptide pattern of induced and uninduced samples were
observed in poly(A)+ RNA isolated from cotyledons har-
vested 2 h after the dark period (data not shown). This time
was chosen for the construction and screening of the cDNA
library.
A cDNA library representing poly(A)' RNA from induced

cotyledons was constructed in bacteriophage vector XgtlO
and screened by differential hybridization with radiolabeled
cDNA probe prepared against cotyledon RNA isolated from
induced or uninduced (treatment with a night break) plants
(3, 13). Four unique clones that represented mRNA whose
level is altered by an inductive photoperiod were isolated by
this approach. These four cDNA clones were used to probe
poly(A)+ RNA from cotyledons of induced (I) and night break

a

._~ ~ ~ ~ 7

Figure 1. Effect of photoperiod on the level of 27, 12L, 15L, and
17L mRNA accumulation. Poly(A)+ RNA (0.4 ,ug) was subjected to
electrophoresis on a 1% agarose-formaldehyde gel, blotted onto a
Nytran membrane, and hybridized with 32P-labeled cDNA probes
as indicated. Lanes I, RNA isolated from cotyledons of induced
plants 2 h after the dark period; lanes C, RNA isolated from
cotyledons of night break control plants 2 h after the dark period.
Numbers on the left indicate the approximate size (nucleotides) of
the transcripts.
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TATAAAAAAA ATTATATTCA AAATTTATAT AAAAAATATT AATAAAAATA TAATTTAATT AATAAATAAT -353

AAATAGTACA AATAAAATAG ACAATCATAA TTCTAATAGA TTACATATAG GTACGCGTAC GCCGGCCCCA -283

ACAACATGA&S&IC&A= ZTTCATAGAA GTAT¶GATTTC CCGCACTAAT TTATCATCAG CATTATTAAA -213
HSE

CGACATCGTT CCATAGGTGG ATCCAATCAA ACTTTAAAAA TAACGGCGTG GAGAAGAAGT CGAGTGTCTG -143

GAGGGTAGTA GAATACTCCA GAAGCTTGAG AAATCCAATA TTTTTCGCCT TCAACTTTC TfCCCAATA -73
HSE

GAAGGACCTA GAATACACTC GTTTTCCCTA CTCGCGTAT TAAACACACC ACTCTTCGTT TCAATT?GAG -3
I8SE

TCATCAGGAC AAAAGCGGTT ATACGTCGTT CTCGATCTCT CTGCGCTTTC TTTCTTTGCG TTTCTAAGAT 68
+1 ,_

CTTCCCCGCG AGCGTTCATA AAGGCTACAG AGTTCTGTGA TCA ATG GCG GAT GTT CAG ATG 129
M A D V Q M 6

GCC GAG GCG GAG ACC TTC GCA TTC CAG GCG GAG ATC AAC CAG CTG CTC AGC TTG 183
A E A E T F A F Q A E I N Q L L S L 24

ATC ATC AAC ACG FTC TAC AGC AAC AAG GAG ATT FTC CTC CGT GAG CTC AFT AGC 237
I I N T F Y S N K E I F L R E L I S 42

AAC GCC TCT GAC GCC TTG GAT AAG ATC CGG T GAG AGC TTG ACT GAC AAG AGC 291
N A S D A L D K I R F E S L T D K S 60

AAG CTC GAT GCT CAG CCT GAG CTC TTC ATT CGC CTT GTT CC? GAC AAG ACT AAC 345
K L D A Q P E L F I R L V P D K T N 78

AAG ACT CTC TCC AFT ATT GAT AGC GGT GTC GGC ATG GCC AAA GCA G GTACCAGATT 401
K T L S I I D S G V G M A K A D 94

GCTTCCTTCT CGTATTTTTT TTTTCGTATA TGATTACGTT TTTGTTGCTC TGTTTTGTFT ATGGTAAATA 471

CTGTGGAATT GTGATGACTT TACATGTCTA TAAATATGCT TCTGTTTAGC ACATGTTGTC TCTAACAATA 541

ATGCCGATAT CGCTGTTGAA TTTTGATATA CTGTTAATGT ATTATGTATT TGCACTGATT TACGCACATA 611

AACATATGAT GTGACGTI-AC ACATGAATAA TGCTAGTGTT GTGGAGTTTT GATGATAATG CATATGCACT 681

TACATGATCC CCATCTCTGC TATGGTACAT TTAAGTGCTC TTCCTGTGAA GATATGTTAA AA?TTATTGA 751

GATGAATCTT GTGGGAAGCA TATACTCTAG TGTACTTGGA ACAGTCATAA TGATTTGFTT TATGCTGTGG 821

TCATGTACAG AT TTG GTG AAC AAC TTG GGT AGA AT? GCG AGA TCA GGA ACC AAG 875
L V N N L G T I A R S G T K 108

GAA TFT ATG GAA GCA TTG CAG GCT GGT GCC GAT GTG AGC ATG ATC GGG CAA TTT 929
E F E A L Q A G A D V S H I G Q F 126

GGT GTG GGT FTC TAC ?CA GCA TAC C?? GTT GCA GAG AAG GTC AT? GTG ACC ACC 983

G V G F Y S A Y L V A E K V I V T T 144

AAA CAC AAT GA? GAC GAA CAG TAC ATC TGG GAA TCA CM GCT GGT GGT TCA TTC 1037
K H N D D E Q Y I W E S Q A G G S F 162

ACT GTC ACT AGG GAT GTG GA? GGA GAG CM CTG GGC AGA GGA ACC MG AT? ACT 1091

T V T R D V D G E Q L G R G T K I T 180

CTC TTC CTC AAG GAA GAC CAG GTAATTCTGG TTATGCAATT AAATTTAGCT ATAATGTATA 1152
L F L K E D Q 187

TATATAGTTT GCTTTCTGAT TGGCTAAAAA TTGCTATGTA TGTCTTTGAA TATTGTGCCA G CTT 1216
L 188

GMA TAC ?TG GAG GMA AGG AGA ATC MG CAC CTT GTG AAG AAG CAT TCT GAA TTC 1270
E Y L E E R R I K D L V K K H S E F 206

ATT AGC TAC CCA ATC TAC CTC TGGACC GAG MG ACA ACC GAG AAG GM ATC AG? 1324

I S Y P I Y L W T E K T T E K E I S 224

GAT GAT GAG GAT GAT GAG CCC AAG G GM GAG GAG GGT GAC AT? GM GAG GTG 1378

D D E D D E P K K E E E G D I E E V 242

GAT GAG GAC MA GAG MG GAG GGT G MAG MG MG G ATC AAG GAG GTT TCT 1432
D E D K E K E G K K K K K I K E V S 260

CAT GAG TGG CAG CTC ATT AAC G CAA AAA CCA A TCTGG TTG CGC MG CCT GAG 1486
H E W Q L I N K Q K P I W L R K P E 278

GAG ATC ACC G GAG GAA TAT GCC TCT TC TAC AAG AGT TTA ACC AT GA? TGG 1540

E I T K E E Y A S F Y K S L T N D W 296

GAG GA? GT CTT GCT GTC MG CAC TTC TCT GTT GAG GGT GAG CT? GAA TTC AAG 1593
E D H L A V K H F S V E G Q L E F K 314

GCC ATC CTA m GT? CGAAMG AGG GGA CCA mO GAT CT? m GAC ACC CGC MG 1648
A I L F V P K R A P F D L F D T R K 332

AMAG ATG AAC AAC ATT AAMG TAT GTC AGG AGG GTTC iii A?C ATG GAC AAT TGT 1702
K N N I K L Y V R R V F I M D N C 350

GAG GACTC ATC CCT GAG ?AC CTA GGA mTr GTG MG GGT GTT GTT GAC TCT GAT 1756
E E L I P E Y L G F V K G V V D S D 368

GA? T?G CCC CTC MAC ATT TCT CGT GAG ATG T?G CAA CAG AAT AAG ATC CTC AAG 1810
D L P L N I S R E L Q Q N K I L K 386

GTG ATC AGG MAG MAC CT? GTC MAG MAA TGC AT? GAG ATG T?C MAT GAG ATT GCT 1864
V I R K N L V K K C I E M F N E I A 404

GAG AAC MG GA? GAC TAC MC MG T?C TAT G GCA TTC TCA AAG AAT TTG AAG 1918
E N K D D Y N K F Y E A F S K N L K 422

CHA GGA ATT GA? GM GAC AGC GAG AC AGG GCA AA TTG GGA GAC TTG CTG CGT 1972
L G I H E D S Q N R A K L A D L L R 440

TAC TAC TCC AC MAG AGT GGT GAT GAG TTG AGA AGC CTA AAG GAC TA? GTC AC? 2026
Y Y S T K S G D E L T S L K D Y V T 458

AGG ATG AAA GAG GGT CMA AAA GAC ATC TAC TAC ATC ACT GGT GAG AGC A AAA 2080
R M K E G Q K D I Y Y I T G E S K K 476

GCT GT? GAMT TCA CCA TTC CTG GAG CGC CTC AAG AAG AAG GG TAT G GTA 2134

A V E N S P F L E R L K K K G Y E V 494

CTG ATG GTT GAT GCC ATT GAC GAG TA? GCT GTA GGC CAA TTG MAG GAG TAT 2188
L F M V D A I D E Y A V G Q L K E Y 512

GAT GGT AAG AAA CTG GTG TCA GCC ACC AG GM GGG CTG AAA CTT GAA GAC GAT 2242
D G K K L V S A T K E G L K L E D D 530

GAT GMG GAG MG MG MG CGG GAG GAG MG MG MA TCT GAG MC CT? 2296

D E E E K K K R E E K K K S F E N L 548

TGC AAG ATC ATC AA GAT ATT CTG GGT GAC AAA GTC GAG AAG GTG GTT GTC TCT 2350
C K I I K D I L G D K V E K V V V S 566

GAC AGG ATT GTT GAT TCA CCCC ?G GTG ACT GGT GAG TAT GGA TGG AGA 2404
D R I V D S P C C L V T G E Y G W T 584

GA AAT ATG GAA AGG ATC ATG AAG GCT AG GCC CTA AGG GAC AGC AGC ATG AGC 2458
A N M E R I M K A Q A L R D S S M S 602

TCT TAC ATG ITC' AGCC CG A ACC ATG GM ATT MAC CC? GAC MAT GGA ATC ATG 2512
S Y M S S K K T M E I N P D N G I M 620

GAG GAG CTT AGA MG AGA GG GAG GCT GAT AAG AAT GAC AAA TCA GTG AAG GAC 2566
E E L R K R A E A D K N D K S V K D 638

CT? GTG TTG CTG TG I GAG ACT GGA CTC CTT ACA TCC GGT T?C AG? CT? GAT 2620
L V L L L F E T A L L T S G F S L D 656

GAT CCC MAC ACT mT? GGA GGA AGA ATT CAC AGG ATG CTG AAG TTG GGT CTC AGC 2674
D P N T F G A R I H R M L K L G L S 674

AT? GA? GAG GAG GMA GCT GGT GAT GAT GCT GAC ATG CC? GGA TTG GAG G GAA 2728
I D E E E A G D D A D M P A L E E E 692

GCT GGT GAG GM AGC AAG ATG G GAA GTG GAC TAAGGGACAT ATCTTAT?TC TTCATTTGTA 2791
A G E E S K M E E V D 703

ACAAAAGCTA TATTGAGTCA ATGAGTCCTT TTCCTTAGTG TCTTCTGGCT GTGTTATGTA TGAATTTTCA 2861

TTGCAGTCAT TGTATGTATT CGGGAAGTGC AATACAGTTG CGTTTTGGAT TTTCCTTCTT T?TTTTTT?T 2931

TTTGCTGAAA AAGCCTTCAT CTCTCTTTTC CAACTGAAAT TTATTTGAAG AGTAAGGTCT TGACGGCAAA 3001

TTATAGCATG GAACATGGTC TATTTTATAT TGTAGACTCT AGTATAAAAA TTAACCTTCA AATTTTGTTG 3071

CATTGTAGAC TCAGG?T?M AA& T&CCTT CAAATTTTGT AT?TATAGT TAATATAT?T ATAGCAGTTG 3141

Figure 2. Nucleotide sequence of the P. nil hsp83A gene. The complete DNA sequence and the encoded polypeptide sequence are shown.
The transcription start sites are shown in bold and underlined. The potential TATA element, heat-shock elements, and polyadenylation signal
are underlined. (GenBank accession No. M99431.)

the cDNA clone 17L as a probe (20). Restriction fragments
encompassing the hsp83A gene were subcloned into plasmid
pBluescript KS(+/-) (Stratagene, Inc.) for DNA sequence

analysis. A region of the gene (residues 1586-1924, Fig. 2)
could not be cloned into this vector. The DNA sequence for
this region was obtained directly from the X clone using
synthetic deoxyoligonucleotide primers and the phage DNA
as a template. The complete sequence of the P.nil hsp83A
gene is presented in Figure 2. In the 5' -nontranscribed region,
several copies of the heat-shock element, nGAAn, are found
arranged in alternating orientation. These sequences are

known to control heat-induced gene expression (1, 25). Up-
stream of the transcription start site, a putative TATA element
is located at position -36 to -33, and a putative CAAT
element is found at position -77 to -74.

The coding region of hsp83A is interrupted by two introns
of 439 and 103 bp. The position of the introns was initially
assigned on the basis of intron-exon junction consensus
sequences and amino acid sequence comparison with its
homologs and was subsequently confirmed experimentally
by RNase protection analysis (see Fig. 6). The P. nil hsp83
open-reading frame has two methionine codons that could
act as the initiation codon. The sequence context of the first
methionine codon has only one mismatch when compared
to the consensus sequence (AACAAUGGC) found around
initiation codons in plants (18), whereas the sequence around
the second methionine codon (amino acid 6) has four mis-
matches; therefore, the first codon was used as the putative
initiation codon (Fig. 2). The polypeptide encoded by the
hsp83A gene is predicted to be 703 amino acid residues in
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Pharbitis 10 20 30 40 50 60 70
MADVQMAEAETFAFQAEINQLLSLIINTFYSNKEIFLRELISNASDALDKIRFESLTDKSKLDAQPELFIRL
I: 1lII1tI1I1lI11:1111111111111111111111111111111111111: 11:1:1
MPE----EAETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNASDALDKIRYESLTDPSKLDSGKELYIKL

Drosophila 10 20 30 40 50 60

80 90 100 110 120 130 140
VPDKTNKTLSIIDSGVGMAKADLVNNLGTIARSGTKEFMEALQAGADVSMIGQFGVGFYSAYLVAEKVIVTT
:1 11 11:11 1:1:11:1:1111111111:1111 1111111111:111 11111111111111:11 11:
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Figure 3. Comparison of polypeptides encoded by the P. nil hsp83
and Drosophila hsp83 genes. Sequence comparison was performed
using the Intelligenetics Fastdb program. Identities and conservative
changes are indicated by vertical lines and dots, respectively. Gaps
were introduced to maximize homology.

length with a molecular mass of 80.8 kD. Comparison of this
sequence with that in the Swiss-Prot Protein data base
showed that the P. nil hsp83 is most homologous to the
Drosophila hsp83 gene product (Fig. 3). The two gene products
share 70% identity and 11 % conservative changes.
The transcriptional start site of hsp83A under heat-shock

conditions was determined by primer extension (Fig. 4). Two
major extension products (indicated by arrows) were ob-
served when the primer was hybridized at various stringency
conditions. An increase in hybridization stringency had no
effect on the pattern of primer extension products, suggesting
that all products were derived from the hsp83A mRNA. The
start site of the most abundant transcript was designated +1
(see Fig. 2). The start site of the next abundant transcript
maps to residue -6.
Our preliminary studies of hsp83 expression suggested that

there may be additional expressed copies of the hsp83 gene
in P. nil. To determine the copy number of this gene, Southern
blot analysis was carried out at low stringency (Fig. 5). P. nil
genomic DNA was digested with EcoRI or HindIIl and ana-
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lyzed by Southern blot hybridization. In both cases, six to
seven restriction fragments hybridized to a 328-bp hsp83A
gene probe (which contains exon I sequences), indicating that
hsp83A is a member of a multigene family. A P. nil genomic
library was then screened at a low stringency to identify other
members of the gene family. DNA sequence analysis of these
clones (data not shown) and results of the low-stringency
Southem hybridization studies indicate that there are at least
six hsp83 genes in P. nil. Recently a cDNA clone representing
an Arabidopsis hsp83 gene was isolated (9). The derived
protein sequence of the Arabidopsis hsp83 is 93% identical
with that of the P. nil hsp83A gene product. The Arabidopsis
hsp83, like its P. nil homolog, is also a member of a multigene
family (9).

Mapping of Introns and Expression of hsp83 in P. nil

RNase protection assays were used to confirm the location
of the introns and to study the expression of the hsp83A gene.
Total RNA isolated from plants subjected to different envi-
ronmental conditions was hybridized to in vitro synthesized
radiolabeled cRNA. The cRNA includes sequences (residues
-536 to +1270) that span exons 1 and 2, a small segment of
exon 3, and both introns (Fig. 6B). The use of a cRNA
containing both introns allowed us to identify the location of
the introns experimentally as well as to monitor expression
of the hsp83A gene. It is expected, based on our intron location
assignments, that in RNase protection assays three fragments
of 391, 281, and 57 nucleotides corresponding to exon 1,
exon 2, and the segment of exon 3, respectively, will be
protected. Results presented in Figure 6 demonstrate that two
fragments of 391 and 281 nucleotides, corresponding to exons
1 and 2, respectively, are protected from RNase digestion.
The third expected fragment of 57 nucleotides was also
detected but is not shown in this figure. The sizes of the
protected fragments from the heat-shock sample (lane 1) and
the light-induced sample (lane 5) are identical, indicating that
the precursor RNA is processed properly and efficiently under
both conditions.

Expression of hsp83A is strongly induced upon heat-shock
(lane 1). No expression of this gene was observed in cotyle-
dons when plants were grown in continuous light (lane 2).
When plants were exposed to an uninterrupted dark period
of 14 h and cotyledons were harvested at times following the
dark period, expression of hsp83A was maximum 2 h after
light treatment (lane 5). Expression declined thereafter, and
no expression was detectable at or after 8 h of light exposure
(lanes 8 and 9). Expression of hsp83A requires exposure of
plants to light following the dark period because no hsp83A
expression was observed in plants collected immediately after
the dark period (lane 3).

In an attempt to reveal other aspects of the light-regulated
abundance of hsp83A mRNA, we observed that the level of
hsp83A mRNA increased dramatically soon after the transi-
tion to darkness (Fig. 7). The level of hsp83A mRNA was
found to be very low in the cotyledons of plants grown in
white light (lanes 1 and 9). When light below 650 nm was
removed with a filter, no effect on the level of hsp83A mRNA
was detected (lanes 2 and 10). A large increase in the level
of hsp83A mRNA was observed when plants were transferred
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1 2 3 4 a substance(s) to the apical meristem to initiate the transition
dra- of a vegetative meristem to a floral meristem. To isolate genes

whose expression in P. nil cotyledons is affected by an
inductive photoperiod, a screening procedure utilizing differ-
ential hybridization was used. Four cDNA clones that repre-
sent mRNAs whose abundance was affected by an inductive
photoperiod were isolated by this approach (Fig. 1). Two of

_ow the genes represented by these clones encode hsps-one
_.,- homologous to plant small hsp genes and the other homol-

_ _ f _ _ ogous to animal hsp83 genes. The hsp83 gene of P. nil is a
member of a multigene family and is present in six to seven
copies in the genome (Fig. 5). In contrast, there appears to be
only one hsp83 gene in Drosophila and two genes in yeast (7,
8). hsp83A is the most heat-inducible gene in cotyledons,
whereas the others exhibit a low level of heat induction in

_ cotyledons (our unpublished results). One member of the
family (hsp83B) is constitutively expressed in the cotyledons
of plants grown in continuous light (Fig. 7).
DNA sequence analysis showed that the P. nil hsp83A gene

is interrupted by two introns within its coding region. Other
genes of the hsp83-90 family contain introns, including a
Drosophila hsp83 gene, but the processing of the Drosophila
transcript is impaired under heat-shock conditions (30). Our
studies demonstrate that the P. nil hsp83 introns are processed
properly and efficiently under heat-shock conditions (Fig. 6).
The protein encoded by hsp83A is homologous to animal 83-
to 90-kD hsps. As in eukaryotic HSP83s, the carboxy-termi-
nal four residues, GluGluValAsp, are conserved in the plant
gene product. The P. nil HSP83, like its eukaryotic homologs,

R1 H3

Figure 4. Identification of transcription start site of P. nil hsp83A
gene. Primer extension analysis was used to identify the hsp83A 7-
transcription initiation site. Total RNA isolated from heat-shocked
cotyledons was hybridized with a synthetic primer at 50, 55, 60, or
65'C, lanes 1 to 4, respectively. The major primer extension prod-
ucts are indicated by arrows. To determine the size of the products,
a DNA-sequencing reaction (A,C,G,T) was performed using the
same primer.

to darkness following 24 h of light (lane 12), whereas no
increase was seen after transfer to darkness following 12 h
of light (lane 4). When the red light was removed with a 750- 2 -

nm filter, the level of hsp83A mRNA increased (lane 11) as it
did following transfer to darkness. Thus, it seems the transi-
tion from light to dark as well as from dark to light leads to
an increase in hsp83A mRNA in the cotyledons. In contrast,
the level of hsp83B mRNA, corresponding to a second mem-
ber of the gene family, was high in light and was not 1-
significantly affected by the various treatments (lanes 5-8
and 13-16).

Figure 5. Determination of hsp83 gene copy number. The number
DISCUSSION of hsp83 genes in the P. nil genome was determined by low-

stringency Southern blot hybridization. A 328-bp fragment (residues
Flowering in P. nil is controlled by photoperiod, and young 68-395, Fig. 2) was used as a hybridization probe. Lane R1, EcoRI;

seedlings are competent to respond to an inductive photo- lane H3, HindlIl. Numbers on the left indicate size, in kb, of the
period. The cotyledons, in particular, respond by transmitting molecular mass marker DNA.
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lation of another hsp gene, a small hsp gene of P. nil, has
also been observed. Expression of the members of two Chlam-
ydomonas hsp gene families, hsp7O and hsp22, and that of
four small hsp genes of pea are inducible by light (11, 14,
24). However, the light-induced accumulation of Chlamydo-
monas hsp22 mRNA and the circadian control of pea small
hsp mRNA levels required heat-shock treatment as well.

Expression of the P. nil hsp83A gene was found to increase
in cotyledons upon transfer of plants to darkness following
a light period of sufficient length (Fig. 7). When light below
650 nm was filtered out, the level of hsp83A mRNA remained
very low, but when red light was filtered out as well (below
750 nm), hsp83A mRNA increased to the level observed
following transfer to darkness. Preliminary experiments in-
dicate that increased levels of far-red light result in an even
greater increase of hsp83A mRNA than that observed follow-
ing transfer to darkness. Even though the cut-off filters used
were suboptimal, results of our studies suggest that hsp83A
mRNA levels are repressed by red light and hsp83B mRNA
levels are not. The time in light before the dark treatment
also affects expression of hsp83A much more strongly than
that of hsp83B (Fig. 7). The effect of photoperiod on the
transitory expression of hsp83A at dawn and dusk is currently
being examined further.
HSP83, like other hsps, is highly conserved in all eukar-

yotes. Studies of HSP83 of the yeast Saccharomyces cerevisiae

8

Figure 6. Expression of hsp83A gene and determination of intron
locations. A, RNase protection analysis was used to monitor accu-
mulation of hsp83A mRNA. Numbers at the top indicate time (h) at
which cotyledons were harvested following exposure to a 14-h dark
period. Other RNA samples analyzed were: HS, RNA from heat-
shocked cotyledons; CL, RNA from cotyledons of plants grown in
continuous light. The numbers on the right indicate the size (in
nucleotides) of the protected fragments. B, Map of the DNA frag-
ment used to synthesize the probe cRNA for RNase protection
analysis. The exons are shown as dark bars. Numbers at bottom
indicate size in bp.

contains two highly charged regions, A and B. These regions
are speculated to be involved in protein-protein interactions
with other cellular proteins (5). The region A of P. nil HSP83
is 45 residues in length and contains 21 acidic and 12 basic
residues (amino acids 216-260, Fig. 2). The homologous
region in the Drosophila HSP83 is 14 residues longer. In
region B (residues 520-571), the P. nil HSP83 is highly
homologous to other known HSP83s.

Expression of the hsp83A gene is regulated by both heat
shock and light. Light-inducible expression of hsp83A requires
exposure of plants to a dark period before exposure to light
(Fig. 6). Under these conditions, expression of hsp83A is
transient in nature, and maximum accumulation of hsp83A
mRNA was observed 2 h after light treatment. Similar regu-

m u~~~~~~~~ i~~~~~~..

Figure 7. Dark-induced expression of hsp83A gene. RNase protec-
tion analysis was used to monitor accumulation of hsp83A and
hsp83B mRNA. Plants were grown for 2V/2 d in the dark, at which
time they had emerged from the soil. Following 12 h (lanes 1-8) or
24 h (lanes 9-16) in cool-white fluorescent light (145 ,uE m-2 S-1),
plants were subjected to one of four 2-h treatments: lanes 1, 5, 9,
and 13, white light; lanes 2, 6, 10, and 14, light above 650 nm;
lanes 3, 7, 11, and 15, light above 750 nm; lanes 4, 8, 12, and 16,
dark. Cotyledons were harvested immediately following each treat-
ment, and the steady-state level of hsp83A and hsp83B mRNA
was determined using gene-specific RNA probes (indicated at the
bottom).
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and animals provide insight into its function. There are two
hsp83 homologs in yeast, Hsp82 and Hsc82 (8). Disruption of
either gene impairs growth at elevated temperatures, and
simultaneous inactivation of both genes by gene disruption
is lethal, indicating that hsp83 is an essential gene in yeast.
Biochemical studies of HSP83 showed that it is found com-
plexed with several proteins, including members of the ste-
roid hormone receptor superfamily, casein kinase II, eukary-
otic initiation factor-2 a-kinase, actin, and tubulin (reviewed
in ref. 17). The most investigated of these is the interaction
of HSP83 and steroid hormone receptors. These studies in-
dicate that HSP83 functions as a special type of chaperon to
maintain the receptor in a preinduction complex (reviewed
in ref. 12). In response to a specific trigger molecule, the
HSP83-receptor complex dissociates to form a hormone-
receptor complex, which regulates gene expression. The re-

quirement of HSP83 for proper signal transduction by steroid
receptors was demonstrated experimentally (26). A similar
function for HSP83 in plants is not unlikely in view of the
fact that plants contain estrogens and a number of steroids,
known as brassinosteroids, that affect plant growth (19). How
HSP83 affects floral initiation, if at all, is not known at
present.
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