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Various recombinant light meromyosin (LMM) fragments were prepared from cDNAs
encoding the 10°C and 30°C types of myosin heavy chain isoforms predominantly ex-
pressed in fast skeletal muscles of the 10°C- and 30°C-acclimated carp, respectively.
These included three kinds of quarter fragments, 1/4-, 2/4-, and 4/4-quarter, composed of
residues 1-130, 131-270, and 401-563 from the N-terminus, respectively, as well as three
halves, N-, M-, and C-half fragments, containing residues 1-301, 131400, and 302-563,
respectively, and 69K fragments of residues 1-5625. Unfortunately, in spite of extensive
efforts, the 3/4-quarter fragment was not expressed for both 10°C and 30°C types in our
expression system using Escherichia coli. All the LMM fragments except for the 10- and
30-2/4 quarters for the 10°C and 30°C types, respectively, exhibited a typical pattern of «-
helix in CD spectrometry. When these were subjected to differential scanning calorime-
try (DSC), 30°C-type LMM fragments were all found to be more thermostable than the
10°C-type counterparts. To identify amino acid substitutions responsible for different
thermostabilities between the 10°C- and 30°C-type LMMs, six mutant proteins were pre-
pared, mainly focusing on substitutions in the C-terminal half of LMM, and subjected to
DSC and CD analyses. For three mutants in which two residues of the 10°C type were
replaced by those of the 30°C type, 10-S355T/T3861A, 10-M415L/L417V, and 10-S535A/
H536Q, the endothermic peaks in DSC increased by 1.4-2.0°C from that of the original
10°C type. The T, values for two single-residue substitutions, 10-H449R and 10-T491I,
shifted 0.8 and 1.3°C higher than that for the 10°C-type LMM, respectively, whereas the
last mutant, 10-G61V, showed no change in thermostability. The finding that the differ-
ence in T values for major endothermic peaks from the 10-69K and 30-69K fragments
was 4.6'C, which roughly corresponds to that between the original 10°C and 30°C types,
suggested that the eight substitutions located in the C-terminal region of the 69K frag-
ments (residues 302-525) are major candidates for the residues responsible for the dif-
ference in thermostability between the 10°C- and 30°C-type LMMs,

Key words: a-helix, carp, differential scanning calorimetry, light meromyosin, recombi-
nant DNA.

Sarcomeric myosins contain an N-terminal globular head,
called subfragment-1, and a C-terminal rod-like tail, which
forms a coiled-coil of a-helices wound around each other
from two heavy chains (I-3). Myosin rods having fibrous
structure are easily cleaved by limited proteolysis at ap-
proximately the middle of the molecule, producing N- and
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C-terminal halves of subfragment-2 and light meromyosin
(LMM), respectively. Fibrous proteins of the coiled-coil a-
helices, such as myosin rods and tropomyosin, consist of a
series of 28-amino-acid repeats, which themselves are com-
posed of a unit of 7 amino acid residues, a-g (4-8). While
hydrophobic residues predominate at positions a and d,
which lie at the interface between the two a-helices (6),
their hydrophobic interactions form the basis for the coiled-
coil structure of the two a-helices. Positions e and g, where
charged residues predominate, form a salt bridge between
the two a-helices and further stabilize the coiled-coil struc-
ture. On the other hand, residues in the outermost posi-
tions, b, ¢, and f, are highly charged with repeating nega-
tive and positive patches spaced 14 residues apart. These
charged groups are considered to mediate the packing of
the myosin molecules into filaments, where the interactions
between neighboring molecules are largely electrostatic (7,
9-12).
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It has recently been reported that carp fast skeletal mus-
cle cells express three types of LMM isoforms in association
with acclimation temperature (13, 14). The carp LMM iso-
forms are the 10°C and 30°C types predominantly express-
ed in the 10°C- and 30°C-acclimated carp, respectively, to-
gether with the intermediate type, which has an intermedi-
ate structure hetween the 10°C and 30°C types (14). These
isoforms, either from intact muscle or recombinant bacte-
rial cells, exhibited clearly different thermodynamic proper-
ties as determined by differential scanning calorimetry
(DSC) and CD spectroscopy (15-17). DSC of carp LMM iso-
forms expressed in Escherichia coli by recombinant DNAs
revealed that the 10°C and 30°C types had endotherms
with transition temperatures (T,) of 35.1 and 39.5°C, re-
spectively, at which thermal unfolding of a-helices was
demonstrated by CD spectroscopy (17). The intermediate
type exhibited two comparable endotherms with T, values
of 34.9 and 40.6°C, implying that it has intermediate ther-
modynamic properties, as well as intermediate primary
structure, between those of the 10°C and 30°C types. In
addition, a chimeric carp LMM having the 10°C and 30°C
types as N- and C-terminal halves, respectively, gave the
pattern of the full-length 30°C type, and the reverse combi-
nation gave that of the 10°C type (17). These results sug-
gest that thermodynamic properties of the C-terminal half
mostly account for thermal unfolding of the whole mole-
cule, at least for the 10°C and 30°C types of carp LMM.

Comparison of amino acid sequences deduced from
¢DNA clones for the 10°C and 30°C types of carp LMM,
both 1ncluding 563 amino acids, showed 26 amino acid sub-
stitutions, half of which were irregularly located in the C-
terminal half (14). Substitutions were concentrated near
the C-terminal end, three residues being contained within
a nonhelical C-terminal region. However, the two types
exhibited no significant differences in the 28-amino-acid
repeat zones or the 7-amino-acid units typical of the coiled-
coil a-helices (14, 18). Therefore, the differences in thermo-
dynamic properties between the 10°C- and 30°C-type LMM
isoforms appear to be determined by one or more amino
acid substitutions near the C-terminal end.

In this study, various carp fast skeletal LMM fragments
were prepared with recombinant DNAs and subjected to
thermodynamic analyses in order to identify more precisely
the region(s) implicated in thermal stability In addition,
the effects of site-directed mutagenesis on LMM thermody-
namic properties were examined, focusing on 61st glycine/
valine, 355th serine/threonine, 361st threonine/alanine,
415th methionine/leucine, 417th leucine/valine, 449th histi-
dine/arginine, 491st threonine/isoleucine, 535th serine/ala-
nine, and 536th histidine/glutamine for the 10°C- and 30°C-
type LMM isoforms, respectively.

MATERIALS AND METHODS

Materials—pET-11a and pET-11d were used to construct
expression vectors containing recombinant DNAs with E.
colr strain BL21(DE3)pLysS (Novagene).

Construction of Expression Vectors for Various Carp Light
Meromyosin Fragments and Point-Mutated Light Meromyo-
sins—Expression vectors containing recombinant DNAs for
various LMM fragments were constructed from expression
vectors pET10 and pET30 (17), which encode the 10°C- and
30°C-type LMM isoforms predominantly expressed in carp
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fast skeletal muscles acclimated to 10 and 30°C, respec-
tively (14). The N-terminal amino acid residue of the 10°C-
and 30°C-type LMM isoforms corresponds to arginine-1374
of adult chicken pectoralis muscle myosin heavy chain (19).
Recombinant DNAs encoded four quarter LMM fragments,
which were composed of residues 1-130, 131-270, 271400,
and 401-563 from the N-terminus, and named 1/4-, 2/4-, 3/
4-, and 4/4-quarter LMM fragments, respectively, as shown
in Fig. 1. Three half LMM fragments containing residues
1-301, 131400, and 302-563 were also prepared and
defined as N-, M-, and C-half fragments, respectively (Fig.
1). In addition, the C-terminal deleted LMM composed of
residues 1-525 was prepared and designated as 69K frag-
ment (Fig. 1).

Insert DNA fragments were amplified by PCR (20) using
pET10 and pET30 as templates. Locations and DNA nucle-
otide sequences of primers employed for PCR amplification
are shown in Fig. 1 and Table I, respectively. Primers P-
10T, P-30T, P-2/4T, P-3/4T, and P-4/4T contained Nhel rec-
ognition sites, whereas primers P-V/4E, P-2/4E, P-3/4E, P-
10E, P-30E, P-NE, and P-69KE had BamHI sites. PCR
products were digested with Nhel and BamHI, and sub-
cloned into a Nhel-BamHI site of pET-11a. Two fragments
of about 800 bp encoding 10- and 30-C half fragments were
obtained from pET10 and pET30, respectively, by Neol-
BamHI digestion, and subcloned into the Neol-BamHI site
of the expression vector pET-11d.

Site-directed mutagenesis was carried out with GeneEdi-
tor™ in vitro Site-Directed Mutagenesis System (Promega)
using expression vector pET10 as a template, together with
primers P-GV (5'-CCTCATGATTGATGTGGAGAGGGC-3),
P-ST/TA (5-AACACCAAGAAGAAGCTTGAGGCTGA-3"),
P-ML/LV (5-AAGAAGAACCTGGAGGTGACTGTC-3), P-
HR (5'-TCCAGGGTGCGTGAGTTGGAA-3"), P-TI (5-AAG-
AACGTGATCCGCCTGCAGG-3'), and P-SA/HQ (5-AGCT-
GGAGGAGGCTCAGGAGCGCGCTG-3). Six expression
vectors, pET10-G61V, pET10-S355T/T361A, pET10-M415L/
L417V, pET10-H449R, pET10-T4911, and pET10-S5354/
H536Q, encoded mutant LMMs where glycine-61, senne-
355, threonine-361, methionine-415, leucine-417, histidine-
449, threomne-491, serine-535, and histidine-536 of the
10°C-type LMM were replaced by valine, threomine, ala-
nine, leucine, valine, arginine, isoleucine, alanine, and
glutamine contained in the 30°C-type LMM, respectively.

The sequences of inserted DNA fragments in expression
vectors were confirmed by DNA nucleotide sequencing.

Bacterial Expression and Protein Purification—Plasmids
containing various expression vectors for carp LMM frag-
ments were transformed into E. coli strain BL21(DE3)-
pLysS. Subsequent induction of protein expression with iso-
propyl-B-D-thiogalactopyranoside (IPTG) and protein purifi-
cation were performed essentially according to our previous
paper (17).

Since the six mutant LMMs as well as the 30-C half frag-
ment retained filament-forming ability, these were purified
by the dilution-precipitation method. Other fragments were
not preapitated in a low-ionic-strength buffer, then extract-
ed proteins were first treated with ammonium sulfate at
50% saturation and centrifuged. The resultant supernatant
was dialyzed against 50 mM Tris-HCl (pH 8.0) containing
0.5 mM DTT and applied to a DEAE-Toyopearl 650M col-
umn (1.4 X 26 cm, Tosoh) equilibrated with the same
buffer. The adsorbed proteins were eluted with a linear gra-
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A Fig. 1. Schematic representa-
tion of the coding sequences
N":::: 0 a0 N“;t:" 1200 mﬂ:-:ﬂmm for various carp light mer-
] ‘ h ' \ ) omyosin fragments (A) and
i p-m'—-r P-2/4T —rPp P-MT —v3> | P-44T —P> ' ' comparison of ami130 acid
' T I -y e "2y T —— P 10E sequences of the 10°C- and
‘ : ! <€=—P.NE : ——P-IKE 30°C-type light meromyosin
P-30T — > . ' . ! ) ] isoforms (B). pET10 and
pET30 .l ] [0 1 H u { [“m pET30 are expression vectors
j * | H . \ ¢ SN e—raE encoding carp 10°C- and 30°C-
: L . . . : . type LMM 1soforms, respective-
[ Utquarer I ; . : Voo ly, composed of 563 amino acd
: — T : b residues (17). Vertical bars in
: - N . I the coding sequence for the
. : , : 30°C-type LMM indicate codons
. ‘ : o ' : for ammno acad substitutions
E i E l Viquarter n compared with the 10°C-type
l ] I ‘ ' ‘ LMM. Arrows indicate the posi-
I ! ' tions of primers. Shaded, light-
‘ | : ) Coo shaded, and hatched rectangles
‘ I M-kalf . H i ' represent stop codon, Nhel site,
; v : ‘ and BamHI site, respectively.
: [ (= | The U4, 24, 34, and 4/4-
! ' quarter fragments consist of
[ o 1 residues 1-130, 131-270, 271-
400, and 401-5663 from the N-
terminus, respectively, while the
B N-, M-, and C-half fragments
are composed of residues 1-301,
10°C-typc RARYETDAIQRTEELEESKKKLAQRIQDAEESIEAVNSKCASLEKTKQRLQSEVEDLMIOGERANAL 67 131400, and 302-563, respec-
30°CAYPE  cTeveveersovannnns Beeereeearaneannannooneasaaaaans GevevoreeMeonn s. tively. The C-termmnal deleted
LMM, designated to 69-K frag-
10°C-lype  AANLDKKQRNFDRVLADWKQKYEESQAELEAAQKEARSLSTELFKMKNSYEEALDHLETLKRENKNL 134  Ments, contains residues 1-526.
30°CAYPE  rnnneeeeenaans - S T Amino acid sequences of LMMs
are cited from Imai et al (14).
10°C-ype  QQETSDLSEQLGETGKSIHEIEKAKKTVESEKAEIQTALEEABGTLEHEESKILRVQLELNQVKSET 201 Astensks n the coding se-
. quence for the 30°C-type LMM
30°C-type aeen..- b Levecocooans Siiiiecesoccacscactenonnssansaanaas )
and boxes 1n amino acid se-
J0'C-type  DRKLAEKDEEMEQTKRNSQRVLDSMQSTLDSEVRSRNDALRVKRKMEGDLNEMEVQLSHANRQAARA 268  Juences indicate codons for
. amno acid residues and amino
30 C-l)’w --------------------- Teereaoaoonssenssassscsccacsosassce Teeeaooannans aad Subﬂtltutlonﬁ, respectlvely,
. used for preparation of point-
10°C-type QKQLRNVQGQLKDAQLHLDEAVRGQEDHKBQVAHVBRRNSLHQAEIEELRAALEQTERGI}KVAEQEL 335 mutated 10'C-type LMMs.
B0'CLYPC e eneeocecncaccccoanensscasessssnsasasnasssccesssnconssosesoncsannne
10°C-type  VDASERVGLLHSQNTSLI LVQVQGEVDDAVQEARNAEEKAKKAITDAAMMAEELKKEQ 402
(€ a0 . .
10°C-typc DTSAHLE LOHRLDEAESLAMRKGGKKQLQKLESR EAEVEAEQRRGADAVKGV 469
30°C-lype  sveeveenenn N ., S .
10°C-type RKYERRVRELTYQTEEDK DLVDKLQLRVEKAYKRQAEEAEEQANTHLSRYRKVQHELE 536
30°C-type ceveencscccnncsccocnalicannnccncanas Vieeoooeean. PN
10°C-type BRADIAESQVNKLRAKSREAGKTKVEE 563
30°Ctype s eeeVaeeeoeiannnns D...S.D..

dient from 0 to 1.0 M KCl in the same buffer. Fractions con-
taining LMM fragments were collected, concentrated by
ultrafiltration, and dialyzed against 50 mM potassium
phosphate (pH 6.8) containing 0.2 M KCl, 0.5 mM DTT,
and 1 mM EDTA. LMM fractions thus obtained were fur-
ther purified by high-speed gel filtration with a TSK
G3000SWG column (2.15 X 60 cm, Tosoh) equilibrated
with the same buffer.

Expressed proteins were confirmed by N-terminal amino
acid sequencing (21) with a Perkin Elmer Applied Biosys-
tems model 476A protein sequencer after SDS-PAGE (22).

Protein concentrations were determined by the biuret
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method (23), using bovine serum albumin as the standard.

CD Spectroscopy and Differential Scanmung Calorime-
try—CD measurements were performed as reported previ-
ously (17) with samples dissolved in 50 mM Tris-HCI (pH
8.0) containing 0.6 M KCl, 5 mM MgCl,, and 1 mM DTT
with a JASCO J-700W spectropolarimeter using a 0.2 mm
water-jacketed cylindrical cell. The cell temperature was
controlled by circulating thermoregulated water with Uni
Cool LC-55N (EYELA). a-Helical contents were calculated
according to Yang et al. (24).

DSC was carried out in the same buffer used for CD
spectrometry with a MicroCal model MC2 differential scan-
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TABLE 1. Nucleotide sequences of primers used for PCR
amplifications of DNA fragments encoding various carp
light meromyosin fragments.

Primer Nucleot:de sequence

P-10T » 5 ' ~GAGGTGGCCGCTAGCAGAGCCAAATATGAGACTGATGC-3 ' b

P-30T 5 * ~GAGGTGGCTGCTAGCAGAACCAAATATGAGACTGATGCC-3 '

P-2/4T 5 * ~CTCGAGACCCTAAAGGCTAGCAACAAGAATCTGCAACAGGAG-]
P-3/4T 5 ' ~CAGOCTGCTGAGACCACTAGCCAGCTCAGGAACGTCCAAGGA-3*
P-4/aT 5 ' ~ATGGCTGAGGAGCTGGCTAGCGAGCAGGACACCAGTGCTCAC-3 '
P-1/4E 5 ' =AATCTCCTGTTGCAGOGATCCTCACTCCCTCTTTAGGGTCTCGAG~3 1
P-2/4E 5 ' ~TTGTCCTTGGACATTGGATCCTTATTTCTGGGCCTCAGCAGCCTG-3
P-3/4E 5 ' ~CAGGTGAGCACTGGTGGATCCTTACTTCTTCAGCTCCTCAGCCAT-3
P-10E y-mrc&u_ccrcamrcamrrmc-a'

P-30E S -@mwmmmm-a 4

P-NE 5" ~CCTGCGGGATCCTTAGOCCACCTGC TCCTTCATGTCC -3

P-69KE 5 =AATCGGATCCTTAGTACCTGGACAGGTGAGTGTGG—3'

*Refer to Fig. 1 for locations of primers. "Single and double under-
hines indicate Nhel and BamHI recogmtion sequences, respectavely.

ning microcalorimeter essentially according to Nakaya et
al. (15, 16). DSC scans were performed at a rate of 45°C-h™!
in a temperature range from 4 to 60°C with samples at con-
centrations of 1.4—4.9 mg-ml~!. Molecular weights of vari-
ous LMM fragments were obtained from their amino acid
sequences and used for calculation of calorimetric enthalpy
(4H_,), van’t Hoff enthalpy (AH ), and molar excess heat
capacity (4C)).

The DSC analyses provide further information on the
association of molecules in solution, through the ratio of
4AH, to AH_,: that is, the former calorimetry gives a molar
unfolding heat in solution and the latter corresponds to the
enthalpy of a cooperative unit associated with unfolding.
Since the analyses of DSC runs were performed using
every single polypeptide chain as a molar unit, AH,/AH
is equal to the number of apparent associated molecules
assuming a two-state transition for the system.

RESULTS

Bacterial Expression and Purification of Various Carp
Light Meromyosin Fragments—SDS-PAGE patterns and N-
terminal amino acid sequences of carp fast skeletal LMM
fragments are shown in Fig. 2A. Unfortunately, for both the
10°C and 30°C types, the third quarter fragments from the
N-terminus were not induced with IPTG in our expression
system. Other LMM fragments, however, were successfully
expressed and purified to homogeneity. All the purified pro-
teins except for the 10- and 30-C half fragments for the
10°C and 30°C types, respectively, contained two extra
amino acids, alanine and serine, due to the additional nu-
cleotide sequence for the Nhel recognition site (Fig. 2B).

M. Kakinuma et al.
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Fig. 2 SDS-PAGE patterns (A) and N-terminal amino acid se-
quences (B) of various carp light meromyosin fragments.
SDS-PAGE for LMM fragments was performed with 15 and 20% gels
and each lane contained approximately 5 ng of sample Molecular
weight markers (M1-3) from Sigma are composed of phosphorylase
b (97.4 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa),
glyceraldehyde-3-phosphate dehydrogenase (36 kDa), carbonic an-
hydrase (29 kDa), trypsinogen (24 kDa), trypsin inhabitor (20.1 kDa),
myoglobin (17 kDa), myoglobin I & IT (14 4 kDa), myoglobin I & II1
(10.6 kDa), myoglobin I (8 2 kDa), myoglobin II (6.2 kDa), and myo-
globin III (2.6 kDa) Numerals 10 and 30 1n SDS-PAGE represent
the lanes which contain the 10°C- and 30°C-type LMM fragments,
respectively. Light-shaded boxes in N-terminal amino acid se-
quences indicate amino acaid substitutions between the 10°C- and
30°C-type LMM fragments. Numerals in parentheses represent
number of residue from the N-terminus of LMM sequence cited from
Imai et al. (14). Alanine and serine at the N-terminus are caused by
addition of Nhel recognition site to the 5’ end of the inserted frag-
ment. Refer to Fig. 1 for abbreviations of the LMM fragments.

Such extra residues at the N-terminus were previously
demonstrated to have no significant effect on the helical
gtability and paracrystal structures for our LMM isoforms
(17), since these residues are rather small and neutral.
Molecular weights of expressed proteins corresponded
roughly to those expected from amino acid sequences (Fig.
2A). N-Terminal amino acid sequences shown in Fig. 2B
indicate clearly the origin of the 10°C or 30°C type LMM
with respective amino acid substitutions, while the C-half
fragments do not include such a substitution in this se-
quence range.

As described before, only the 30-C half fragment was pre-
cipitated at a low ionic strength, indicating that the solubil-
ity of LMM was changed by the fragmentation.

J Biochem.
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CD Spectrometry and Differential Scanning Calorimetry
of Various Carp Light Meromyosin Fragments—As shown
in Fig. 3, CD spectra of carp LMM fragments, the 1/4-quar-
ter, 4/4-quarter, N-half, M-half, and C-half fragments, were
of typical an a-helix, having minima at 222 and 208 nm at
low temperature (Fig. 3). At high temperature of around
60°C, the minima at 222 nm became smaller, and the spec-
tra did not change appreciably with further increase in
temperature. The results indicate that these fragments are
in a helical state at low temperature and unfold to a dena-
tured state with increasing temperature.

Since each fragment shows an isocircular dichroic point
at 203 nm in the temperature dependence of the spectrum,
the unfolding occurs in the two-states manner. The thermal
unfolding of the fragments was reversible as confirmed by
the recovery of the a-helix after cooling down for the CD
measurements and repeated runs for the DSC measure-
ments (data not shown).

The CD spectra for the 2/4-quarter fragments from the
10°C and 30°C types were similar to those of unfolded pro-
teins, indicating that these fragments were not helical
under the present environmental conditions.

a-Helical contents calculated from the minimum at 222
nm are listed in Table II. As illustrated in Fig. 3, each 10°C-
type fragment was lower in a-helical content than the
30°C-type counterpart, the extent being different from one
fragment to another. Contents of 70-86% for the M and C-

15

half fragments, which are about 270 and 260 residues long,
respectively, are similar to those of full-length carp LMM
(about 560 residues) expressed by recombinant DNAs (17).
In contrast, the N-half fragment of a similar size (about
300 residues) has a smaller content of 60—65%, which are
comparable to those of the shorter 1/4- and 4/4-quarter
fragments, 38-61%. The content of the 30-4/4 quarter frag-
ment was much higher than that of the 10-4/4 quarter

counterpart.

The molar excess heat capacities, AC,, obtained by DSC
are shown in Figs. 4 and 5 together with the temperature
dependence of residual ellipticities for the quarter and half
fragments. The peaks 1n DSC runs were low for the 1/4-
quarter fragments from the 10°C and 30°C types, corre-

TABLE II. a-Helical contents of various carp light meromyo-

sin fragments.
a-Helical content (%)

ent 10°C type 30°C type
1/4-quarter 47°(10 3¢ 56 (19 8)
4/4-quarter 38 (20.0) 61 (200)
N-half 60 (10.7) 65 (11 5)
M-half 78 (20.3) 86 (20.5)
C-half 70 (19.1) 71(18.8)

*a-Heheal contents were calculated from the mean residue elliptic-
ity, [6], at 222 nm shown in Fig 3 according to Yang et al. (24).
*Measuring temperature (°C).

Fig. 3. CD spectra of various
carp light meromyosin frag-
ments. Each panel shows patterns
for the 10°C- (black lines) and 30°C-
type (gray lines) LMM fragments.
9.1 CD spectrometry was performed in
50 mM Tris-HCI (pH 8 0) contain-

g 0.6 M KC1, 5 mM MgCL, and 1

1.3] mM DTT. [6] represents the mean

residue ellipticity. Protein concen-

26000 1/4-quarter 2/4-quarter 4/4-quarter
10000 4
0 61.0
60.6
60.2
~10000 | ] 3
195
~ 200001 198 1 200
ok
%-m T T ——7—— T T T —— T —r——7— -
7 200 210 220 230 240 200 210 220 230 240 200 210 220 230 240
g,m N-half 1} M-half C-half
2
=
10000 |
0 ]
14 61.2
9.0
60.4
-10000 4 60.6
«20000 4 4
o7 203
15
~<20.5
200 210 220 230 240 200 210 220 230 240 200 210 220 230 240

Warvelength (nm)
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trations were from 1.4 and 4 0 mg-
ml~!, and measurement tempera-
tures are shown in 1nsets.

2702 ‘T 00100 uo Aisieniun Buiied e /Hlo'sjeulnolpioxo-qly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

16

sponding to low a-helical contents of the fragments (Fig. 4).
The values of T for both fragments were around 37°C: two
peaks of 21 1°C and 36.7°C and two overlapped peaks of
29.6°C and 38.1°C for the 10- and 30-1/4 quarter fragments,
respectively (Table III). These T, values corresponded ap-
proximately to the maxima of decreasing rate derivatives of
ellipticities as shown in Fig. 4, A and C. The temperature
dependence of (6] and the heights of the AC, suggest that
the 30-1/4 quarter is more stable than the 10-1/4 quarter
fragment.

A clear difference was observed between the 10- and 30-
4/4 fragments (Fig. 4, B and D). Corresponding to a greater
a-helical content for the 304/4 quarter fragment, a large
endothermic peak with T, at 32.3°C was obtained (Table
I1I). Plots of [6] against temperature and their derivatives
against temperature were coincident with the calorimetric
results (Fig. 4D). While the 10-4/4 quarter fragment
showed one major peak at 46.0°C with three minor peaks,
all these peaks had very small AC, values compared to that
of a large peak for the 30-4/4 fragment (Fig. 4B). Thus, the
30-4/4 fragment was much more thermostable than the 10-
4/4 fragment.

The results of DSC and CD analyses at different temper-
atures for three half-size LMMs are illustrated in Fig. 5.
The M- and C-half fragments showed single major endo-

212 (degoem 'sdectmol") (open symboks)
g &

i

Temperatore (*C)
Fig. 4. DSC scans and decreasing rate derivatives of the mean
residue ellipticity against measuring temperatures for quar-
ter light meromyosin fragments of carp. Panels A and B show
DSC patterns for the 1/4- and 4/4-quarter fragments, respectively, to-
gether with computer-calculated differential endotherms by the con-
volution analysis. Black and gray lines represent the 10°C- and 30°C-
type LMM fragments, respectively. DSC scans were performed in 50
mM Tns-HCl (pH 8.0) containing 0.6 M KCl, 5 mM MgCl,, and 1 mM
EDTA, and protein concentrations were from 1 4 to 2.6 mg-ml™*. The
observed DSC patterns (sohd lines) were subjected to smoothing

M. Kakinuma et al.

thermic peaks with high AC, values compared to the quar-
ter LMM fragments. On the other hand, the N-half frag-
ment exhibited two major peaks at around 20°C and 60°C
(Fig. 5A): 20.8 and 61.2°C for the 10-N half fragment, and
24.2 and 58.4°C for the 30-N half fragment (Table III).
Thus, the latter type had a higher T, value for the major
peak at around 20°C than the former by 3.4°C, correspond-
ing to those obtained from the analyses of the temperature
dependence of [6] (Fig. 5D). The M- and C-half fragments
from the 30°C and 10°C types exhibited single major peaks
with higher 7_s for the 30- than 10-half fragments: 34.9°C
compared with 32.9°C for the M-half, and 34.7°C compared
with 29.2°C for the C-half fragment (Fig. 5, B and C and
Table III). These endothermic peaks corresponded well to
those determined by the CD analyses shown in Fig. 5, E
and F.

Values of T, and AH,, could be also obtained from the
temperature dependence of (4] as listed in Table III, and
these values were in agreement with those from DSC data,
implying that the unfolding of a-helices is the major event
for the present system. Since AH,/AH_, is equal to the
number of apparent associated molecules, the values
shown in Table III indicate that the fragments form a
dimer or an oligomer as a unit of transition. That is, the
LMM fragments which exhibited high a-helical contents,

l‘l’l’
E B =

Decreasing rate derivatives (closed symbols)

:

:

Tempersture ("C)

treatment (bold-faced dashed hines) and eonvolution analysis (dotted
lines) for differential endotherms The scan rate was 45°C h™!, and
data were collected every 15 s AC, represents molar excess heat ca-
pacity Panels C and D show the mean residue ellipticity, [4), at 222
nm (open symbols) and 1ts decreasing rate derivatives (d[dVdT)
(closed symbols) of the 1/4- and 4/4-quarter fragments, respectively.
The decreasing rate derivatives were calculated from the increment
of [6] at 222 nm per unit change of temperature. Circles with black
lines and rectangles with gray lines represent the 10°C- and 30°C-
type LMM fragments, respectively.
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the N-, M-, and C-half fragments from the 10°C and 30°C
types together with the 30-4/4 quarter fragment, may have
formed a coiled-coil structure 1n solution, since their values
were from 1.5 to 2.4, except for that of the 30-C half frag-
ment, which was 4.1.

The above results indicate that all fragments except for
the 10- and 30-2/4 quarter fragments form a-helical confor-
mation; those from the 30°C type are always more thermo-
stable than the 10°C-type fragments; and the C-terminal
side fragments have higher T, values than the N-terminal
side fragments, because of the sequence differences.

CD Spectrometry and Dyfferential Scanning Calorimetry
of Carp Point-Mutated Light Meromyosins—To locate the
residues responsible for the different thermostability of the

ACP(cat-M-sdeg’)

17

10°C- and 30°C-type carp LMMs, six mutant proteins were
prepared, mainly carrying substitutions in the C-terminal
half of LMM, and purified to homogeneity using the same
technique as used before (17) (data not shown). These were
10-G61V, 10-S355T/T361A, 10-M4151/1417V, 10-H449R,
10-T4911, and 10-S535A/H536Q LMMs, where glycine-61,
serine-355, threonine-361, methionine-415, leucine-417,
histidine-449, threonine-491, serine-535, and histidine-536
of the 10°C-type LMM were replaced by valine, threonine,
alanine, leucine, valine, arginine, 1soleucine, alanine, and
glutamine of the 30°C-type LMM, respectively.

The six mutant LMMs showed typical patterns of an a-
helix in CD spectrometry at around 20°C, and unfolded pat-
terns at around 60°C. Endothermic patterns for the mu-

[ 84 (degremn”sdectmol) (open symbols)

o S &

Temperature (*C)

Fig. 5 DSC scans and decreasing rate derivatives of the mean
residue ellipticity against measuring temperatures for half
light meromyosin fragments of carp. Panels A, B, and C show
DSC patterns for the N-, M-, and C-half fragments, respectively, to-
gether with computer-generated differential endotherms calculated
by convolution analysis. Black and gray hnes represent the 10°C- and
30°C-type LMM fragments, respectively. DSC scans were performed

at protein concentrations from 2 4 to 4.0 mg-mi~! Panels D, E, and F
show the mean residue ellipticity, (6], at 222 nm (open symbeols) and
1ts decreasing rate derivatives (d[6VdT) (closed symbols) for the N-,
M-, and C-half fragments, respectively Circles with black lines and
rectangles with gray lines represent the 10°C- and 30°C-type LMM
fragments, respectively. Refer to the legend of Fig. 4 for other experi-
mental conditions of DSC scans and the decreasing rate derivatives.

TABLE III Thermodynamic parameters for thermal unfolding of various carp light meromyosin fragments.

10°C type 30°C type
LMM fragment T. AH, AH, T, AH, AH,
i) (cal mol™)  (kealmol-y  AHw/AHu o) (kcal mol)  (kealmol-l)  AHw/AHu
Vaquarterr 211 10 105.3 105.3 296 50 776 155
367 49 65.3 133 381 (37 0p 4.7 102.4 (57 2) 21.8
4a-quarterr 215 11 156.8 142.5 323 (329) 40.0 88.2 (80.5) 2.2
28.4 13 1383 106 4 46.0 13 288.7 2920
46.0 30 203 8 67.9 55.4 1.9 163.2 80.6
535 09 1895 2106
N-half? 208(19.6) 338 60.0 (71.5) 18 24.2 (23.0) 413 100 1 (104.5) 2.4
532 2.4 182 4 76.0 367 25 1749 700
61.2 131 157.7 12.0 58 4 12.9 159.4 124
M-half 32.9(333) 543 829 (7137) 15 20.5 9.1 88.0 9.7
34.9 (36.5) 60.6 95.8 (83.1) 1.6
C-half 202(289)  40.8 118.0 (96.8) 29 34.7 (34.4) 39.4 161.2 (128 7) a1

*Values obtained from Fig. 4A. Refer to Fig. 1 for abbreviations of various LMM fragments *Values 1n parentheses obtained from the tem-
perature dependence of [6] in Figs. 4 and 5. “Values obtained from Fig. 4B. 4Values obtained from Fig. 5A. “Values obtained from Fig. 5B.

Values obtained from Fig 5C.
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tants contained single major peaks at around 35°C followed
by some minor peaks at higher temperatures. The major
peaks were found to be responsible for thermal unfolding,
as demonstrated by decreasing rate derivatives of (4] (these
data are not shown).

Mutant 10-G61V LMM showed no change in the T_
value compared to the original 10°C-type LMM (Table IV),
indicating that the substitution of valine for glycine has lit-
tle effect on the thermostability under the present environ-
mental condition. Since the T, value of the main peak for
the 10-H449R LMM was 35.9°C, 0.8°C higher than the orig-
inal 10°C-type LMM (Table IV), the substitution of arginine
for histidine had a small positive effect on the thermostabil-
ity. Another single residue mutant, the 10-T491] LMM
showed a higher T, value by 1.3°C (Table IV). The 10-
S535A/H536Q mutant also showed about the same change
in the T, value for the 10-T4991 LMM (Table IV). The T
value of the major endothermic peaks corresponding to
thermal unfolding of a-helices was 37.1°C for the 10-S355T/
T361A and 10-M4151/1.417V LMMs which contained two
substitutions at a close range in the N-terminal region of
the C-half LMM fragment (Table IV), about 2.0°C higher
than the original 10°C-type LMM (17). These results sug-
gest that the accumulation of small contributions to ther-
mostability of LMM by individual amino acid substitutions
in the C-terminal region of LMM produces the difference in
thermostability between the 10°C- and 30°C-type LMMs.

CD Spectrometry and Differential Scanning Calorimetry
of Carp Carboxy-Ternunal-Deleted Light Meromyosins—To
confirm the results from the mutant proteins, C-terminal-
deleted LMM, designated to 69K LMM fragment, was pre-
pared and subjected to DSC and CD analyses. The deleted
region, which is composed of 38 residues, has 6 amino acid
differences (Fig. 1).

The 69K fragments from the 10°C and 30°C types exhib-
ited two major peaks in DSC runs (Fig. 6A). Judging from
the temperature dependence of [6] (Fig. 6B), the T, values
of the major endothermic peaks corresponding to the ther-
mal unfolding of a-helices were 34.2 and 38.8°C for the 10-
69K and 30-69K fragments, respectively (Table V). The dif-

TABLE IV. Thermodynamic parameters for thermal unfold-
ing of carp point-mutated light meromyosins.

T, AH_, aH,  4H,
LMM ¢C) (kcal mol™) (keal-mol™) AH.,
10°C-type* 35.1 114.2 166.6 14
53.4 20.7 116.0 6.6

10-G61V 35.0 (35.2¢  100.8 156.7 1.6
45.2 5.3 251.8 475

64.2 22.9 103.1 45

10-S355T/T361A 354 54.2 103.1 19
371(37.3) 476 249 8 5.2

61.0 13.0 1823 140

10-M415L/1417V 322 36.7 116.4 32
371(363) 1252 1753 14

10-H449R 359 (36.3) 137 1207 0.9
10-T4911 32.2 36.1 1023 2.8
36.4 (37.1) 98.0 1459 15

10-S535A/H636Q 36.5(36.7) 1186 1476 12
54.9 39.4 80.7 2.0

30°C-type* 35.4 87.3 78.6 0.9
39.5 59.0 212.4 3.6

*Cited from Kakinuma et al. (17) *Values in parentheses obtaimned
from the temperature dependence of [6].

M. Kakinuma et al.

ference of 4.6°C in the T, values for the major endothermic
peaks of the 10-69K and 30-69K fragments roughly corre-
sponded to that in the thermostabilities between the origi-
nal 10°C and 30°C types, suggesting that the six sub-
stitutions contained in the 38 residues from the C-terminus
of LMM had little influence on the thermodynamic proper-
ties of LMM isoforms.

| I

Decressing rate derivatives (closed symbols)

;

161 (degrem "~declmol) (open symbols)

Fig 6. DSC scans and decreasing rate derivatives of the mean
residue ellipticity against measuring temperatures for car-
boxy-terminal-deleted light meromyosin of carp. Panel A
shows DSC patterns for the 69K fragments, together with computer-
generated differential endotherms based on convolution analysia
Black and gray lines represent the 10°C- and 30°C-type LMM frag-
ments, respectively DSC scans were performed at protein concen-
trations of 1 8 mg-ml~! Panel B show the mean residue ellipticity,
[6], at 222 nm (open symbols) and 1ts decreasing rate denvatives
(d[6YdT) (closed symbols) of the 69K fragments. Circles with black
lines and rectangles with gray lines represent the 10°C- and 30°C-
type LMM fragments, respectively. Refer to the legend of Fig. 4 for
other experimental conditions of DSC acans and the decreasing rate
derivatives.

TABLE V. Thermodynamic parameters for thermal unfold-
ing of carp 69K light meromyosin fragments.

LMM T_(C) AH, AH . AH ,/
fragment L (keal-mol™Y) (kcal mol-1) AH,,
10-69K* 342 (34.1P 114.6 103.9 0.9
61.3 41.2 1191 29
30-69K 38.8 (38.2) 70.0 1564 6 2.2
494 12.8 167.3 13.1
58.5 46.0 112.7 2.5

*Values obtained from Fig. 6A. Refer to Fig. 1 for abbreviations of
C-terminal deleted LMMas. "Values 1n parentheses obtamned from
the temperature dependence of [6] in Fug. 6
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DISCUSSION

The 10°C- and 30°C-type LMMs have the major endother-
mic peak responsible for thermal unfolding of a-helix at
35.1 and 39.5°C, respectively (17). Since the 10°C and 30°C
types have only 26 amino acid substitutions in the full-
length LMM molecule composed of 563 residues (14), cer-
taun amino acid substitutions are considered to be responsi-
ble for the differences in thermodynamic properties. Our
first trial to identify such substitutions was to divide the
full-length chain into four and two fragments: that is, we
prepared quarter and half LMM fragments for carp 10°C-
and 30°C-type LMMs by using recombinant DNAs.

Certain quarter fragments did not fold into a full a-heli-
cal conformation under the present conditions at a high
ionic strength (0.6 M KCl, pH 8.0), while fragments having
a longer chain length formed a-helical conformation in the
same environment (Fig. 3). One of characteristic features
obtained here was the difference in the 10- and 30-quarter
fragments: the latter had more a-helical content than the
former as illustrated in the 4/4-quarter fragments The
amino acid substitutions contained in the C-terminal side
fragment appeared to contribute to their difference in the
thermostability. However, the results for the quarter frag-
ments showed that the thermostability was dependent on
the chain length. For instance, the thermostability of the
10-N or 30-N half fragment consisting of the corresponding
1/4- and 2/4-quarter fragments was not additive: the un-
folded 2/4-quarter fragment could form an o-helix by the
connection of the chain to the 1/4-quarter fragment, since
the a-helical content of the 10-N half fragment was similar
to or higher than that of the 1/4-quarter fragment as seen
in Fig. 3 and Table II. Thus, the results for the quarter frag-
ments were less informative than those for the half frag-
ments with respect to the identification of key substitutions
for a-helical formation.

On the other hand, the half fragments tock approxi-
mately full a-helical conformations, showing similar behav-
10rs on CD and DSC measurements (Fig. 5 and Table III).
The differences in the 7, values for the major endothermic
peaks from 10°C to 30°C type were 3.4, 2.0, and 5.5°C for
the N-, M-, and C-half fragments, respectively, suggesting
the location of amino acid residues responsible for the ther-
mostability, where 12, 7, and 14 substitutions are found for
the above fragments, respectively.

Our second trial was the site-directed mutagenesis of the
10°C-type LMM, expecting the improvement of the thermo-
stability by the mutation. The results showed that the
replacement of glycine-61 in the 10°C type with valine had
little effect on the stability, and that serine-355, threonine-
361, methionine-415, luecine-417, histidine-449, threonine-
491, serine-535, and histidine-536 in the 10°C type were
candidates for the target residues in the difference of the
T, value (Table IV). On the other hand, the difference in T,
values for major endothermic peaks from the 10-69K and
30-69K fragments was 4.6°C, which roughly corresponded
to that between the 10°C- and 30°C-type LMMs (Fig. 6 and
Table V). These results suggest that the eight substitutions
located in the C-terminal region of the 69K fragments (resi-
dues 302-525) are major candidates for the residues re-
sponsible for the difference in thermostability between the
10°C- and 30°C-type LMMs.
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The present results suggest that the thermodynamic
properties of the LMM molecules are determined not by a
few crucial amino acid residues but by the accumulation of
small contributions from several substitutions. Further-
more, the formation of a coiled-coil structure or an ohigomer
of rod-like molecules would be more favorable for the stabil-
ity, and a certain minimal chain length might be requisite
for the a-helical structure under the present environmental
conditions.
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