
and variable abundances. The HREE patterns 
are relatively flat, and, although the overall 
abundance changes, the patterns remain similar 
within an individual mine. However, in South 
Crofty the HREE are apparently concentrated 
in the later fluids, whereas at Wheal Jane the 
converse is true, the explanation of which is 
currently unclear. 

The variation in REE patterns cannot be 
attributable to a mixing of fluids from different 
sources in the vein systems because this would 
result in variable initial E,, values. I t  is also 
ditKcult to envisage why the HREEs should 
maintain such consistent patterns if mixing is 
responsible for changes in the LREEs. Leach- 
ing of uraninite or other HREE-rich minerals 
would not only fractionate the REEs but 
would also increase the relative abundance of 
all HREEs in the mineralizing fluid. Similarly, 
l e a c h  of LREE-enriched phases, such as 
monazite, could not produce the depletion in 
the LREEs observed in the paragenetically later 
fluorite. 

These relations lead us to conclude that 
the most likely mechanism for producing the 
observed change in the Sm-Nd composition 
of the fluid is the coeval precipitation of an 
unidentified LREE-enriched phase, analo- 
gous to monazite, in the hydrothermal sys- 
tem. The dramatic crossover in the REE 
element patterns is good evidence for the 
importance of such a process at South 
Crofty. The extent to which such a model 
can be extended to account for the Sm-Nd 
fractionation observed in many other kinds 
of fluorite-bearing mineralization (7, 9, 23, 
24), such as MVT deposits, is uncertain. 

Regardless of the exact mechanism, REE 
fractionation in fluorites is commonly ob- 
served. The large range in Sm/Nd ratios, the 
low uncertainty in age, and resistance to late 
hydrothermal effects render the Sm-Nd dat- 
ing technique a powerful geochronometer 
even for relatively young mineralization. 

REFERENCES AND NOTES 

1. W. C. Kelly, J. M. Sharp, D. E. White, Geology 11, 
309 (1983). 

2. B. J. Skinner, in Geochemistry of Hydrothermal Ore 
Deposits, H. L. Barnes, Ed. (Wiley, New York, ed. 
2, 1979), p. 10. 

3. L. M. Cathles, Econ. Geol. 75 Anniv. Vol. (1981), p. 
424. 

4. A. N. Halliday, Econ. Geol. 75, 752 (1980). 
5. D. P. F. Darbyshire and T. J. Shepherd, J. Geol. 

Soc. London 142, 1159 (1985); J. T. Chesley, 
unpublished data. 

6. L. W. Snee, J. F. Sutter, W. C. Kelly, Econ. Geol. 
83, 335 (1988). 

7. P. Moller, P. P. Parekh, H.  J. Schneider, Miner. 
Deposita 11, 111 (1976). 

8. P. Bratter et al.,  Enmetall 25, 389 (1972). 
9. A. N. Halliday, T. J. Shepherd, A. P. Did&, J. T. 

Chesley, Natnre 344, 54 (1990); J. T. Chesley, A. N. 
Halliday, T. J. Shepherd, R. C. Scrivener, paper pre- 
sented at the 7th International Confexnce on Geochro- 
nology, Cosmochronology, and Isotope Geology, 24 to 
29 September 1990, Canberra, Australia. 

10. I. V. Chernyshev, V. A. Troitsky, D. Z. Zhuralev, 

paper presented at the 6th International Conference 
on Geochronology, Cosmochronology, and Isotope 
Geology, 30 June to 4 July 1986, Cambridge, 
United Kinedom: Terra Cognita 6. 226 11986). 

11. H.  G.  in&, ~ e m .  Geol. &w. G:B.  1,'l (1956); 
ibid. 2, 509 (1956). 

12. M. Stone and C. S. Exley, in High Heat Production 
( H H P )  Granites, Hydrothermal Circulation, and Ore 
Genesis (~nstitution bf b in in^ and Metallurgy, Lon- 
don, 1985), pp. 571-593. 

13. N. J. Jackson, J. Willis-Richards, D. A. C. Manning, 
M. S. Sams, Econ. Geol. 84, 1101 (1989). 

14. N. J. Jackson, J. Moore, A. H. Rankin, J. Geol. Soc. 
London 134, 343 (1977). 

15. N. J. Jackson, A. N. Halliday, S. M. F. Shepard, J. 
G. Mitchell, in Metallization Associated with Acid 
Magmatism, A. M. Evans, Ed. (Wiley, Chichester, 
1982), pp 137-179. 

16. T. J. Shepherd, M. F. Miller, R. C. Scrivener, D. P. 
F. Darbyshire, in High Heat Production (HHP)  Gran- 
ites, Hydrothermal Circulation, and Ore Genesis (In- 
stitution of Mining and Metallurgy, London, 1985), 
pp. 345-364; T. J. Shepherd and R. C. Scrivener, 
Ussher Soc. Proc. 6 ,  491 (1987). 

17. R. C. Scrivener, T. J. Shepherd, N. Garrioch, Ussher 
Soc. Proc. 6. 412 11986). 

23. T. J. Shepherd, D. P. F. Darbyshire, G. R. Moore, 
D. A. Greenwood, Bull. Bur. Mech. Gites Min.  2 ,  
371 (1982). 

24. J. T. Chesley, unpublished data. 
25. Standard ion-exchange procedures were used to 

separate the REEs (26). All concentration measure- 
menu were performed by isotope dilution at the 
University of Michigan on a VG sector mass spec- 
trometer (26). An average 143Nd/144Nd ratio of 
0.51 1862 + 10 was obtained for the La Jolla stan- 
dard. Ages were calculated with model 1 regressions 
on Isoplot (27). The decay constant .A 14'Sm = 6.54 
x 10-l2 was used for age calculations. We 
calculated the EN, values using present-day values 
for bulk earth of 143Nd/'44Nd = 0.512636 and 
147Sm/'44Nd = 0.1967. 

26. A. N. Halliday et al.,  Earth Planet. Sci. Lett. 94, 274 
11989). 

27. K. ~ . ' ~ u d w i ~ ,  U.S. Geol. Surv. Open File Rep. 
88-557 (rev. 1990). 

28. A. Masuda, N. Nakamura, T. Tanaka, Geochim. 
Cosmochim. Acta 37, 239 (1973). 

29. We thank M. Owen, P. Gribble, and S. Speed of 
Carnon Consolidated Limited for access to the 
South Crofty and Wheal Jane mines and for geologic 
exoertise durine samole collection. S. Nakai orovid- 

18. K. F. G. ~ d s k i n ~ i ~ r a n ; .  R .  Soc. Cornwall 18, 309 ed' expertise d;ring 'REE analysis. We thank T. J. 
(1962). Shepherd, W. C. Kelly, S. F. Kesler, K. Mezger, J. 

19. D. P. F. Darbyshire and T. J. Shepherd, paper R. O'Neil, and D. P. F. Darbyshire for discussion 
presented at the 7th International conference -on and critical review of the original manuscript. Re- 
Geochronology, Cosmochronology, and Isotope search was supported by National Science Founda- 
Geolom, 24 to 29 September 1990, Canberra, tion grants EAR 8616061,8804072, and 9004413 
Austrz;; D. P. F.  arbi is hire, unpublished data. to A . ~ . H .  This paper is published wi;h the approval 

20. H. Puchelt and R. Emmermann, Earth Planet. Sci. of the Director of the British Geological Survey 
Lett. 31. 279 (1976). (Natural Environment Research Council). 

21. A. Masudaandi'. &&chi, Georhem. J, 13,19 (1979). 
22. D. A. Svejensky, Econ. Geol. 79, 23 (1984). 13 November 1990; accepted 28 February 1991 

A Calcium-Dependent Protein Kinase with a 
Regulatory Domain Similar to Calmodulin 

Calcium can function as a second messenger through stimulation of calcium-depen- 
dent protein kinases. A protein kinase that requires calcium but not calmodulin or 
phospholipids for activity has been purified from soybean. The kinase itself binds 
calcium with high ajiinity. A complementary DNA clone for this kinase has been 
identified; it encodes a protein with a predicted molecular mass of 57,175 daltons. This 
protein contains a catalytic domain similar to that of calrnodulin-dependent kinases 
and a calrnodulin-like region with four calcium binding domains (EF hands). The 
predicted structure of this kinase explains its direct regulation via calcium binding and 
establishes it as a prototype for a new family of calcium-regulated protein kinases. 

I N PLANTS, FREE CALCIUM (Ca2+) HAS Ca2+ have been shown to regulate stomata1 
been implicated as a second messenger closure (2). In animals, Ca2+ can regulate 
in diverse processes including cytoplas- signal transduction pathways by activating pro- 

mic streaming and signal transduction (1). tein kinases dependent on Ca2+ and calmodu- 
Increased concentrations of intracellular lin (Ca2+ /calmodulin) (3). Calmodulin is pre- 

sent in plant cells (4) and some evidence that 
plant cells also contain Ca2+/calmodulin-de- 

J. F. Harper, M. R. Sussman, G. E. Schder, Department 
of Horticulture, University of Wisconsin, Madison, WI, pendent has presented (5)' 
53706. However. a Ca2+-detxndent serine-threonine 
C. Putnam-Evans, Biochemistry Department, University kinase has purified from soybean 
of Georgia, Athens, GA 30602. 
H.  Charbonneau, Department of Biochemistry, Univer- (Glycine max L. cv Wayne) that does not 
sity of Washington, Seattle, WA 98195. 
A. C. Harmon, Department of Botany, 220 Bartram 

require calmodulin. This Ca2+ -dependent pro- 
Hall, University of Florida, Gainesville, FL 32611-2009. tein b a s e  (CDPK) shows half-maximal s h -  

ulation at 2 plvl Ca2+ and the enzyme itself 
*To whom correspondence should be addressed. 
?Present address: Department of Botany, Louisiana contains a high afKnity Ca2+ bindkg site or 
State University, Baton Rouge, LA 70803. sites (6, 7). 
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We have identified and sequenced cDNA 
clones encoding CDPK. Peptides from pu- 
rified CDPK were sequenced and used to 
design degenerate DNA oligomers (Fig. 1). 
These oligomers were used as polymerase 
chain reaction (PCR) primers to amp@ a 
15 1-bp (base pair) DNA fragment from the 
soybean genome. This fragment was cloned 
and labeled for use as a hybridization probe 
to identify two partial cDNA clones, SK2 
and SK5, from a soybean (G. max L. cv 
Williams) cDNA library (8). To obtain the 
full-length cDNA sequence for the SK5 
clone (Fig. l ) ,  the missing 3' end was 
amplified by PCR and the sequence was 
verified from three independent clones. 

The predicted SK5 protein sequence (Fig. 
1) was identified as the longest open reading 
frame spanning the cDNA sequence. Termi- 
nation codons are present upstream of the 
predicted initiation codon in all three read- 
ing h e s .  The chosen initiation codon is 
preceded by a short open reading frame 
encoding a predicted peptide of 12 residues. 
Short upstream reading frames have been 
observed in several plant genes (9) and may 
be important for translational regulation 
(10). The molecular mass of the SK5 encod- 
ed protein is predicted to be 57,175 daltons 

which is dose to the molecular mass of 
52,000 to 55,000 daltons determined by 
chromatographic and electrophoretic analy- 
sis of purified CDPK (7). 

Correspondence of the full-length SK5 
cDNA to soybean CDPK is based on simi- 
larity between the predicted amino acid se- 
quence of the SK5 protein and the amino 
acid sequence of peptides obtained from 
purified CDPK. An alignment between SK5 
and three proteolytic peptides from CDPK 
shows a correspondence of 7 of 14 identical 
amino acids for a peptide located outside the 
catalytic domain, and 15 of 20 and 23 of 33 
identical amino acids, respectively, for two 
peptides located withii the predicted kinase 
domain. The strong, but less than complete 
correspondence, suggests the presence of 
multiple CDPK isozymes. Isozymes of Caz+/ 
calmadulin-dependent protein kinase I1 and 
protein kinase C are also encoded by distinct 
genes (11). Further evidence of multiple 
CDPK isoforms in soybean is provided by the 
isolation of another related cDNA clone, SK2. 
The predicted amino acid sequence of SK2 
contains regions with similarity to the prote- 
olytically derived peptide sequences, but the 
substitutions occur at &rent positions from 
those in the SK5 sequence (12). Southern blot 

CGGTTMTTTG 
T T G A G A G A G A G C A A T C M A M C A T T P  

M A S S K E R E E N T N  
AlTA&CCACCACCTGATAGGCTGATACMTACAATCTCCTTTCCTTTTTCGACAACAAGA 
ATGGCTGCCAAATCTAGTTCGAGTTCGAI~CAAUVUC~GGTGACT~T'~G~G~G 
M A A K S S S S S T T T N V V T L K A A  
TGGGTTCTCCCGCAG~GCACGCA~CATCCGTGAGGTGTACGAGGTT&GCG~A~G~T~ 
W V L P Q R T Q N I R E V Y E V G R K L  

~ D P ~ I R D L ~ ~ L G R X  

GGGCAGGGCCAATTCGGGACCACCTTCGAG~CGCGCCGTGCWGTGGTGGGMGTTC 
G Q G Q F G T T F E C T R R A S G G K F  
GCGTGCAAGTCGATTCCGMGCGGMmGCTGTaGGAGGACTACGAGGACGTGTGG 
A C K S I P K R K L L C K E D Y E D V W  

k - I V E D V R  
CGGGAGATTCAGATMTGCACCACTTGTCGGMCACGCCAACGTTGTCCGCATcGMGGG 
R E I Q I M H H L S E H A N V V R I E G  
R S X l ? X Y E E L A G E X m  k  - 
ACGTACGAGGATTCCACGGCCGTGCACCTGGTCATGGAGTTGTGCGAGGGTGGAGAGTTG 
T Y E D S T A V H L V M E L C E G G E L  
~ ~ P D P L ~ V ~ ~ V Y X Z C C G R E L  

TTTGACAGGATCGTGCAGMGGGACACTACAGCGAGAGACA~CGAGGTTGATAAXG 
F D R I V Q K G H Y S E R Q A A R L I K  
r D R x -  
A C G A T T G T T G A G G T T G T T G A G G C G T G T C A C T C G C T A G G G  
T I V E V V E A C R S L G V M R R D L K  
CCTGAGMTTTCTTGTTTGATACCATTGATGAGGATGCTMGCTTMGGCCACCGATTTC .. . ..- .... 
P E N F L F D T I D E D A K L K A T D F  
G G C T T G T C T G T T T T T T A C M G C C T G G T G M T C C T T T T T G T G  
G L s v F Y K P G E s F c D v v  G C S - - P Y -  

TATGTCGCACCAGAGGTCTTGCGCAAGCTCTATGGACCTGMTCAGATGTTTGGAGTGCA 
Y V A P E V L R K L Y G P E S D V W S A  
GGGGTTATTCTGTACATCTTATTMGTGGGGTGCCACCATTTTGGGCCGMTCTGMCCG 
G V I L Y I L L S G V P P F W A E S E P  

Fig. 1. Nucleotide sequence of cDNA and predicted protein sequence for 
soybean CDPK isoform SK5. Amino acid sequence of three protwlytic 
peptides derived from CDPK are shown in bold letters under the predicted 
SK5 protein sequence. Lower case letters are tentative assignments. CDPK 
was purified from G. max L. cv Wayne as described (7). Purified CDPK 
(800 pmol) was cleaved at lysine residues with Achromobacter protease I 
(23). The digest was S-pyridylethylated and fractionated by size exclusion 
high-performance liquid chromatography (HPLC) on a TSK G3000 PW 
column equilibrated in a solution of trifluoroacetic acid (0.1%) and 
acetonitrile (45%) in water. Peptides were resolved further by reversed- 
phase HPLC on a RP-300 column and sequenced by Edman degradation. 
A 1319-bp cDNA encoding the 5' region of SK5 was identified from a 
library of G. max cv. Williams cDNA (8) by hybridization (9) with a 
151-bp fragment of soybean CDPK that was amplified by PCR with two 
degenerate primers based on the underlined peptide sequence. The 

Fig. 2. Southern blot analy- kb S A 
sis of genomic DNA. Sam- 
ples (5 ~ g )  of genomic 
DNA from G. max L. cv 
Williams (lane S) and Arabi- 9.4 + 
dopsis thaliana cv Columbia 6.8 + 
(9) (lane A) were digested 
with Bam H I  and Eco RI 4.4-) 

and subjected to electropho- 
resis through a 1% (w/v) 
agamse gel. DNA was trans- 
ferred, and hybridizations 22:;: 
were done with high saingen- 
cy as described (9). The hy- (II 

bridization probe was a 32P- 
labeled PCR fragment 
corresponding to nudwtides 
230 to 1319. 

analysis of soybean genomic DNA reveals mul- 
tiple fkIginen~ hybridhng with a DNA probe 
derived from the SK5 cDNA (Fig. 2) and is 
consistent with the presence of multiple CDPK 
isoforms in soybean. A cDNA fromArabidopsk 
has also been characterized and shows strong 
similarity to the same CDPK peptide sequenm 
and corroborates the same overall smcture 
seen in SK5 and SK2 (12). 

GGGATCTTCCGACAGATTTTACTAGGAAAACTTGATTTTCATTCTGAGCCTTGGCCTAGC 
G I F R Q I L L G K L D F H S E P W P S  
ATTTCAGACAGTGCCAAGGATCTMTTCGGAAAATGCTTGATCMAATCCAFAMCAAGG 
I S D S A K D L I R K M L D Q N P K T R  
CTTACAGCACATGAAGTACTCCGCCACCCATGGATTGTTGATGACAACATTGCACCTGAT .--.--- 
L T A H E V L R R P W I v D ' D N I A P D  
AAACCTCTTGATTCTGCAGTTTTATCACGTCTCAAACAATTCTCTGCCATGMTAAXTTG 
K P L D S A V L S R L K Q F S A M N K L  
A A A A A G A T G G C A T T G C G T G T T A T T G C T G A G A G G C T A T C T G C T G  
K K M A L R V I A E R L S E E E I G G L  
AAAGAGTTATTCAAGATGATTGACACAGACMCAGTGGAACCATMCGTTTGATGAGTTA 
K E L F K M I D T D N S G T I T F D E L  
A A A G A T G G T T T G M G C G A G T A G G A T C T G A K C T T A T G G A O G  
K D G L K R V G S E L M E S E I ' K D L M  
&TGCT&GGATATTGATAAAAGTGGGACAATTGATTATTATGT 
D A A D I D K S G T I D Y G E F I A A T  
GTTCATTTAAATMmGGAGAGAGA~CCTAGTGTcGGCcTTCTcCTATTTTGAc 
V H L N K L E 1 . -  

~ .----- - - ~~ 

K D G S G Y I T L D E I Q Q A C K D F G  
T T A G A T G A T A T C C A T A T T G A C G A C A T G A T C A A G G A M T T G  
L D D I H I D D M I K E I D Q D N D G Q  
A T A G A T T A T G G G G M T T T G C T G C C A T G A T G A G A A A G G G C A  
I D Y G E F A A M M R K G N G G I G R R  
ACTATW~CACTAAXTTTMGAGATGCTCTTGGATTAGTAGACAATGGGTCCAAT 
T M R K T L N L R D A L G L V D N G S N  
CMGTTATTGAGGGCTACTTTMGTMTMTTACTTGGAGAWUMTTGACCAAATATTA 
Q V I E G Y F K . .  
~TTTAGTAMTTTCTACGTTG~TTGTAGTTGCTTGACCAMTTTTGCGTATCTTTTAAXT 1751 
TATAGACCCACTTCAGG 1768 

1319-bp cDNA was subcloned and called pSK5. The pSK5 contains the 
T3 promoter followed by an Eco RI linker, the 5' end and sequence 
encoding the first 399 amino acid residues, an Eco RI site truncating the 
3' end, and the T7 promoter. The missing 3' end of the SK5 cDNA was 
isolated by PCR amplification (24) with cDNA template from G. max L. 
cv Mandarin RNA. The primers used were oligo(dT) with an Xho I linker 
(24) and a DNA sequence between nucleotides 1239 and 1263 with a Bam 
H I  linker. The 3' sequence was based on clone p899. Two additional 
clones showed polyadenylate termination sites at positions 1718 and 1730, 
respectively. All three clones showed 100% DNA sequence identity to 
pSK5 over a 56-bp region. Both strands were sequenced (Sequenase Kit, 
U.S. Biochemical). The translation start codon begins at nucleotide 
position 132; the 508 residue protein sequence is shown below. A short 
upstream reading frame from nucleotides 38 to 76 is underlined and the 
predicted 12-residue peptide indicated below. 

SCIENCE, VOL. 252 



The deduced SK5-encoded protein se- Kinase domain Calmodulin-like domain - - - - L\\\W 

N -  I I I I  c 
25 aa Ca2+ sites 

Fig. 4. Diagramatic representation of the soybean 
CDPK structure based on the full-length SK5 
cDNA sequence. 

adjoining calmodulin-like regulatory do- 
main. The calmodulin-like domain of 
CDPK is more highly conserved with re- 

quence contains conserved sequences diag- 
nostic of protein kinase catalytic domains 
(13) between residues 41  and 328. This spect to plant or animal calmoddin than 

that of calpain in both sequence identity 
(39% for CDPK versus 12 to 15% for 

domain includes a nucleotide binding site 
and two regions characteristic of serine- 
threonine kinases (Fig. 3). A search of the 
GenBank database revealed that this kinase 
domain is most closely related (39% identity 
in a 296-amino acid overlap) to the catalytic 
domain of the P-subunit of the Ca2+/cal- 

calpain) and the spacing between the four 
Ca2+ -binding sites. 

It is possible that the CDPK gene evolved 
as a fusion of two preexisting genes. Se- 
quence comparisons suggest that the CDPK 
kinase domain originated from the fusion of 
a gene encoding a Ca2+ /calmodulin-depen- 
dent kinase with a calmodulin-like gene. The 
proposed fusion junction interrupts a puta- 
tive ancestral calmodulin-binding domain 
corresponding to position 295 to 315 in the 
Ca2+/calmodulin~eFndent kinase from rat 
brain (14). This junction region also contains a 
potential pseudosubstrate site (CDPK residues 
319 to 328), a sequence rich in basic residues 
that is proposed to bind to the active site of 
protein kinases in the absence of activators 
(19). CDPK may be capable of a faster or more 
versatile response to Ca2+ because direct Ca2+ 

istic of animal calmodulins (17). Also dis- 
tinct is the spacing between the last three 
Ca2+-bindinn sites in CDPK which are " 
shifted by an apparent deletion of residues 
corresponding to positions 75, 114, and 
115 in the calmoddin seauence. The dele- 

modulin-dependent kinase I1 from rat brain 
(Fig. 3) (14). 

Adjacent to the kinase domain is a cal- 
tion corresponding to residues 114 and 115 
removes a lysine residue that is normally 
trimethylated in plant and animal calmodu- 
lins (17). These differences between CDPK 
and calmoddin may affect Ca2+ binding 
and protein-protein interactions. 

modkin-like sequence with 39% amino acid 
identity to calmodulin from spinach (Fig. 3) 
(16). The calmodulin-like region contains 
four putative EF-hand Ca2+-binding motifs 
(Fig. 3) (IS), each of which contains all the 
requirements of such Ca2+ -binding sites: six 
oxygen-containing ligands at positions 1, 3, 
5, 7, 9, and 12, an invariant glycine residue 
at position 6, and a conserved aliphatic 
residue at ~osit ion 8. Each of the four Ca2+ - 

  he two central domains that presumably 
encode the catalytic and Ca2+ -binding func- 
tions are flanked by NH2-terminal and 
COOH-terminal domains of 40 and 35 ami- 
no acid residues, respectively (Fig. 4). The 
flanking regions were examined for similar 

binding sites is flanked by residues predicted 
to form helices (16), as expected in a Ca2+ - 
binding EF hand. The presence of four such 
Ca2+ -binding sites explains the observation 
that Ca2+ directly binds to CDPK and 
regulates its activity. 

There are several distinctions between the 
amino acid sequence of the CDPK calmod- 
din-like domain and plant calmodulin. 

binding relieves limitations due to the relatively 
slow diffusion of a larger Ca2+-calmodulin 

- - 
seauences in the GenBank database, but no 
significant matches were found and no func- 
tional assignments have been proposed. 

The CDPK provides the second example 
of a calmoddin-like domain fused to a cat- 
alytic domain and establishes this arrange- 

complex. 
Although CDPK is one of the best char- 

acterized plant kinases, its function and in 
vivo substrates are still unknown. The 
CDPK enzyme is found throughout the 
plant, from leaves to roots (20). Within a 
cell, immunocytological localization with a 
monoclonal antibody to the soybean CDPK 

mint as a structural theme. The analogous 
structure is found in the 80-kD subunit of 
calpain, a Ca2+ -dependent protease from 
animal cells (18). Both enzymes contain a 

CDPK has a tyrosine ra&er than a phenyl- 
alanine residue at position 428, and a thre- 
onine instead of a cystine residue at position 
356. The CDPK substitutions are character- 

indicates an association with an actin micro- 
filament system (20). Biochemical fraction- 
ation studies have also indicated an associa- 
tion of an oat CDPK with the plasma 

protein-modifying catalytic domain with an 

membrane (21). However, hydropathy anal- 
ysis of the SK5 isoform did not reveal any 

Fig. 3. Alignment of amino 
acid sequences from the pre- 
dicted SK5 protein (CDPK) 
with Ca2+/calmodulin-de- 
pendent kinase I1 (CaMPK) 
and calmodulin (CaM) . The 
508-amino acid sequence 
for the SK5 encoded CDPK 
isoform is aligned with the 
first 305 residues of Ca2'/ 
calmodulin-dependent pro- 
tein kinase I1 from rat brain 
(GenBank accession number 
A26464) and the entire 148 
residues of calmodulin from 
spinach (GenBank accession 
number A03024). Identical 
residues are indicated by a 
(*). The CDPK sequence is 
divided at the boundary be- 
tween the kinase and calm- 
odulin-like domains. Boxes 
a, b, and c are diagnostic 
kinase sequences and boxes 
I, 11, 111, and IV are calci- 
um-binding sites. DNA and 
amino acid sequence com- 
parisons were performed 
with DNASTAR (Madison, 
Wisconsin) software. 

CDPK 
CaMPK 

I 

51 
CTRRASGGKFACKSIPKRKLLCKEDYEDVWREIQIMHHLSEHANWRIEG 
*VKLCT*HEY*A*I*NTK**SARDH-QKLE**AR*-CR*LK*S*I**LHD 

clear membrane spanning domains. The role 
of CDPK isoforms in specific signal trans- 
duction pathways remains uncertain. 

Our results suggest a reexamination of 
studies that implicate calmodulin in Ca2+ - 

CDPK 
CaMPK 

101 
TYEDSTAVHLVMELCEGGELFDRIVQKGHYSERQAARLIKTIVEWEACH 
SISEEGFHY**FD*VT*****ED**AREY***AD*SHC*QQ*L*A*LH** 

CDPK 
CaMPK 

dependent processes. Because of the similar- 
ity of the CDPK Ca2+-binding domain to 

CDPK 
CaMPK 

c&odulin. CDPK can be expected to share CDPK 
CaMPK many of the characteristic properties of 

calmodulin. CDPK copurifies with calmod- 
ulin through DEAE and phenyl-Sepharose 

2 4 9  
GKLDFHSEPWPSISDSAKDLIRKMLDQNPKTRLTAHEVLRHPWIVDDNIA 
*AY**P*PE*DTVTPE**N**NQ**TI**AK*I****A*K***VCQRSTV 
299  328 
PDKPLDSAVLSRLKQFSAMNKLKKMALRVI-------------------- 
ASMMHRQETVEC**K*N*RR***GAI*305 >> 542 

329 
............................... AERLSEEEIGGLKELFKMI 

**E*TD*Q*AEF**A*SLF 

CDPK 
CaMPK 

chromatography and is sensitive to the 
calmodulin inhibitor W-7 (6, 7, 22). The 
similarity between these proteins may un- 

CDPK 
CaMPK 

CDPK 
CaM dermine- the interpretation of studies that 

use inhibitors and assays of crude extracts to 
evaluate the function of calmodulin. 
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Cloning of a Factor Required for Activity of the Ah 
(Dioxin) Receptor 

The aryl hydrocarbon (Ah) receptor binds various environmental pollutants, such as 
polycyclic aromatic hydrocarbons, heterocyclic amines, and polychlorinated aromatic 
compounds (dioxins, dibemfurans, and biphenyls), and mediates the carcinogenic 
effects of these agents. The complementary DNA and part of the gene for an 
87-kilodalton human protein that is necessary for Ah receptor function have been 
cloned. The protein is not the ligand-binding subunit of the receptor but is a factor that 
is required for the ligand-binding subunit to translocate fiom the cytosol to the 
nucleus after binding ligand. The requirement for this factor distinguishes the Ah 
receptor fiom the glucocorticoid receptor, to which the Ah receptor has been 
presumed to be similar. Two portions of the 87-kilodalton protein share sequence 
similarities with two Drosuphila proteins, Per and Sim. Another segment of the protein 
shows conformity to the consensus sequence for the basic helix-loop-helix motif found 
in proteins that bind DNA as homodimers or heteradimers. 

T HE AH RECEPTOR IS DETECTABLE IN 

many tissues and organs. The best 
understood activity of the receptor 

concerns its role in the induction of cy- 
tochrome P450IA1. Complexes between 
the Ah receptor and ligand bind to specific 
DNA sequences upstream of the P450IA1 
gene, termed xenobiotic responsive ele- 
ments (XREs), and stimulate transcription 
of the gene ( I ,  2). The receptor also medi- 
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ates induction of cytochrome P 4 5 0 W  and 
several other enzymes of xenobiotic metab- 
olism. The enzymatic activities of P450IA1 
(aryl hydrocarbon hydroxylase, or AHH) 

Fig. 1. DNA blot analysis of aansfectants. Ge- 
nornic DNA (10 pg) was digested with Pst I, 
subjected to agarose gel electrophoresis, and 
transferred to nitrocellulose. Hybridization was 
performed in 50% formamide, 5 x SSC (standard 
saline citrate), 20 mM sodium phosphate (pH 
6.5), 10% dextran sulfate, 1 x Denhardt's solu- 
tion, and denatured salmon sperm DNA (250 
pg/ml) at 42°C. After hybridization, the filter was 
washed in 0.1 x SSC (standard saline ciaate) plus 
0.1% SDS at 65°C. The probe was the Bam HI, 
Alu-containing fragment recloned from pBLUR8 
into M13mp8 and isolated from the latter. Ar- 
rows indicate bands common to all secondary 
aansfectants. Numbers at the left margin indicate 
sizes in kilobases. 

and P450IA2 are important in the metab- 
olism of polycyclic aromatic hydrocarbons 
(found in cigarette smoke and smog) and 
certain heterocyclic arnines (found in 
cooked meat) to carcinogenic intermedi- 
ates (3). The pathological effects of the 
polychlorinated aromatic compounds also 
depend on the action of the Ah receptor, 
but the mechanism of pathogenesis is un- 
known (4). 

The Ah receptor is a soluble protein com- 
plex of -280 kD. The -95-kD ligand- 
binding subunit, which has not been cloned, 
and the 90-kD heat shock protein (Hsp90) 
are both components of this complex (5 ) .  
After cells are treated with ligand, receptor 
molecules become tightly bo&d in the-nu- 
cleus. However, the location of the receptor 
before ligand binding has not been fully 
resolved (6).  After conventional subcellular 
fractionation, the unoccupied receptor is 
found in the cytosol. Operationally, there- 
fore, ligand treatment leads to "nuclear 
translocation" of the receptor. The Ah re- 
ceptor resembles the steroid hormone recep- 
tors (7), and this resemblance has led to the 
suggestion that the ligand-binding subunit 
of the Ah receptor may be a member of the 
steroid receptor superfamily. 

The mouse hepatoma cell line Hepa-1 
shows P450IA1 inducibility. Mutants of 
Hepa-1 cells defective in induction have 
been isolated, and those mutants that are 
recessive have been assigned to four comple- 
mentation groups (8, 9). Mutations in 
groups B, C, and D affect functioning of the 
Ah receptor (9, 10). In the group C mu- 
tants, the receptor is present in normal 
amounts but does not translocate to the 
nucleus after binding ligand. We now de- 
scribe the isolation of part of the human C 
gene [termed the Ah receptor nuclear trans- 
locator gene (arnt)] and the isolation and 
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