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Summary

cDNA clones encoding the myosin regulatory light chain  30°C (14 h:10 h light:dark photoperiod). The total levels of
(RLC) were isolated from a cDNA library prepared from mMRNA transcripts coding for the RLC and myosin heavy
fast skeletal muscle of the carpCyprinus carpioL. Two chain were, respectively, 3.3 and 3.9 times higher in cold-
types of cDNA clone encoding carp RLC were found with than in warm-acclimated fish. Differences in the levels of
identical deduced amino acid sequences. The two mMRNAs RLC in mRNA transcripts were largely due to the
differed in the number of polyadenylation signals prior to  concentration of the 1.4 kilobase mMRNA species.
the poly(A) tail in the 3 non-coding region. The two mRNA
species, with approximate sizes of 1.4 and 0.8kilobases,
were also observed in northern blot analysis. Carp were Key words: carp,Cyprinus carpig myosin regulatory light chain,
acclimated for a minimum of 5 weeks to either 10°C or alternative polyadenylation, temperature acclimation, muscle.

Introduction

Myosin, as well as actin, is a major myofibrillar protein andWe reported that the change in myofibrillar ATPase activity
consists of two heavy chains of approximately 200kDa an@as accomplished mainly as a result of the altered
two pairs each of essential (ELC) and regulatory (RLC) lighexpression of myosin isoforms having different ATPase
chains of approximately 20kDa (Harrington and Rodgersactivities (Hwanget al. 1990, 1991; Watabet al. 1992,
1984). Myosin is cleaved by limited proteolysis into two1994; Guoet al. 1994). Recently, we isolated cDNAs
functional domains. The head portion, called subfragment-&ncoding three types of carp myosin heavy chain isoforms
(S1), contains ATPase catalytic and actin-binding sitesand showed that the mRNA levels of the three isoforms were
whereas the tail portion, called the rod, is responsible for thickramatically changed following temperature acclimation
filament formation. The three-dimensional structure of chickeifWatabeet al. 1995; Imaiet al. 1997; Hirayama and Watabe,
fast skeletal muscle S1 revealed that two light chains, one eag@97). Moreover, we also cloned cDNAs encoding two ELC
of ELC and RLC, bind noncovalently to a loaghelical chain  isoforms, LC1 and LC3, from a carp fast muscle cDNA
found at the C-terminal portion of the S1 heavy chain, actingibrary and showed that the molar ratio of LC1 mRNA to
to stabilize the helix (Raymemt al. 1993). It is considered LC3 mRNA was significantly changed following
that this portion of myosin, called the neck region, acts as @mperature acclimation (Hirayaned al. 1997). Thus, the
rigid lever arm during the powerstroke of the crossbridge cyclehange in myosin ATPase activity after temperature
(Uyedaet al. 1996; Ansoret al. 1996). acclimation seems to be caused by the expression of myosin

Eurythermal fish such as car@yprinus carpioand heavy, and possibly light, chain isoforms.
goldfish Carassius auratusshow changes in myofibrillar It is well known that myosin RLC from vertebrate skeletal
ATPase activity following temperature acclimation muscle is quite different from those from vertebrate smooth
(Johnstonet al. 1975; Heapet al. 1985). Maximum force muscle and non-muscle tissues. The?MgTPase activity of
production, contraction speed and 2Gaensitivity are smooth muscle and non-muscle myosins is regulated by
altered by temperature acclimation in isolated muscle fibreghosphorylation of the RLC. In contrast, contraction of
(Johnstoret al. 1985). Contraction speed is also modified byvertebrate skeletal muscle is primarily regulated by binding of
the type and ratio of ELCs (Crockford and Johnston, 1990C&* to the tropomyosin—troponin complex in thin filaments.
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Although skeletal myosin RLC of higher vertebrates has also Northern blot analysis

been demonstrated to be phosphorylated (Petrad. 1973), Carp acclimated to 10 and 30°C were killed, and total
its physiological significance is still ambiguous, unlike theRNA was isolated from fast skeletal muscle with a solution
RLC from smooth muscle and non-muscle tissues. In the cag@ntaining Isogen, a guanidine-isothiocyanate-based reagent
of fish, the skeletal muscle RLC has been purified from a feyNippon Gene) (five fish per acclimation temperature). The
species and its physicochemical and immunological propertiesoncentration of RNA was determined from the absorbance
have been well studied (Huriaux and Focant 1977; Wagtbe at 260nm using a Shimadzu UV-160 spectrophotometer.
al. 1983; Ochiaket al. 1988). Moreover, Yancey and JohnstonTotal RNA (51g) was size-fractionated by electrophoresis on
(1982) showed that the fish RLC could also be phosphorylateg. 1.2 % agarose gel in 0.2 moiIMops (pH 7.0) containing
However, no information is available on its primary structure;1 8 9 formamide, 0.05 mat} sodium acetate and 5 mmot|
this information would be useful for understanding theEDTA, and capillary-transferred from the gel to a nylon
physiological roles of the skeletal muscle RLC in themembrane. pLC2 10-2 (see Fig. 1) was radioactively labelled
regulation of muscle contraction. in the presence ofiF32P]dCTP with a random primer (DNA-
The aim of the present study was to characterize cDNAgpbelling kit ver. 2; Takara) and used as a probe for mRNA
clones encoding the carp myosin RLC and to examine théncoding the regulatory light chain. The oligonucleotide
coordinated expression of mRNA levels for the myosin heavprobe 5-dGGTTGAAGAACTGTTGCAGTTTCTC-3 which

and light chains following temperature acclimation. could recognize all three carp myosin heavy chain isoforms
(Hirayama and Watabe, 1997), was also synthesized and
Materials and methods labelled with {-32P]JATP using a Megalabel DNA' ®nd-
Fish labelling kit (Takara). This nucleotide sequence region

encoding the lon@i-helix is well conserved among various

Carp, Cyprinus carpioL. (0.5-0.8kg in body mass), were : ) D
acclimated to either 10 or 30°C for a minimum of 5 weekg Y oo> (Patterson and Spudich, 1996). Hybridization was

under a 14h:10h light:dark photoperiod (Hestpal. 1985). performed according to Church and Gilbert (1984). The

. ; embrane was prehybridized at 65°C for 14 h in a solution
Fast skeletal muscle isolated from the dorsal epaxial muscle " =~ . 1
) . containing 250 mmoft NaHPQs (pH7.2), 1mmolt
was used in all experiments.

EDTA and 7% SDS. The blot was then hybridized at 65 °C
Screening of the cDNA library for 18 h in the same solution containiféP-labelled cDNA

Fast skeletal muscle cDNA libraries of carp acclimated to 18robes. After washing with GSSC (&SSC is 0.15moft

and 30°C (Imakt al. 1997; Hirayamaet al. 1997; Hirayama sold ('; rr;;glg;uéeéo cc;)(irlé rgg?;:g'g;n oggrdatt?)) X(f?:t"’;'“n;n? for
and Watabe, 1997) were screened using anti-skipjack 5,5 0 ' P Y

dithio-bis-2-nitrobenzoic acid light chain (RLC) antiserum 4h using an |nten3|fy|ng screen. The hybridized memb_rane
. . was scanned with a Fujix Bas 1000 computerized
(Ochiaiet al.1989) using the method of Sambrailal.(1989). . - )
i . . densitometer scanner and quantified using the recommended
XL1-Blue infected wittAZAP Il cDNA library was cultured on ) ) . :
. . . _program in the range where there was a linear relationship
an agar plate at 42°C for 4h, and a nitrocellulose filte

containing 10mmoHt  isopropylf-D-thiogalactopyranoside etween the amount o®P incorporated and the scanned
was then overlaid on the plate and incubated at 37 °C for 4H§Iues.
The nitrocellulose filter replica was screened using anti- Statistical analyses
skipjack RLC antiserumin vivo excision was carried out A Student'st-test was employed to compare differences
according to the manufacturer’s instructions (Stratagene).  between values for northern blot analysis between carp
acclimated to 10 and 30°C.
DNA sequence analysis

Various restriction fragments of carp RLC cDNA clones ) ]
were subcloned into pBluescript Il usirischerichia coli Results and discussion
strain MV1190 as a host bacterium. Sequencing was performéeloning of myosin RLC cDNA from carp fast skeletal muscle

using Dye Deoxy terminator cycle sequence kits with a DNA When 510 plaques of fast skeletal muscle cDNA libraries

sequencer (model 373S; Perkin Elmer). from carp acclimated to either 10 or 30 °C were screened with
N
&
Fig. 1. Partial restriction maps of cDNA clone?ﬂ_cz 10-2 — —}—— Poly(A) N
encoding the two myosin regulatory light chains > N > N Qc} A
of carp fast skeletal muscle. Shaded bars I\Q Iél \(\ CF & S
represent coding regions and filled triangleglC2 10-4 —{ } T | ' Ll 1 Poly(A)
indicate the locations of putative polyadenylation 500 1000 1400 bp
| | |

signals (AATAAA). '
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anti-skipjack myosin RLC antiserum, approximately 20be caused by the tetraploid origin of carp. It has been claimed
clones were obtained from each of the libraries. Agarose géhat duplicate loci appear to remain expressed for millions of
electrophoresis together with partial nucleotide sequencgears in the case of carp somatotropin (Larhammar and
analysis revealed that these clones could be separated into tRisinger, 1994).

types according to their size. Fig. 1 shows the restriction maps However, the deduced amino acid sequences of the two
of representative cDNA clones from both types. The twcalones were identical. Interestingly, pLC2 10-4 had three
cDNA clones, pLC2 10-2 and pLC2 10-4, had 840 and 139polyadenylation signals which were arrayed in tandem in the
nucleotides, respectively, and contained the entire coding non-coding region with the poly(A) tail added downstream
region as well as the 8on-coding region including poly(A) of the third putative polyadenylation signal. pLC2 10-2 had a
tails (Fig. 2). Comparison of the nucleotide sequence betwegiolyadenylation signal at the position corresponding to the first
the two clones revealed that there were 17 nucleotidsite in pLC2 10-4. Therefore, the two cDNAs are probably
differences in corresponding regions. In addition, we detectegroduced from a single gene by the alternative use of three
multiple allelic variants for both shorter and longer mRNAspolyadenylation signals. The other possibility is that the two
encoding RLCs in the cDNA library constructed from onetypes of mRNA are transcribed from their respective genes,
carp individual (data not shown). We also found severalvhich have been duplicated during evolution from a single
variations in DNA nucleotide sequences for homologougene. Although most eukaryotic mMRNAs possess a single
clones of carp myosin heavy and essential light chains eveyolyadenylation signal, a number of examples of mMRNAs with
from one individual (our unpublished data). Although it ismultiple tandem poly(A) sites have been reported (Edwards-
difficult to explain the existence of such variations, they mayGilbert et al. 1997).
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Fig. 2. Nucleotide and deduced amino acid
sequences of cDNA clones encoding th§82‘21

OO OO OO OO OO0 OO0 OO0 OO0 OO0 OO0 OO0 OO0 OO0 OO

>
>
q
>
9
:
>
>

two myosin regulatory light chains of carp;g_ 4
fast skeletal muscle. Identical nucleotides,_ 4
between the two cDNA clones, pLC2 10+ .
2 (10-2) and pLC2 10-4 (10-4), are show
as periods, and the initiation (ATG) an
termination (TAA) codons are shown in
bold type. Polyadenylation signals and®
poly(A) tails are indicated by boxes and%-
underlines, respectively. Refer to thé0-4
legend of Fig. 1 for further details of thel0-4
two cDNA clones. 10-4

0-4
10-4

CTCTCTCTTT
GCAGCATCTT

4 CTCTCTAGAT

TCTTACTCTA
AAAAAGAAAG

4 CAAGCTCATC
4 ACTGCAGAGG

CTCTGTCCAT
TGCTCTGICA
TTTTGTAAAA

CTCTCTGITT
CTACTGCTGT
AAATGTGGAA
TAATAGAGAA
ACAAAATGAG
ACGGAGAGAG
AAAGAAAACA
GITTTTTTTT
GAAACTCTTC
AAAAA

CTCACTCATT ACCCACGACC
CTTGAGGGTT GAAGACATCT
GAGTGCTCAT TCTGAGGGAA
ACCAGTCATC ATTTTTGITT
GGTTTTGTAC CGAGAGAGCT
TGAGAGAGAC AGACCGTCCA
TATCCTCTTC ACTCCCTCTC
TTTAAATCTA CCCTTTTGCT

TGTAACTAAT AAAAAGACAC

ACCTCTCATG CATGAACGCT
ATAACTTTTG GCTGAAATCT
AAAGAGCGCAA GATGAAGTGA
CTTTCGCTTG ACAGTTGACT
TGGCCTTCTA AAAGTGAGGEC
TGGAAGAGAA GAGAATCGGG
TCCCCTCCTC TTTGCTATTT
TTCTGCATCT GGGCCTGCTT

AAACTGTGAA TAAAACATCT
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Northern blot analysis of carp fast skeletal muscle myosin
RLCs

To investigate the mRNA levels of carp RLCs following
temperature acclimation, we performed northern blot analyses
using the32P-labelled pLC2 10-2 cDNA clone as a probe.
Hybridization patterns with total RNAs from the fast skeletal
muscle of carp acclimated to 10 and 30 °C are shown in Fig. 3A.
Two bands appeared in all the samples tested. The sizes of the
two RNA bands were approximately 1.4 and 0.8 kb. It seems that
the two transcripts corresponded to the two types of carp RLC
mMRNAs described above, since only the slower-migrating band
was hybridized with a probe derived from 866—1333 nucleotides
of pLC2 10-4 and specific to the longer mRNA (data not shown).
Interestingly, the molar ratio of the two transcripts was
dependent on the acclimation temperature of the fish. The ratio
of the longer to the shorter mRNA was 1.59+0.20 (mean %
s.E.M., N=5) for the 10 °C-acclimated carp and 0.69+0125)
for the 30 °C-acclimated fisliP€0.0001). Although it has been
reported that different forms of mMRNA encoding the same
protein have different stabilities and may not be translated with
the same efficiency (Edwalds-Gilbeagt al. 1997), changes in
the ratio of the two carp myosin RLC mRNAs could result in
altered protein levels. Moreover, the sum of two mRNA signals,
based on the content of ribosomal RNA and measured with a
Fujix Bas 1000 scanner, was significantly different between the
10°C- and 30°C-acclimated camp<.001). Fish acclimated to

Fig. 3. Northern blot analysis of myosin regulatory light chain (RLC)1g°C showed approximately 3.3-fold higher mRNA levels than

(A) and heavy chain (B) from carp fast skeletal muscle. Total RNAsq
prepared from carp acclimated to 10°C (lanes 1-5) and 30°C (lan
6-10) (five fish per acclimation temperature) were size-fractionat
in a 1.2% agarose gel and transferred onto a nylon membrane. T
membrane was hybridized witP-labelled pLC2 10-2 cDNA clone

e

°C-acclimated fish. The level of the longer mRNA in the
%?) °C-acclimated carp was 4.2 times higher than in the 30°C-
A climated carpR<0.001). However, the concentration of the
shorter mRNA was independent of acclimation temperature

for the RLC (A) and with an oligonucleotide probe for the myosin(P>0.05). These results indicate that changes in the expression

heavy chain (B).
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Fig. 4. Comparison of the deduced amino aci i cken

sequence of the myosin regulatory light chain
(RLC) from carp fast skeletal muscle with those
from other vertebrates. Identical and absent amirﬁ[gken
acid residues in RLCs from chicken (Reinach angat
Fischman, 1985), rat (Nudet al. 1984) and rabbit ghaib(t:)ik;n
fast skeletal muscle (Maed# al. 1990) and from

chicken smooth muscle (Messer and Kendrick-
Jones, 1988) compared with those in carp RLC ai irgken
shown by periods and dashes, respectively. Thgt
putative myosin light chain kinase phosphorylatiorg]abbi t

site is indicated by an asterisk.  cken

snoot h

snoot h

snoot h

snoot h

of RLC transcripts in the carp following temperature acclimation
are primarily regulated by the longer mMRNA species.
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Northern blot analysis of carp fast skeletal muscle myosin CHurcH, G. M. AnD GiLBERT, W. (1984). Genomic sequencirigroc.
heavy chain natn. Acad. Sci. U.S.81, 1991-1995.

We have reported previously that the composition of thre&ROCKFORD T.AND JOHNSTON I. A. (1990). Temperature acclimation
types of fast skeletal myosin heavy chain isoform at the mRNA and the expression of contractile p.roteln |so1forms in the skeletal
level also changed following temperature acclimation in carp ?#;;LelsBofeahzsiggmon cangyprinus carpiol.). J. comp.
(Imai et al. 1997; Hirayama and Watabe, 1997). In_ the present, g ua. A. C. R. AND ReinacH, F. C. (1991). Calcium binding
study, the accumulated levels of mRNAs encoding all three jhqyces conformational changes in muscle regulatory proteins.
isoforms was 3.9 times higher in the 10 °C-acclimated than in Trends biochem. Sci6, 53-57.
the 30 °C-acclimated car€0.001) (Fig. 3B). Thus, MRNA EpwaLps-GILBERT, G., KRISTEN, L. V. AND MiLcaRek, C. (1997).
transcript levels of both the RLC and myosin heavy chain Alternative poly(A) site selection in complex transcription units:
increased to a similar degree with cold-acclimation. The means to an endQucleic Acids Re®5, 2547-2561.
changes in mRNA transcript levels may reflect the altere@uo, X.-F., NakavA, M. AND WATABE, S. (1994). Myosin
composition of myosin heavy chain isoforms. To assess the subfragment-1 isoforms having different_heavy chai_n structures
physiological significance of our results, we are now from fast skeletal muscle of thermally acclimated car@iochem.

. i . . . 116 728-735.
performing additional gxperlments to obtain data on the tim ARRINGTON, W. F. AND RODGERS M. E. (1984). Myosin A. Rev.
course of cold adaptation, the developmental sequence and h%iochem 53 35-73

expression pattern in different muscle types. Heap, S. P., WATT, P. W.AND GoLDsPINK, G. (1985). Consequences

. . . of thermal change on the myofibrillar ATPase of five freshwater
Comparison of the deduced amino acid sequence of carp fast,,oosts.3. Fish Biol 26. 733-738.

skeletal muscle RLC with those from other vertebrates pzavama, Y., Kanon, S., Nwkava, M. AND WATABE, S. (1997).

Myosin light chains are members of the EF hand superfamily, The two essential light chains of carp fast skeletal myosin, LC1
which includes calmodulin and troponin-C, consisting of four anql LC3, are encoded by distinct_gen_es and change their molar
EF-hand-like domains (Trybus, 1994). Loop | in the first EF hand ratio following temperature acclimation]. exp. Biol 200,
motif of RLC retains the ability to bind to a metal ion, and this 693-701. _ _
site is probably occupied by M-gln vivo (daSilva and Reinach, HirAYAMA ,.Y. AND WATABE, S. (1997). Struc;tural dlﬁergnces in the
1991). Fig. 4 compares the amino acid sequence of carp fastcross-brldge head of temperature-associated myosin subfragment-

’ ’ ; 1 isoforms from carp fast skeletal musdiur. J. Biochem?246,
skeletal muscle RLC with those from other vertebrate fast and

380-387.
smooth muscles. Carp fast skeletal muscle RLC showed 84'0|%EJRIAUX, F.AND FocanT, B. (1977). Isolation and characterization of

sequence identity with those from chicken (Reinach and e three light chains from carp white muscle myosirchs. int.

Fischman, 1985), rat (Nudel al. 1984) and rabbit (Maed al. Physiol. Biochim85, 917-929.

1990) fast skeletal muscle, but only 51.7 % identity with that fronHwaneg, G.-C., GHiAl, Y., WATABE, S.AND HASHIMOTO, K. (1991).

chicken smooth muscle (Messer and Kendrick-Jones, 1988). ItChanges of carp myosin subfragment-1 induced by temperature

was noted that the amino acid sequences of helices D and H weracclimation.J. comp. PhysioB 161, 141-146.

identical between fast skeletal muscle RLCs. Moreover, thBWANG, G.-C., WATABE, S.AND HasHIMOTO, K. (1990). Changes in

primary structures of loops I, Il and IV were well conserved Carp myosin ATPase induced by temperature acclimalicromp.

between skeletal muscle RLCs. In addition, it is known that thtf :h)‘/]SIOAIIR’BA\:(IfI\/IO,Azs;s_Eﬁ(?J.CHI K KAKNA - M. AND WATABE. S

ol s eebote - oo Wi, coni crin f s s han ks o car
. . fast skeletal muscle and their gene expression associated with

at _Ser-lS_(Per_neet al. 1973; Swgeney and Stull, 1990). This _ temperature acclimatiod. exp. Biol 200, 27—34.

serine residue is also conserved in carp skeletal muscle RLC (Fig,yston 1. A., Davison, W. AND GOLDSPINK, G. (1975). Adaptation

4). Although the phosphorylation site has not yet been identified, iy Mmg2+-activated myofibrillar ATPase activity induced by

fish RLC is also phosphorylated bathvivoandin vitro (Yancey temperature acclimatiofEBS Lett50, 293-295.

and Johnston, 1982). These observations suggest that carp Ridanston, I. A., SpeLL, B. D. ano Driepzic, W. R. (1985).

may also be phosphorylatable by skeletal muscle myosin light Force—velocity characterization and metabolism of carp muscle

chain kinase at this serine residue. fibres following temperature acclimatiorl. exp. Biol. 119

239-249.
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