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ABSTRACT: A nearly full-length cDNA clone for the large subunit of high-Ca%*-requiring Ca®*-activated
neutral protease (NCANP) from human tissues has been isolated. The deduced protein, determined for
the first time as an mCANP, has essentially the same structural features as those revealed previously for
the large subunits of the low-Ca?*-requiring form (uCANP) [Aoki, K., Imajoh, S., Ohno, S., Emori, Y.,
Koike, M., Kosaki, G., & Suzuki, K. (1986) FEBS Lett. 205, 313-317] and chicken CANP [Ohno, S.,
Emori, Y., Imajoh, S., Kawasaki, H., Kisaragi, M., & Suzuki, K. (1984) Nature (London) 312, 566-570].
Namely, the protein, comprising 700 amino acid residues, is characterized by four domains, containing a
cysteine protease like domain and a Ca?*-binding domain. The overall amino acid sequence similarities
of the mCANP large subunit with those of human uCANP and chicken CANP are 62% and 66%, respectively.
These values are slightly lower than that observed between uCANP and chicken CANP (70%). Local
sequence similarities vary with the domain, 73-78% in the cysteine protease like domain and 48-65% in
the Ca?*-binding domain. These results suggest that CANPs with different Ca?* sensitivities share a common
evolutionary origin and that their regulatory mechanisms are similar except for the Ca®* concentrations

required for activation.

Calcium-activated neutral protease (CANP), an intracel-
lular nonlysosomal cysteine protease, mediates various cellular
processes: activation and down-regulation of protein kinases
and hormone receptors (Tapley & Murray, 1985; Gates &
King, 1985; Melloni et al., 1986; Lynch et al., 1986; Suzuki
et al., 1987), turnover of myofibrillar proteins (Goll et al.,
1983; Zeman et al., 1985), modification of cytoskeletal proteins
(Pontremoli et al., 1987), etc. CANP requires Ca?* for ex-
pression of proteolytic activity. Two types of CANP with
different Ca?* requirements have been found in tissues of
higher animals (Murachi, 1983). They are designated as
wCANP and mCANP after their Ca?* sensitivities (Imahori
etal., 1983). uCANP is active at micromolar concentrations
of Ca?*, but mCANP requires higher concentrations (0.5-1
mM) of Ca?* for activity. Both uCANP and mCANP are
composed of a large and a small subunit with molecular
weights of 80000 and 28 000, respectively. The small subunit
is common to the two CANPs (Kawasaki et al., 1986). Thus,
the difference in the Ca?* sensitivities of CANPs is attributed
to the difference in the structures of the large subunits. The
large subunits of the two types of CANP are similar but
apparently distinguishable from each other judging from
various studies such as exchange and reconstitution of subunits
between uCANP and mCANP (Kikuchi et al., 1984), im-
munological analyses with polyclonal and monoclonal anti-
bodies (Sasaki et al., 1983; Kasai et al., 1986), and comparison
of enzymatic and chemical properties between uCANP and
mCANP (Yumoto et al., 1984; Inomata et al., 1984). Com-
parison of the primary structures of the large subunits between
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uCANP and mCANP will provide clues to understand the
structure-function relationship of CANP and the biological
roles of the CANP isozymes.

The primary structure of the large subunit of chicken CANP
was first described by Ohno et al. (1984). The sequence of
the large subunit can be divided into four domains (I-I1V) on
the basis of sequence similarity to other proteins. The second
domain from the amino terminus (domain II) is highly ho-
mologous to cysteine proteases such as papain and cathepsins
B and H and bears the catalytic activity of CANP. The
carboxyl-terminal domain (domain IV) comprises four putative
Ca?*-binding sequences, each composed of about 30 amino
acid residues potentially forming helix-loop—helix (E-F hand)
structures. The amino-terminal domain (domain I) is im-
portant for the regulation of activity, but the function of do-
main I1I is unknown, because it has no sequence similarity with
other proteins.

We next isolated cDNA clones for the large subunits of
mammalian uCANP and mCANP using the cDNA insert for
chicken CANP as a probe. A nearly full-length cDNA for
human uCANP (Aoki et al., 1986) and cDNA clones corre-
sponding to carboxyl-terminal parts of rabbit uCANP and
mCANP (Emori et al., 1986) have been isolated and analyzed
thus far. Here we report the complete amino acid sequence
of the large subunit of human mCANP deduced from the
nucleotide sequence of a cDNA clone. This is the first com-
plete structure determination of the large subunit of CANP
classified as the m-type. The amino acid sequence is compared
with those of other CNAPs, and the structure—function rela-
tionship is discussed.

MATERIALS AND METHODS

Materials. The following materials were purchased from
the sources indicated: sodium N-lauroylsarcosinate, guani-
dinium isothiocyanate, and reverse transcriptase (avian mye-
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loblastosis virus), Wako Pure Chemicals; oligo(dT)-cellulose
(type I11), DNA ligase (Escherichia coli), and RNase H (E.
coli), P-L Biochemicals; cesium chloride, Nakarai Chemicals;
[y-**P]ATP (3000 Ci/mmol), Amersham; PstI-cut and oli-
go(dT)-tailed pBR322 and [a-3?P]dCTP (3000 Ci/mmol),
New England Nuclear Research Products; nuclease S1,
Seikagaku Kogyo; DNA polymerase I, Boehringer; EcoRI
methylase, New England Biolabs; Klenow fragment of E. coli
DNA polymerase I and T4 DNA polymerase I, Takara Shuzo.
Restriction enzymes were obtained from Toyobo and Takara
Shuzo. A Agtl0 cloning system was donated by Drs. Y.
Sukenaga and Y. Shibazaki. Lysylendopeptidase was a kind
gift from Dr. T. Masaki, Ibaraki University.

Construction of cDNA Libraries. Two ¢cDNA libraries, one
from skeletal muscle and the other from spleen, were con-
structed with poly(A)+ RNA from human tissues. Total
RNA was extracted from frozen tissues with guanidinium
isothiocyanate plus 0.5% (w/v) sodium N-lauroylsarcosinate
and banded in cesium chloride (Chirgwin et al., 1979). RNA
was enriched in poly(A)+ RNA by oligo(dT)—cellulose
chromatography (Maniatis et al., 1982). Poly(A)+ RNA from
skeletal muscle was further fractionated by sucrose density
gradient centrifugation (longer than 2 kb') (Suzuki et al.,
1985). A cDNA library from skeletal muscle was made ac-
cording to the method of Maniatis et al. (1982): single-
stranded DNA synthesis with a reverse transcriptase, second
strand synthesis with the Klenow fragment of E. coli DNA
polymerase I followed by treatment with nuclease S1, poly(dC)
tailing, and annealing with the poly(dG)-tailed Ps:I site of
pBR322. Transformation of E. coli K12 MM294 was per-
formed according to the method of Hanahan (1983). Pro-
cedures for construction of another cDNA library from spleen,
detailed by Ohno et al. (1987), were the same as described
above up to the first strand synthesis except that the size
fractionation of poly(A)+ RNA by sucrose density gradient
centrifugation was omitted. The complementary strand was
synthesized according to the method of Gubler and Hoffman
(1983) with DNA polymerase I, E. coli DNA ligase, and E.
coli RNase H. The double-stranded ¢cDNA was treated with
EcoRI methylase (37 °C, 15 min), ligated to EcoRI linkers
after a fill-in reaction with T4 DNA polymerase I, and digested
with EcoRI (Huynh et al., 1985). The DNAs were then
fractionated in a 1% low-melting-temperature agarose gel and
ligated with EcoRI-cut Agtl0.

RNA Blot Hybridization. Poly(A)+ RNA (0.5 ug) from
human skeletal muscle selected by oligo(dT)—cellulose chro-
matography was electrophoresed on a 1.0% agarose—form-
aldehyde gel (Maniatis et al., 1982). RNAs were transferred
to a nitrocellulose membrane (Schleicher & Schuell). 32P-
Labeled fragments of AHS21 and A31 (Aoki et al., 1986),
prepared with an Amersham nick-translation kit, were used
as probes. Hybridization was carried out at 42 °C for 20 h
in 50 mM sodium phosphate buffer, pH 7.0, containing 50%
(v/v) formamide, 1 mg/mL bovine serum albumin, 0.1% (w/v)
poly(vinylpyrrolidone), 0.1% (w/v) Ficoll 400, 0.2% (w/v)
SDS, 0.75 M sodium chloride, 75 mM sodium citrate, and 100
pg/mL heat-denatured salmon sperm DNA. The filter was
washed with a solution containing 15 mM sodium chloride,
2 mM sodium citrate (0.1 X SSC), and 0.1% (w/v) SDS at
50 °C and then exposed to a Fuji RX film.

Preparation of mCANP. mCANP was prepared from hu-
man liver as described previously (Suzuki et al., 1979). The

! Abbreviations: SDS, sodium dodecyl sulfate; SSC, standard saline
citrate; bp, base pairs; kb, kilobases; PTH, phenylthiohydantoin.
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FIGURE 1: Restriction endonuclease map of cDNA clones for the large
subunit of human mCANP. The open and closed bars indicate the
coding and noncoding regions, respectively. Locations of the probes
used are indicated above the map: chicken CANP, a PstI fragment
of pCP521 (1097 bp) (Ohno et al., 1984); rabbit mCANP, a Pst]
fragment of pLM 1006 (285 bp) (Emori et al., 1986).

preparation was further chromatographed on phenyl-Sepharose
CL-4B as described by Inomata et al. (1983). The purified
mCANP was homogeneous as judged by SDS—polyacrylamide
gel electrophoresis (sp act. 390 units/mg of protein). Two
milligrams of mCANP was obtained from 400 g of human
liver.

Digestion of mCANP with Trypsin and Isolation of Tryptic
Peptides. Purified mCANP (220 ug) was digested with ly-
sylendopeptidase (1.5 ug) at 37 °C for 19 h. The digests were
fractionated by high-performance liquid chromatography on
a Hitachi gel, no. 3063 (C18, pore size 3 um), with a linear
gradient of 0-60% acetonitrile in 0.1% (v/v) trifluoroacetic
acid.

Other Methods. Sequencing of DNA was performed ac-
cording to the method of Maxam and Gilbert (1980). Au-
tomated Edman degradation of tryptic peptides was carried
out with an Applied Biosystems 470A protein sequencer.
PTH-amino acids released were identified by high-performance
liquid chromatography on a Senshu-pak Aquasil-Seq-4 column
(Senshu Kagaku).

RESULTS AND DiscussioN

Isolation and ldentification of ¢cDNA for the Human
mCANP Large Subunit. A cDNA library from human
skeletal muscle was screened by using 32P-labeled ¢cDNA in-
serts for CANPs thus far analyzed, chicken CANP large
subunit (Ohno et al., 1984) and rabbit mCANP large subunit
(Emori et al., 1986) (see Figure 1). One recombinant clone
(pHMS574) that hybridized with both probes under mild
washing conditions (2 X SSC, 65 °C) was isolated from 20000
transformants. pHM574 was apparently distinguished from
cDNA clones for the yCANP large subunit (Aoki et al., 1986),
since by DNA blot analysis it did not cross-react with clones
for uCANP under stringent washing conditions (0.1 X SSC,
65 °C). Furthermore, RNA blot hybridization analysis
showed a band apparently distinct from the uCANP mRNA
in size (see Figure 3). As pHMS574 had an insert of only 900
bp, a Agtl0 cDNA library from human spleen was further
screened with pHM574. About 50 clones out of 400000
independent plaques were hybridized with pHM574 insert.
Ten positive clones were picked up randomly, and their inserts
were analyzed by electrophoresis. AHS21, containing the
longest insert, was chosen for further analyses.

The restriction endonuclease map of AHS21 is shown in
Figure 1. The complete nucleotide sequence of AHS21 (3213
bp) is shown in Figure 2. Polyadenylation signals (AATAAA)
are seen at residues 3058-3063 and 3064-3069, but no poly(A)
tract is observed in the downstream region. RNA blot hy-
bridization analysis probed with the AHS21 insert showed a
single band of 3-3.5 kb, indicating that AHS21 corresponds
to a nearly full-length region of this mRNA species (Figure
3).

A long open reading frame initiating at residue —1 and
encoding 700 amino acids (M, 80005) is indicated under the
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' '
AATCATCGCTC

' ' ' ' ' 1 ' ' ' ' '
~119 GCAGCGGCGGCGCCCGCAGTGGCCGCAGCAGCGCGCCGGGCCCTGGCCGCGCCCCAGCCGAGCGCAGCGCGGAGTCGCCCCGACCTTTCTC TGCGCAGTACGGCCGCCGGGACCGCAGE

' ' ' ' ' ' ' ' '
1 ATG GCG GGC ATC GCG GCC AAG CTG GCG AAG GAC CGG GAG GCG GCC GAG GGG CTG GGC TCC CAC GAG AGG GCC ATC AAG TAC CTC AAC CAG
Met Ala Gly Ile Ala Ala Lys Leu Ala Lys Asp Arg Glu Ala Ala Glu Gly Leu Gly Ser His Glu Arg Ala Ile Lys Tyr Leu Asn Gln 29

' ' ' ' , ' ' ' '
91 GAC TAC GAG GCG CTG CGG AAC GAG TGC CTG GAG GCC GGG ACG CTC TTC CAG GAC CCG TCC TTC CCG GCC ATC CCC TCG GCC CTG GGC TTC
Asp Tyr Glu Ala Leu Arg Asn Glu Cys Leu Glu Ala Gly Thr Leu Phe Gln Asp Pro Ser Phe Pro Ala Ile Pro Ser Ala Leu Gly Phe 59

' ' ' ' ' ' ' '
181 AAG GAG TTG GGG CCC TAC TCC AGC AAA ACC CGG GGC ATG AGA TGG AAG CGC CCC ACG GAG ATC TGC GCT GAC CCC CAG TTT ATC ATT GGA
Lys Glu Leu Gly Pro Tyr Ser Ser Lys Thr Arg Gly Met Arg Trp Lys Arg Pro Thr Glu Ile Cys Ala Asp Pro Gln Phe Ile Ile Gly 89

' i ' ' ' ‘ ' '
271 GGA GCC ACC CGC ACA GAC ATC TGC CAA GGA GCC CTA GGT GAC TGC TGG CTG CTG GCA GCC ATT GCC TCC CTC ACC TTG AAT GAA GAA ATC
Gly Ala Thr Arg Thr Asp Ile Cys Gln Gly Ala Leu Gly Asp Cys Trp Leu Leu Ala Ala Ile Ala Ser Leu Thr Leu Asn Glu Glu Ile 119

' . ' ' . . ' ' '
361 CTG GCT CGA GTC GTC CCC CTA AAC CAG AGC TTC CAG GAA AAC TAT GCA GGG ATC TTT CAC TTC CAG TTC TGG CAA TAC GGC GAG TGG GTG
Leu Ala Arg Val Val Pro Leu Asn Gln Ser Phe Gln Glu Asn Tyr Ala Gly Ile Phe His Phe Gln Phe Trp Gln Tyr Gly Glu Trp Val 149

' \ ' '
451 GAG GTG GTG GTG GAT GAC AGG CTG CCC ACC AAG GAC GGG GAG CTG CTC TTT GTG CAT TCA GCC GAA GGG AGC GAG TTC TGG AGC GCC CTG
Glu val val Vval Asp Asp Arg Leu Pro Thr Lys Asp Gly Glu Leu Leu Phe Val His Ser Ala Glu Gly Ser Glu Phe Trp Ser Ala Leu 179

' i ' ' ' '
541 CTG GAG AAG GCA TAC GCC AAG ATC AAC GGA TGC TAT GAA GCT CTA TCA GGG GGT GCC ACC ACT GAG GGC TTC GAA GAC T%C ACC GGA GGC
Leu Glu Lys Ala Tyr Ala Lys Ile Asn Gly Cys Tyr Glu Ala Leu Ser Gly Gly Ala Thr Thr Glu Gly Phe Glu Asp Phe Thr Gly Gly 209

' ' ) ' .
631 ATT GCT GAG TGG TAT GAG TTG AAG AAG CCC CCT CCC AAC CTG TTC AAG ATC ATC CAG AAA GCT CTG CAA AAA GGC TCT CTC CTT GGC TGC
Ile Ala Glu Trp Tyr Glu Leu Lys Lys Pro Pro Pro Asn Leu Phe Lys Ile Ile Gln Lys Ala Leu Gln Lys Gly Ser Leu Leu Gly Cys 239

' ' ' ' ' ' '
721 TCC ATC GAC ATC ACC AGC GCC GCG GAC TCG GAG GCC ATC ACG TTT CAG AAG CTG GTG AAG GGG CAC GCG TAC TCG GTC ACC GGA GCC GAG
Ser Ile Asp Ile Thr Ser Ala Ala Asp Ser Glu Ala Ile Thr Phe Gln Lys Leu Val Lys Gly His Ala Tyr Ser Val Thr Gly Ala Glu 269

' ' . ' ' '
811 GAG GTT GAA AGT AAC GGA AGC CTA CAG AAA CTG ATC CGC ATC CGA AAT CCC TGG GGA GAA GTG GAG TGG ACA GGG CGG TGG AAT GAC AAC
Glu Val Glu Ser Asn Gly Ser Leu Gln Lys Leu Ile Arg Ile Arg Asn Pro Trp Gly Glu Val Glu Trp Thr Gly Arg Trp Asn Asp Asn 299

' ' ' ' '
901 TGC CCA AGC TGG AAC ACT ATA GAC CCA GAG GAG AGG GAA AGG CTG ACC AGA CGG CAT GAA GAT GGA GAA TTC TGG ATG TCT TTC AGT GAC
Cys Pro Ser Trp Asn Thr Ile Asp Pro Glu Glu Arg Glu Arg Leu Thr Arg Arg His Glu Asp Gly Glu Phe Trp Met Ser Phe Ser Asp 329

' ' ' ' ' '
991 TTC CTG AGG CAC TAT TCC CGC CTG GAG ATC TGT AAC CTG ACC CCA GAC ACT CTC ACC AGC GAT ACC TAC AAG AAG TGG AAA CTC ACC AAA
Phe Leu Arg His Tyr Ser Arg Leu Glu Ile Cys Asn Leu Thr Pro Asp Thr Leu Thr Ser Asp Thr Tyr Lys Lys Trp Lys Leu Thr Lys 359

' ' ' '
1081 ATG GAT GGG AAC TGG AGG CGG GGC TCC ACC GCG GGA GGT TGC AGG AAC TAC CCG AAC ACA TTC TGG ATG AAC CCT CAG TAC CTG ATC AAG
Met Asp Gly Asn Trp Arg Arg Gly Ser Thr Ala Gly Gly Cys Arg Asn Tyr Pro Asn Thr Phe Trp Met Asn Pro Gln Tyr Leu Ile Lys 389

' ' ' ' ' ' ' '
1171 CTG GAG GAG GAG GAT GAG GAC GAG GAG GAT GGG GAG AGC GGC TGC ACC TTC CTG GTG GGG CTC ATT CAG AAG CAC CGA CGG CGG CAG AGG
Leu Glu Glu Glu Asp Glu Asp Glu Glu Asp Gly Glu Ser Gly Cys Thr Phe Leu Val Gly Leu Ile Gln Lys His Arg Arg Arg Gln Arg 419

! ' i ' ) ' '
1261 AAG ATG GGC GAG GAC ATG CAC ACC ATC GGC TTT GGC ATC TAT GAG GTT CCA GAG GAG TTA AGT GGG CAG ACC AAC ATC CAC CTC AGC AARA
Lys Met Gly Glu Asp Met His Thr Ile Gly Phe Gly Ile Tyr Glu Val Pro Glu Glu Leu Ser Gly Gln Thr Asn Ile His Leu Ser Lys 449

t ' ' ' ' i ' '
1351 AAC TTC TTC CTG ACG AAT CGC GCC AGG GAG CGC TCA GAC ACC TTC ATC AAC CTC CGG GAG GTG CTC AAC CGC TTC AAG CTG CCG CCA GGA
Asn Phe Phe Leu Thr Asn Arg Ala Arg Glu Arg Ser Asp Thr Phe Ile Asn Leu Arg Glu Val Leu Asn Arg Phe Lys Leu Pro Pro Gly 479

' ' ‘ ’ ' ' '
1441 GAG TAC ATT CTC GTG CCT TCC ACC TTC GAA CCC AAC AAG GAT GGG GAT TTC TGC ATC CGG GTC TTT TCT GAA AAG AAA GCT GAC TAC CAA
Glu Tyr Ile Leu Val Pro Ser Thr Phe Glu Pro Asn Lys Asp Gly Asp Phe Cys Ile Arg Val Phe Ser Glu Lys Lys Ala Asp Tyr Gln 509

' ' ' ' . ' )
1531 GCT GTC GAT GAT GAA ATC GAG GCC AAT CTT GAA GAG TTC GAC ATC AGC GAG GAT GAC ATT GAT_.GAT GGA GTC AGG AGA CTG TTT GCC CAG
Ala val Asp Asp Glu Ile Glu Ala Asn Leu Glu Glu Phe Asp Ile Ser Glu Asp Asp Ile Asp Asp Gly Val Arg Arg Leu Phe Ala Gln 539
' . ' . ' ) ' ' [
1621 TTG GCA GGA GAG GAT GCG GAG ATC TCT GCC TTT GAG CTG CAG ACC ATC CTG AGA AGG GTT CTA GCA AAG CGC CAA GAT ATC AAG TCA GAT
Leu Ala Gly Glu Asp Ala Glu Ile Ser Ala Phe Glu Leu Gln Thr Ile Leu Arg Arg Val Leu Ala Lys Arg Gln Asp Ile Lys Ser Asp 569
' y ' ) ' ' '
1711 GGC TTC AGC ATC GAG ACA TGC AAA ATT ATG GTT GAC ATG CTA GAT TCG GAC GGG AGT GGC AAG CTG GGG CTG AAG GAG TTC TAC ATT CTC
Gly Phe Ser Ile Glu Thr Cys Lys Ile Met Val Asp Met Leu Asp Ser Asp Gly Ser Gly Lys Leu Gly Leu Lys Glu Phe Tyr Ile Leu 599
' ' ) | . ) ' ' '
1801 TGG ACG AAG ATT CAA AAA TAC CAA AAA ATT TAC CGA GAA ATC GAC GTT GAC AGG TCT GGT ACC ATG AAT TCC TAT GAA ATG CGG AAG GCA
Trp Thr Lys Ile Gln Lys Tyr Gln Lys Ile Tyr Arg Glu Ile Asp Val Asp Arg Ser Gly Thr Met Asn Ser Tyr Glu Met Arg Lys Ala 629

) ) ' ) ¢ ) ' '
1891 TTA GAA GAA GCA GGT TTC AAG ATG CCC TGT CAA CTC CAC CAA GTC ATC GTT GCT CGG TTT GCA GAT GAC CAG CTC ATC ATC GAT TTT GAT
Leu Glu Glu Ala Gly Phe Lys Met Pro Cys Gln Leu His Gln Val Ile Val Ala Arg Phe Ala Asp Asp Gln Leu Ile Ile Asp Phe Asp 659

' ) ) ' ' ' ' ' '
1981 AAT TTT GTT CGG TGT TTG GTT CGG CTG GAA ACG CTA TTC AAG ATA TTT AAG CAG CTG GAT CCC GAG AAT ACT GGA ACA ATA GAG CTC GAC
Asn Phe Val Arg Cys Leu Val Arg Leu Glu Thr Leu Phe Lys Ile Phe Lys Gln Leu Asp Pro Glu Asn Thr Gly Thr Ile Glu Leu Asp 689

' ' ] . ' ' ¢ ] ¢ '
2071 CTT ATC TCT TGG CTC TGT TTC TCA GTA CTT TGA AGTTATAACTAATCTGCCTGAAGACTTCTCATGATGGAAAATCAGCCAAGGACTAAGCTTCCATAGAAATACACT
Leu Ile Ser Trp Leu Cys Phe Ser Val Leu *

2179 T%GTATCTGGA&CTCAAAATTATGGGAACAT%TACTTAAAC&GATGATCATAGCTGAAAATAATGATACTG%CAATTTGAGATAGCAGAAG%TTCACACAT&AAAGTAAAA&ATTTGCA
2298 TA%CATTATACTAAATGCAAATéAGTCGCTTAACCCTTGACAAGGTCAAAGAAAGCTTTAAA%CTGTAAATA&TATACACTT%TTACTTTTAéACACTTTCC%GTTCATAGCAATATTA
2417 AATéAGGAAAAAAAAATGCAGGGAGGTATTTAAéAGCTGAGCAAAAACATTGA&TCGCTCTCAAAGGACACGAéGCCCTTGGCAGGGAATATT%AAAGCAACT%CAAGTTTAAAATGCA
2536 GCTG%TGATTCTAC&AAACAACAG%CCAAGATTA&CATTTCCCA%GAGCCAACTéGGAAACATGéTATATCATGAAGTAATCTT&TCAAGGCAT&TGGAGAGTC&AGGAGAGGA&ACTC
2655 ACCTC%GTCGCTTGG&TTAAACAAGAGACAGGTTT%GTAGAATAT%GATTGGTAA%AGTAAATCG%TCTCCTTACAATCAAGTTC+TGACCCTAT%CGGCCTTATACATCTGGTC%TAC
2774 AAAGAC&AAAGGGATC&TGCGCTTGA%CAACTGAAC&AGTATGCCAAAACCAGGCA%CCAATTTGTAAACCAATTA%GATAAAGGAéAAAATAAGC%GTTTGCCACéTCAAAACTT%AT
2893 GAACTTCACCACCACTA&TGTCTGTCCATGGAGTTAGAGGGGACATCACTTAGAAGT%CTTATAGAAAGGACACAAG%TTGTTTCCTéGCTTTACCT%GGGAAAATG&TAGCAACAT%A

' . ) [ ' ' '
3012 TAGAAATTTTGCCTTGTTGCCTTATCTTCTTCCAAATGTACTGTTAAATAARAATAAAGGGTTACCCCATCG

FIGURE 2: Nucleotide and deduced amino acid sequences of the cDNA for the large subunit of human mCANP. Nucleotide numbers are
given on the left starting with the A of the initiating ATG, and amino acid numbers are given on the right starting with +1 for the second
residue (Ala), the amino-terminal residue of the mature large subunit. Amino acid sequences underlined were also determined at the protein
level (see Table I). The polyadenylation signals are double underlined.
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FIGURE 3: Blot hybridization of poly(A)+ RNA from human skeletal
muscle. Poly(A)+ RNA (0.1 ug) from human skeletal muscle was
electrophoresed on an agarose gel under denaturing conditions. RNA
transferred to a nitrocellulose membrane was analyzed by hybridization
with #2P-labeled inserts of cDNAs for human CANPs: lane 1, EcoRI
fragment (31-1128) of AHS21 for mCANP; lane 2, Ps:l fragment
(153-1252) of A31 for uCANP. Positions of human ribosomal RNAs
(18S and 28S) that coelectrophoresed are indicated.
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Table I: Amino-Terminal Analysis of Tryptic Fragments of the
Human mCANP Large Subunit

PTH-amino acid
released /recovery (pmol)*
cycle no. peptide 1 peptide 2
1 Tyr 94 Met 362
2 Leu 55 Gly 154
3 Asn 43 Glu 152
4 Gin 33 Asp 114
5 Asp 53 Met 108
6 Tyr 43 His 13
7 Glu 19 Thr 12
8 Ala 30 lle 49
9 Leu 22 Gly 36
10 Arg +* Phe 29
11 Asn 12 Gly 31
12 Glu 7 Ile 33
13 Tyr 28
14 Glu 5
15 Val 17

?The released PTH-amino acid and its recovery are indicated in
each sequence cycle. Recoveries of PTH-Arg, -His, and -Thr are
15-20%. ®Not more than 4 pmol.

nucleotide sequence in Figure 2. The amino acid composition
of the deduced protein agrees well with those reported for
mammalian mCANP (Yumoto et al., 1984; Inomata et al.,
1984). The carboxyl-terminal half (residues 278-699, see

I

10 20 30 40 50 60 70 7

1 L] 1 1) 1 '
Human mCANP AGIAAKLAKDREAAEGLGSHERAIKYLNQDYEALRNECLEAGTLFQDPSFPAIPSALGF&ELGPYSSKTRGHRNKR
Human uCANg SEEIITPVYCTGVSAOVQKQRARELGLGRH”hAI?YLGQDYEQLRVRCLQSGTLFRDEATPDUPQSLGYKDLGPNSSFTYGIKNKR
Chicken CANP MP-F- GGIAARLQRDRLRAEGVGEHNNAVKYLNODYEALKQECIESGTLFRDPQ’PAGPTALGFKELGPYSSKTRGVEWKR
- * * * -k R R R - * xR - - * * * * - w - * LA B ]

11
T80 50 90 100 110 120 130 140 150 160 170

PTEICADPQFIIGGATRTDI“QGALGDCWLLAAIASLTLNEEILARVVPuNQSFQENYAGIFHFQFWQYGEWV’VVVDDRLPTKDGELLFVHSA'GSEFW
PTELLSNPQFIVDGATRTDICQGALGDCWLLAAIASLTLNDTLLHRVVPHGQSFQNGYAGIFHFQLWQFGEWVDVVVDDLLPIKDGKLVFVHSAEGNEFW
PSELVDDPQFIVGGATRTDICQGALGDCWLLAAIGSLTLNEELLHRVVPHGQSFQEDYAGIFHFQIWQFGEWVDVVVDDLLPTKDGELLFVHSAECTEFW

* & LA LAAR A SRR R LS RS SRR EEEE L IEEEEEY * wAER LR 2 ko k A A Eh kk kkEE H A E AR Wk hwE ok kR R ew

lBO 190 200 210 220 230 240 250 260 270

SALLEKAYAKINGCYEALSGGATTEGFEDFTGGIAEWYELKKPPPNLFKIIQKALQKGSLLGCSIDITSAPDSEAITFQKLVKGHAYSVTGA“BVESNGS
SALLEKAYAKVNGSYEALSGGSTSEGFEDFTGGVTEWYELRKAPSDLYQIILKALERGSLLGCSIDISSVLDMEAI TFKKLVKGHAYSVTGAKQVNYRGQ
SALLEKAYAKLNGCYESLSGGSTTEGFEDFTGGVAEMYDLKRAPRNMGHIIRKALERGSLLGCSIDITSAFDMEAVTFKKLVKGHAYSVTAFKDVNYRGO

FRERAF AR AT Fx KK FRER * R REAERRR * * & * * ok wRkw LR A R R R R R * wk FR EAE R R ERA RN * -

280 290 300 a0 TmEze ™ a3 340 350 360 370

' L L} ) . L} L} ' L}
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FIGURE 4: Comparison of the primary sequences of the mature large subunits of CANPs. Amino acids are abbreviated by their one-letter
codes. Residues are numbered according to human mCANP as indicated in Figure 2. The four domains (I-1V) first predicted for the chicken
CANP large subunit (Ohno et al., 1984) are indicated. Gaps are introduced to maximize sequence similarity. Identical residues among all
the CANPs compared are indicated by asterisks under the sequence. Four putative Ca?*-binding sites are underlined by solid lines (helix regions)

and dotted lines (loop regions).
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FIGURE 5: Hydropathy plot of the large subunit of CANP: (A) human mCANP, (B) human uCANP, and (C) chicken CANP. The hydropathy
index was calculated according to the method of Kyte and Doolittle (1982). The upper direction denotes greater hydrophobicity. The span
setting was 9 including gaps. Average hydrophobicity indices for the three CANPs are as follows: human mCANP, -0.43; human uCANP,
—0.36; and chicken CANP, —0.41. Boundaries of the four domains are indicated by vertical lines. Positions of the active site of the cysteine
protease (Cys and His) and the four putative Ca?*-binding sites (domain IV) are indicated in panel A.

Figure 4) is highly homologous to the corresponding region
of rabbit mCANP thus far identified (96% identical for
translated protein sequences) (Emori et al., 1986). Further-
more, partial protein sequences of tryptic fragments of human
mCANP (Table I) completely coincide with the deduced am-
ino acid sequences (underlined parts). Thus, we concluded
that AHS21 is a cDNA clone for the large subunit of human
mCANP.

An in-phase termination codon is not found in the region
upstream of the presumed initiation methionine (residue ~1).
Further, the amino terminus of the mature human mCANP
large subunit could not be determined. However, we assigned
the Met at —1 as the initiation site and Ala-2 as the amino
terminus of the mature human mCANP large subunit for the
following reasons. In the case of the chicken CANP large
subunit, the initiation methionine is removed by processing
and the second residue of the primary translation product
becomes the amino terminus of the mature protein, though
its amino group is blocked, presumably by an acetyl group
(Ohno et al., 1984). Amino-terminal sequence analyses of
rabbit mature mCANP and uCANP indicate that mammalian
CANPs undergo similar posttranslational modifications, i.e.,
removal of the initiation methionine during processing (Ka-
wasaki et al., 1987). The amino-terminal sequence of the large
subunit of rabbit mCANP, Ala-Gly-Thr-Ala-Ala-Arg, cor-
responds to the deduced sequence of residues 1-6 of human
mCANP. On the other hand, no processing occurs in the
carboxyl-terminal region of CANP as demonstrated by car-

boxyl-terminal analysis of mature CANP (Ohno et al., 1984;
Imajoh et al., 1986, 1987). Thus, we concluded that the
mature form of the human mCANP large subunit corresponds
to the sequence of residues 2-700 of the primary translation
product and the amino terminus (Ala-2) is probably acetylated.
The deduced molecular weight (79 900) matches a reported
value (Suzuki et al., 1979).

Comparison of Amino Acid Sequences of the Large Sub-
units of CANPs. The predicted amino acid sequence of the
human mCANP large subunit is aligned with those of the
chicken CANP and human uCANP large subunits in Figure
4. The three sequences are different in their total length, and
three and four gaps must be introduced in mCANP and
chicken CANP, respectively, to maximize sequence similarity.
In a previous report (Ohno et al., 1984), the large subunit of
chicken CANP was divided into four domains. High sequence
homology apparently indicates that the m-type large subunit
of human CANP can also be divided into four similar domains:
I, 1-76; 11, 77-316; III, 317-555; and IV, 556-699. Fur-
thermore, the active site cysteine residue in the protease do-
main (domain II, Cys-104) and four putative Ca?*-binding
sites in domain IV (residues 584-595, 614-625, 649—660, and
679-690) can be assigned easily. A hydropathy plot of the
human mCANP large subunit is similar to those of the chicken
CANP and human uCANP large subunit (Figure 5). Thus,
the domain structure first defined for the chicken CANP large
subunit is also applicable to human mCANP. However, the
terminal regions of the three CANPs, especially the amino-
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Table II: Amino Acid Sequence Similarity among the Large
Subunit of Three CANPs

similarity? (%) for
domains'

CANP species compared I II 1III IV total

human mCANP/human u.CANP 51 73 62 48 62
human mCANP/chicken CANP 70 75 64 53 66
human uCANP/chicken CANP 51 78 71 65 70

9Amino acid sequence similarities are indicated for four domains
(see Figure 4). Gaps of residues inserted in domains I, III, and IV are
considered as mismatches. ®Domains are defined as indicated in Fig-
ure 4.

terminal regions, differ in length, resulting in various total
residue numbers; the primary translation products of the large
subunits of human mCANP, chicken CANP, and human
uCANP are composed of 700, 705, and 714 residues, re-
spectively.

The overall amino acid sequence similarities between pairs
of the large subunits are 62%, 66%, and 70% for human
mCANP/human uCANP, human mCANP/chicken CANP,
and human uCANP/chicken CANP, respectively, assuming
gaps as mismatches. The degree of sequence similarity in each
domain is summarized in Table II. The catalytic domain
(domain II) is the most highly conserved among the four
domains, especially around the active site Cys. The high
degree of sequence similarity in domain II is reflected in similar
enzymatic properties of uCANP and mCANP, though they
are significantly different in their Ca?* sensitivities. Domain
III, with unknown function, is an intervening domain between
the catalytic and the Ca?*-binding domains and is fairly well
conserved. Several regions of 6-12 residues (319-327,
336-345, 412-417, 464-470, 476-481, and 484-490) are
conserved among the three CANPs. We presume that domain
111 mediates the regulatory effects of the Ca?*-binding domain
(domain IV) to the catalytic domain (domain II), because a
fragment of CANP cleaved in domain III expresses a con-
stitutive proteolytic activity that is no longer controlled by Ca?*
(unpublished observation). Domain III may also be important
for the interaction between the large and small subunits, and
the regions conserved among species may serve as interaction
sites.

Variation of amino acid sequences in domain IV is rea-
sonable because the structure of domain IV apparently de-
termines the Ca?* sensitivity of CANP. Actually, the car-
boxyl-terminal parts containing domain IV of the large sub-
units of chicken CANP, rabbit uCANP, and mCANP, ex-
pressed in E. coli, bind Ca®* with average dissociation con-
stants of 60, 35, and 150 uM, respectively (Minami et al.,
1987), values proportional to their Ca?* requirements for
activity. However, the precise relationship between Ca?*-
binding affinity and amino acid sequence is difficult to presume
only by comparing the sequences of u- and m-types of CANP,
The relation is now being analyzed in our laboratory by uti-
lizing site-directed mutagenesis.

Domain I is not as homologous among CANP species as
domains II and III except for the case of human mCANP vs
chicken CANP (70% identical; cf. Table II). Low sequence
similarity in domain I is not due to the difference in residue
numbers. When the regions of residues 1-76 of human
mCANP, where three sequences can be aligned without gaps,
are considered, numbers of identical residues are as follows:
44 for mCANP and uCANP, 43 for uCANP and chicken
CANP, and 55 for mCANP and chicken CANP. The ami-
no-terminal region of domain I is cleaved off during auto-
catalytic activation in the presence of Ca?*, which is observed
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in common with chicken CANP (Ohno et al., 1984) and rabbit
mCANP (Imajoh et al., 1986). Thus, the similarity in domain
I between chicken CANP and mCANP may be related to a
common activation mechanism. However, uCANP also un-
dergoes a similar autocatalytic activation (unpublished ob-
servation). Further investigation is necessary to clarify the
precise function of domain I.
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Interaction of Chloroquine with Linear and Supercoiled DNAs. Effect on the
Torsional Dynamics, Rigidity, and Twist Energy Parameter?
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ABSTRACT: The magnitude and uniformity of the torsion elastic constant («) of linear pBR322 DNA and
supercoiled pBR322 DNAs with high-twist (¢ = -0.083) and normal-twist (¢ = —0.48) are measured in
0.1 M NaCl as a function of added chloroquine/base-pair ratio (chl/bp) by studying the fluorescence
polarization anisotropy (FPA) of intercalated ethidium dye. The time-resolved FPA is measured by using
a picosecond dye laser for excitation and time-correlated single-photon counting detection. A general theory
is developed for the binding of ligands that unwind superhelical DNAs, and the simultaneous binding of
two different intercalators is treated in detail. The equilibrium constant (K) for binding chloroquine to
linear pBR322 DNA and the number (7) of bound chloroquines per base pair are determined from the relative
amplitude ratio of the slow (normally intercalated) and fast (free) components in the decay of the (probe)
ethidium fluorescence intensity as a function of chl/bp. For chloroquine binding to supercoiled pBR322
DNAs, the intrinsic binding constant is assumed to be the same as for the linear DNA, but the twist energy
parameter E (/V times the free energy to change the linking number from O to 1 in units of kg T') is regarded
as adjustable. Using the best-fit £y, the binding ratios r are calculated for each chl/bp ratio. Twist energy
parameters are also determined for ethidium binding to these supercoiled DNAs by competitive dialysis.
For chloroquine binding, we obtain Er = 360 and 460 respectively for the normal-twist and high-twist
supercoiled DNAs. For ethidium binding the corresponding values are Ey = 280 &+ 70 and 347 £ 50. Like
other dye-binding values, these are substantially lower than those obtained by ligation methods. In the absence
of chloroquine, the torsion constants of all three DNAs are virtually identical, « = (5.0 + 0.4) X 10712 dyn-cm.
For linear pBR322 DNA, the magnitude and uniformity of « remain unaltered by intercalated chloroquine
up to r = 0.19. This finding argues that the FPA is not significantly relaxed by diffusion of any kinks or
solitons. If a4 denotes the torsion constant between a dye and a base pair and «, that between two base
pairs, then our data imply that ay/ oy lies in the range 0.65-1.64, with a most probable value of 1.0. For
the supercoiled DNAS, a remains uniform, but its magnitude decreases significantly with increasing in-
tercalated chloroquine through the point where the effective superhelix density vanishes and even up to
substantial positive superhelix densities. The significant difference in observed FPA dynamics between the
relaxed (by intercalator) supercoiled DNAs and the linear DNA with the same amount of bound chloroquine
profoundly contradicts any notion that the local structures and dynamics of such species are equivalent.
At very high chl/bp ratios both linear and supercoiled DNAs exhibit evidence of substantial structural changes.
The torsion constant increases for the linear DNA but drops for the supercoiled DN As, which are substantially
positively twisted (¢ = 0.06) at that point.

’]:me-resolved fluorescence polarization anisotropy (FPA)
measurements on intercalated ethidium dye have been em-
ployed to study the rotational dynamics of various DNAs from
107%t0 1.5 X 1077 s (Thomas et al., 1980a; Wilcoxon et al.,
1982; Millar et al., 1982; Madge et al., 1983; Ashikawa et al.,
1983, 1984; Thomas & Schurr, 1983; Shibata et al., 1984,
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1985; Fujimoto et al., 1985). Previous work in this laboratory
(Thomas et al., 1980a; Shibata et al., 1985) demonstrated that
the FPA from 1 to 120 ns follows closely the theoretical
predictions for a filament with uniform torsional rigidity
(Barkley & Zimm, 1979; Allison & Schurr, 1979; Schurr,
1984). For linear DNAs, it was also shown that the apparent
torsion constant (o) between base pairs is essentially unaffected
by temperature (7') from 0 to 70 °C (Thomas & Schurr, 1983;
Wilcoxon & Schurr, 1983), GC content from 34 to 100%
(Fujimoto et al., 1985), and spermidine binding in 10 mM
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