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ABSTRACT. Tropomyosin (Tm) is am-helical, parallel, two-chain coiled coil which binds along the length

of actin filaments in both muscle and non-muscle cells. Smooth and skeletal muscle Tms differ extensively
at the C-terminus encoded by exon 9. Replacement of the striated muscle specific exon 9a-encoded
C-terminus with that encoded by exon 9d expressed in smooth muscle and non-muscle cells increases the
affinity of unacetylatedx-SkTm for actin [Cho, Y. J., and Hitchcock-Degregori, S. E. (19Rdjc. Natl.

Acad. Sci. U.S.A. 88.0153-10157]. Here we show that swapping 10 amino acids at the C-terminus of
B-SkTm with the corresponding 10 amino acids®BBSmTm had little effect on the regulation of S1
binding to actin, but Tm viscosity, Tm binding to actin, and troponirbinding to Tm all become like
smooth rather than SkTrf-SkTm point mutations show that these properties are largely defined by the
amino acids at two positions, 277 and 279. The N279L mutation reduces the viscosi8kafm to

close tg3-SmTm values, while both residues contribute to the binding of, TWE also show that removing

the first 11 N-terminal amino acids @f-SmTm to make the mutamiN-SSmTm results in a 10-fold
weakening in actin affinity compared to that 8§SmTm. CD studies show no difference in thermal
unfolding betweerB-SmTm andAN-SSmTm; however, the viscosity dN-SSmTm is much lower than

that of the control. The results suggest thit-SmTm was unable to form filaments in solution but can

form filaments on actin.

Tropomyosin (Tm) is an a-helical, parallel, two-chain ~ from Drosophilato humans 7), and 18 of the first 20 are
coiled coil which binds along the length of actin flaments conserved among all vertebrate muscle tropomyosins. The
in both muscle and non-muscle cells and thus cooperatively structure of the N-terminus is crucial for most aspects of
regulates the interaction of actin with myosin heatisJ). tropomyosin function&—10), and acetylation of Tm at its
Tropomyosins are expressed in developmental and cellN-terminus is essentiaB{-11). Bacterially expressed skeletal
specific patterns. Certain isoforms may be found in more muscle Tms are not acetylated; therefore, they bind only
than one cell type or tissue; however, other Tm isoforms weakly to actin, but they can regulate binding of S1 to actin
are more specific, in particular, those expressed in skeletalin the presence of troponi8), When N-terminal acetylation
and smooth muscle(-6). is mimicked, wild-type binding affinity is restoreds)

Tm is expressed via two genéEnland Tm2 (o andp), Bacterially expresse smooth Tm is essentially nonfunc-
in fast muscle, and these express high-molecular weight Tmtional; however,a smooth Tm is functional but exhibits a
muscle isoforms which are 284 amino acids in length. 100-fold reduction in actin affinity 2). Amino-terminal
Isoform diversity (smooth and skeletal) results from the extensions such as the widely used Ala-Ser form (AS-Tm)
alternative splicing of the two gened~3). The amino- have been shown to restore function to near-wild-type
terminal region of muscle tropomyosins is highly conserved behavior for both smooth and skeletal Tn® (1, 12).
(Figure 1). Eight of the first nine amino acids are conserved Skeletal Tm is a mixture of ana and o3 dimer, whereas
smooth Tm is predominantly axs dimer (L3—18). Skeletal
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1 Abbreviations: Tm, tropomyosin; AS, N-terminal alanine-serine o cimif :
extension; $1, myosin subfragment 1; TrFuman cardiac troponin however, there is significant divergence between smooth and

TnT; isoform 3; 3-SKTm, rat skeletaj-tropomyosin with the AS ~ Skeletal isoforms in this region (Figure k). skeletal Tm
extension; 3-SmTm, chicken gizzarg-tropomyosin with the AS contains the skeletal specificexon 9a; similarlys skeletal

extension3-SkTntSm rat skeletal3-tropomyosin with last 10 amino e ;
acids swapped for chicken gizzg#dropomyosinAN-SSmTm, gizzard Tm expresses the skeletal specfiiexon 9a. TnT consists

p-tropomyosin with an AS extension, with the first 11 N-terminal amino  Of the tail fragment of troponin T (residues-158) which
acids truncated. is found in only striated muscle, and exon 9a has been
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A 5 HEE T T NMR study of a fragm_ent o skeleta_l Tm h_as described
a-gene m how the C-terminal residues of the coiled coil splay apart to
allow insertion of 11 residues of the N-terminal coiled coil
into the resulting cleft 30). The plane of the N-terminal
Fene coiled coil is rotated 90relative to the C-terminus3(). A
B-SkTm consequence of this geometry is that the orientation of

8-SmT postulated periodic actin binding sites on the coiled coil
smim - RS T 7 T 10 surface is retained from one molecule to the next along the
actin filament 80, 31). For o3-SmTm, there seems to be a

B e - . .
specific interaction at the ends which allows the same chain

N-Terminus o or  to make equivalent interactions with the same actin

MDATKKKMQMLKLDKENALD Chicken a-SmTm subunit along the filamenB@). The importance of the last

MEAIKKKMQMLKLDKENAID Chicken B-SmTm 10 amino acids at the C-terminus of Tm and the first 10

MDATKRKMQMLKLDKENALD ~Rabbit d-SkTm amino acids at the N-terminus of Tm is highlighted in the

MDAIKKKMOMLKLDKENAID Rat B-SkTm .

= ' = NMR study mentioned above.

C-Terminus f : :

et AR In this _study, we investigate how the nature of these 10

LKYKATSEELDHALNDMTSI Rabbit a-SkTm amino acids at the C-terminus 8fTm (smooth and skeletal)

EENVGIHOVLDQTLLELNNL chicken B-SmTm affects the actin binding and regulatory propertie8-&kTm

MKYKATSEELDNALNDITSL Rabbit B-SkTm with the mutant Tmpg-SkTnfS™ which was made by

MKYKAISEELDNALNDITSL chicken B-SkTm

o swapping the last 10 amino acids GfSkTm with the
FIGURE 1: (A) Intron—exon organization of the vertebrate and corresponding3-SmTm amino acid sequence. We further
p-Tm gene and the associated mRNA products of fhgene ., aqtigate the importance of specific, nonconserved, residues

adapted from Perry3). The exons are represented by boxes and o . .
introns by horizontal lines. The exons are numbered from 1a to 9d Petweens-SkTm and3-SmTm within the last 10 amino acids

to facilitate simple comparison between Tm genes. Both striated at the C-terminus using the mutanfsSkTm?’T and
and smooth mRNA products contain exon 2a; however, the striated 8-SkTmV279L, which were made by swapping ti#eSkTm
Tm isoform contains exons 6b and 9a, whereas the smooth isoformyasique with the equivalerft-SmTm amino acid.

contains exons 6a and 9d. (B) Sequence alignments of the first .
and terminal 20 amino acids faxr and 8 smooth and skeletal It has been previously reported that Tm can be cleaved at

isoforms. Identical amino acids are in bold, conserved changesthe N-terminus in vivo between residues 6 and 7 by a
underlined, and nonconserved changes in normal text. The figureproteolytic enzyme transcribed by tlenpT gene product
shows there is a high degree of fidelity between Tm isoforms at (33). A similar cleavage commonly occurs Escherichia

the N-terminus, whereas there is a much greater degree of l - ¢ inwhicha T duct | d d
divergence between Tm isoforms at the C-terminus. The truncation ©O!! EXPression systems in which a 1m product is produced,

of the first 11 amino acids represented by the mutat3SmTm which has a mass that corresponds to an 11-amino acid
is represented by the arrow in the N-terminal amino acid alignments, cleavage at the N-terminus. The resulting Tm prodidti{

and the mutation of the I_ast 10 amino acids represe_nted byﬂngm) can be purified from full-length Tm, and actin
g'San.psm and o-SKTF>" is represented by the arrow in the i qing assays show, surprisingly, that it binds actin, but
-terminal amino acid alignments. . 2 . L o

with a low affinity. This poor affinity for actin is presumably
due to the reduction in the number of end-to-end interactions
between overlapping Tm species. We therefore investigate
the importance of the N-terminus in the formation of the
overlap by expressing a Tm with the first 11 amino acids
removed from the N-terminus and replacing them with an
AS extension. This modified Tm did not bind actin with a
high affinity despite the addition of an AS extension.

implicated in troponin TnT-dependent regulatory function
for both . and g isoforms @, 6). Smootha- and -Tm
isoforms contain exon 9d which is common to non-muscle
Tm isoforms @); thus, isoform specific function can be
attributable to the exon 9-encoded C-terminiS, Q0).
o-Tropomyosins with smooth exon 9d have been shown
to bind skeletal muscle actin with an affinity approximately
5 times higher than that of tropomyosins with skeletal exon EXPERIMENTAL PROCEDURES
9a (12, 19). It has also been demonstrated that the first 18
residues encoded by exon 9a are critical for the interaction Construction of Vectors for Expression of Tim pro-
of troponin with skeletaé--tropomyosin on the thin filament  teins were expressed using the pJC20 vector system as des-
even in the absence of €a(20). In the presence of C§, cribed in ref34. pJC20AS3SKTNFS™ pJC20ASaSKTnfs™
troponin increases the affinity @f-SkTm for actin at least ~ pJC20AS3SkA277T, pJC20ABSKN279L, and pJC20AS.-
50-fold, whereas Tn has little effect on exon 9d-containing BSkA277T/N279L were constructed by clonitdgd- and
a-SmTm (19). It has subsequently been proposed therefore BanHI-purified, digested PCR-amplified fragments into the
that the cooperative activation of actin and Tm containing Ndd and BanHlI restriction sites of the pJC20 expression
exon 9d from the closed to the open state by myosin S1vector. PCR was carried out using pJC208Sk and

depends on end-to-end interactidi,(22). pJC20ASuSk vector constructs as the templates. pJC20AS.-
It is well-established that both skeletal and smooth Tm SSkTnfS™contains the raf-SkTm with the last 10 amino
isoforms polymerize in a “head-to-tail” mechanis&8(24) acids substituted with the last 10 amino acids of the chicken

and that this polymerization is dependent on ionic strength gizzard 8-SmTm, while pJC20AS.SkTnfS™ contains the
(21, 25) and is important for function in vivo2g, 27). The rabbita-SkTm with the last 10 amino acids substituted with
structure of the N-C overlap had not been fully described the last 10 amino acids of the chicken gizzaresmTm.
until recently due to the low resolution of diffraction of the pJC20ASASKA?™'T, pJC20AFBSKY?7°L  and pJC20AS.-
tropomyosin crystal structure2@, 29). A recent solution  BSkA277TN279L contain the rat3-SkTm with alanine 277
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substituted with threonine, asparagine 279 substituted with 11 200 Mt cm™ for 5-SmTms, for the dimer in 5 mM Tris-
leucine, and alanine 277 and asparagine 279 substituted wittHCI buffer (pH 7.0). The molecular masses of all of the

threonine and leucine, respectively, of the chickeBmTm.

expressed Tm proteins were determined using a mass

These express Tm containing an N-terminal Met-Ala-Ser spectrometer with an accuracy of 0.01%. The differences

motif (ASTm). The N-terminal Met is removed post-

between the obtained values and the expected ones are given

translationally. DNA was sequenced to ensure the fidelity in parentheses. The values obtained were 33 016151

of the PCR amplification. The following nucleotides were
used in the PCRs for the construction of pJC2SKTn{Sm
and pJC20ASSKTnfS™  AS-forward rat3-SkTm, 8 CC
CAT ATG GAC GCC ATC AAG AAG AAG ATG CAG
3'; RA-SKTnfS™ 5 CCG GAT CCT CAG AGG TTG TTC
AGC TCC AGC AAG GTC TGG TCC AGC TCC TCG'3
AS-forward rata-SkTm, 3 CC CAT ATG ATG GAC GCC
ATC AAG AAG AAG ATG CAG 3'; Ra-SKkTnfSm 5 CCC
GGA TCC TCA CAT GTT GTT TAA CTC CAG TAA
AGT TG GTC CAG CTC CTC 3 R3-SkA277T, 3 CGC
GGA TCC TCA GAG GGA AGT GAT GTC ATT GAG
GGT GTT GTC 3; R3-SkN279L, 3 CGC GGA TCC TCA
GAG GGA AGT GAT GTC CAG GAG CGC GTT GTC
3'; RB-SkA277TN279L, 5 CGC GGA TCC TCA GAG
GGA AGT GAT GTC CAG GAG GGT GTT GTC 3
pJC2AAN.5-SmTm was constructed by cloniigdd- and
BanHI-purified, digested PCR-amplified fragments into the
Ndd and BanHlI restriction sites of the pJC20 expression
vector. PCR was carried out using the pJC20ASnTm
vector construct as the template. pJARDSSMTm contains
the chicken3-SmTm with the first 11 amino acids removed

Da for ASSSm, 32990.2 {3.6) Da for ASB-SKTm,
33083.9 (0) Da for AS&x-SmTm, 32 838.8+0.1) Da for
AS.aSk, 33 092.0 (0) Da fop-SkTnfS™ 33 025.1 ¢-0.3)

Da for SSKTm*?77T, 32 994.6 {-0.7) Da for3SkTmN?7°L, and
33023.9 (0) Da forBSKTm277T/N279L AN-ASmTm was
analyzed by mass spectroscopy and N-terminal protein
sequencing to confirm the deletion of the first 11 amino acids.
AN-BSMTm had a mass of 31 681:¥4.6) Da as determined
by mass spectroscopy which was consistent with the removal
of the first 11 amino acids replaced with an AS extension.
N-Terminal sequencing data reportAdN-SSmTm to have

an N-terminal sequence of ASKLD, further reinforcing the
evidence of this 11-amino acid cleavage.

Human cardiac Tnf(TnT;) was purified as described in
refs 37 and 38 from a clone obtained from I. P. Trayer
(Birmingham, U.K.). TnT is the N-terminal fragment of
troponin T from amino acids-1158. Briefly, 1 L cultures
were grown to exponential phase and induced3d with
100 mg/L IPTG. Cells were harvested and resuspended in
lysis buffer [50 mM Tris-HCI (pH 8.0), 1 mM EDTA, 6 M
urea, and 1.4 mMs-mercaptoethanol] and lysed by sonica-

and replaced with an AS extension. DNA was sequenced t0tjon, Cell debris was then removed by centrifugation, and
ensure the fidelity of the PCR amplification as detailed above. {he resulting supernatants were loaded onto an AP Biotech
The following nucleotides were used in the PCR for the Hj.Trap DEAE Sepharose fast flow column. Proteins were

construction of pJC2AN.SSmTm: forward AAN.A,SmTm,
5' CCC CAT ATG AAA CTG GAC AAG GAG AAC GCC
ATC GAC 3; reverse chig-Tm, 5 CGC GGA TCC TCA
GAG GTT GTT CAG CTC CAG CAAGGT CTG G '3

eluted with a gradient of 0 to 600 mM NacCl in lysis buffer.
TnT;-containing fractions were identified via SBRAGE.
These were pooled and dialyzed against 50 mM sodium
acetate (pH 5.0), 1 mM EDTA6 M urea, and 1.4 mM

Plasmid vectors for the expression of chicken gizzard g.mercaptoethanol. TnTwas then further purified using 2
a-SmTm and3-SmTm were constructed as described inref ' 5 mL AP Biotech Hi-Trap CM Sepharose fast flow
35, and plasmid vectors for the expression of rat skeletal columns. Proteins were eluted with a gradient of 0 to 600
a-SkTm andf3-SkTm were constructed as described in ref ;3\ NaCl in lysis buffer, and TnFcontaining fractions were

36.
Preparation of ProteinsRecombinantt-SkTntS™ 5-Sk-
TmCSm A277T, N279L, A277T/N279LAN-ASmTm,o-Tm,

identified via SDS-PAGE. Urea was removed by dialysis
against 50 mM Tris-HCI (pH 8.0), 1 mM EDTAL M KCl,
and 1 mM DTT, and the resulting ThTsamples were

and f-Tm were expressed in bacteria (strain BL21 DE3). gajiquoted and stored at20 °C. The molar concentration of

Cultures (1 L) were grown to exponential phase and induced TnT, was determined by bovine serum albumen (BSA) and
for 3 h with 100 mg/L IPTG. Cells were harvested and Bradford assay.

resuspended in 30 mL of cold lysis buffer [20 mM Tris (pH
7.5), 100 mM NacCl, 2 mM EGTA, and 5 mM Mggland
lysed by sonication. The majority d&. coli proteins were
precipitated by being heated to 8C for 10 min. The

Myosin subfragment 1 (S1) was prepared by chymotryptic
digestion of rabbit myosin as described in B

Rabbit skeletal actin was purified by the method described

precipitated protein and cell debris were then removed by in ref 40. Its molar concent_ration/was determin?d from its
centrifugation. The soluble Tm was then isoelectrically absorbance at 280 nm using &#* of 1.104 cm* and a
precipitated at pH 4.5. The precipitate was pelleted and Mmolecular mass of 42 000 Da. The preparation of pyrene-

resuspended in 220 mL (dependent upon yield) of running
buffer [10 mM KR (pH 7.0) and 100 mM NacCl] with 10
mg/L DNase and 10 mg/L RNase and incubated & 4or

2 h. The Tm was then further purified using>2 5 mL

labeled actin (pyr-actin) was conducted as previously de-
scribed 41). F-Actin was stabilized with phalloidin by
incubating a solution of 1QuM pyr-actin with 10 uM
phalloidin overnight in 20 mM MOPS, 100 mM KCI, and 5

Pharmacia HiTrap-Q columns in tandem and eluted with a MM MgCl. (pH 7.0) at 4°C.

100 to 900 mM NacCl gradient, the Tm eluting a250—
350 mM NacCl. Fractions were analyzed by SEFAGE,

Cosedimentation and Quantitaéi ElectrophoresisCosed-
imentation assays were performed at °ZD by mixing 10

pooled, and concentrated by isoelectric precipitation. ProteinuM actin with increasing concentrations of Tm, in the
concentrations were determined by their absorbance at 280standard experimental buffer [20 mM MOPS, 100 mM KCl,

nm using a molar extinction coefficient&sg) of 16 800
M~1cm™for a-SkTms, 22 400 M! cm™* for 5-SkTms, and

and 5 mM MgC} (pH 7.0)], in a total volume of 10@L.
Tm is prespun before use in the cosedimentation assay at
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Table 1: Actin Dissociation Constants f8fSkTnfS™ and AN-SSmTm Compared with Those @ESKTm andB-SmTnt

Ks09 (ﬂM) h TnT; Ksooe (,LtM) h Kr n
£-SkTm 0.19 (+0.04) 1.89 (+0.4) 0.09 -0.03) 2.5441.01) 0. 7
f-SmTm 0.3 (0.04) 1.33(+0.15) 0.74 £:0.09) 2.07 £:0.47) 0.15 5o
B-SKTnfsm 0.40 (-0.07) 2.51£0.56) 0.85 £0.07) 2.58 £0.82) 0.15 59
a-SkTm 0.1% 2.08! NDe NDe 0.1 7d
a-SmTm 0.03(40.005) 2.65(+1.05) ND NDe® 0.1-0.2% 5—9¢
0-SKTnFsm 0.04 (£0.01) 1.49 £0.35) ND® NDe NDe NDe
AN-FSmMTm 2.70 £0.25) 4.57 £0.39) ND NDe 0.07-0.12 47

a Ksoe Values and the Hill coefficient were calculated via the Hill equation from the Tamtin, TnT,»Tm-actin binding plots in Figures 2 and
5 and were measured from the best fit to the Hill equation as the free Tm arcbm€entration at which the actin filament is half-saturated by Tm
or TnT.. Ky andn values were obtained from the fit of the sigmoidal titration curves to the two-state model of McKillop and GeeveKwhere
defines the equilibrium between the closed C-state where only weak myosin binding is possible and the open M-state that allows rigor-like binding
andn is the cooperative unit size. [KCH 100 mM. The values quoted féisoy are the means and standard deviations of three separate measurements
for each protein® Data from ref51, [KCI] = 200 mM. ¢ Data from ref12. ¢ Data from ref52, [KCI] = 200 mM. ¢ Not determined.

Table 2: TnT-Actin-Tm Dissociation Constants for the C-Terminal 20°C in the standard experimental buffer as described above

Mutantg by mixing 10 uM actin with 2 uM Tm and increasing
TNT: Keose (M) h concentrations of_ Tt Quant|f|ca_t|on and analysis of
5-SkTm 0.160.09) 254 £1.00) proteins were cgrrled out as (_des_crlbed above.. _
£-SmTm 0.82 £0.09) 2.07 £0.47) Cosedimentation and Quantitadi Electrophoresis with S1.
B-SKTmP277T 0.75 &0.1) 1.3 ¢0.16) Cosedimentation assays with S1 were performed at0
B-SKTmiN27o 0.63 (0.08) 1.43£0.13) in the standard experimental buffer as described above by
B-SKTmh277TNz79L 1.13 (0.06) 1.46 £0.08) mixing 10 uM actin with 10 uM S1 and increasing

a Ksos Values and Hill coefficientsh) were calculated via the Hill
equation from the TnFTme-actin binding plots in Figure 3 and were
measured from the best fit to the Hill equation as the free ,TnT
concentration at which the actifim complex is half-saturated by TaT
The values quoted fdfsoy, are the means and standard deviations of
three separate measurements for each protein.

concentrations of Tm. Quantification and analysis of proteins
were carried out as described above.

Fluorescence TitrationsFluorescence titrations were
measured at 20C using a Perkin-Elmer Life Sciences 50B
spectrofluorimeter with excitation at 365 nm with a 10 nm
bandwidth and measuring emission at 405 nm with a 15 nm
bandwidth. A total working volume of 2 mL of 50 nM
phalloidin-stabilized pyrene-labeled actinu®1 Tm in 20
mM MOPS (pH 7.0), 100 mM KCI, and 5 mM Mgg&ivas
used in a 10 mnx 10 mm cell being stirred constantly using
a magnetic stirrer below the light path of the instrument.
Autotitrations were conducted by the continuous addition of

100 000 rpm for 20 min to remove any aggregated protein.
The actin was then pelleted along with any bound Tm by
ultracentrifugation at 100 000 rpm for 20 min (Beckman
Instruments TLA-100.1). Control Tm only sedimentation
assays show that10% Tm sediments when centrifuged,

and this is taken into account when the final Tm binding ! - -
affinity is calculated. Equivalent samples of pellet and & 5#M Sl stock solution at a rate of 12/min, using a

supernatant were then separated by SPBGE. Quantifica- ~ Harvard Apparatus Syringe Infusion Pump 22, driving a 100
tion of proteins was carried out using an Epson Perfection 4L 9lass syringe (Hamilton). Data were acquired over a
1640SU scanner with a transparency adaptor attached to £€riod of 250 s, with data points being collected every 0.5
personal computer. Scanned images were analyzed using USing an integration time of 0.45 s. Buffer solutlon_s for
image-PC (Scion Corp., Frederick, MD). The fraction of Tm he titrations were as previously described and were filtered
bound to actin (fractional saturation) was estimated from the USing & 0.22um disposable syringe filter to remove dust
ratio of the density of the actin and Tm bands in the pellet particles that may produce significant noise in the stirred
gel and plotted against the free Tm concentration where aC€ll at the low levels of sample fluorescence used.
fractional saturation value of 1 for a fully saturated actin The equilibrium bmdm_g Of_myosm S1 to actin is normally
filament corresponds to a binding stoichiometry of seven observed as a hyperbolic binding curve as expected for an
actins for each Tm bound. TH&qs, values were determined ~ interaction between two independent molecules. When

after fitting the curves with the Hill equation (eq 1), and the tropomyosin is present, the binding becomes sigmoidal which
values are given in Table 1. is indicative of a cooperative binding process. The coopera-

tive binding curves from the titrations were fitted using a
two-state version of the McKillop and Geeves model with a
varying cooperative unit size36, 42). In this model, the
actinrTm filament can be in one of two states, closed or open
[currently interpreted as the Tm sitting in different positions
whereh is the Hill coefficient,f is the fractional saturation  on the actin filament surfacel8)]. In the closed state, the
of actin with Tm, and<se is the Tm concentration required Tm can inhibit myosin binding. In the open state, myosin
for 50% saturation of actin. The measurements are routinely can bind freely. The binding of a single myosin head to an
done three times for each protein, and the errors in Tables lactinrTm filament requires Tm to move to a non-inhibitory
and 2 reflect the standard deviation observed for the threeposition. In doing so, the Tm exposes other actin sites to

[Tm]"
h h
Ksgy, + [TM]

1)

separate measurements.
Cosedimentation and Quantitad Electrophoresis with
TnT,. Cosedimentation assays with Tn#Were performed at

allow free binding of myosin. Hence, the system appears
cooperative. The average number of actin sites that become
relieved of inhibition when one myosin binds is called the
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apparent cooperative unit size. The binding isotherm can beA 12 3 4 56 7 8 910

described by eq 2 Acti
VO W OO PeW W Actin

o KiMIK(@ + KP4+ Q™ @ = o= > == w— Tm
KP"+ Q" -
mre e e ottt — Actin
TF,—F )

wheref represents the fraction of total actin sites occupied,
K represents the weak S1 binding, [M] is the concentration
of free S1 heads) is the cooperative unit sizé& = 1 +
KiM]J(1 + Kj3), and Q = 1 + K4[M]. Ky defines the
equilibrium between the closed C-state where only weak
myosin binding is possible and the open M-state that allows
rigor-like binding. The fluoresence sign&)(is related to9
through eq 3, in whichi is the initial fluorescence before

Fractional Saturation
&
1

addition of S1 and~. is the fluorescence at saturation with 00l =
S1. e
. . . 0.0 01 1
Viscosity.Protein samples (2@M) were run through a Free [Tm] uM

Cannon-Manning semi-microviscometer (C150) in a volume FiGURe 2: (A) Sedimentation assay of tropomyosin binding to actin
of 1 mL .at 24+ 1 °C In 2 mM MOPS (pH.7.0) and 5 mM Actin (1(:)/,tM) and 3-SmTm (0.1-4 uM) were spun at 1000@) .
mM. Kinematic viscosity was calculated for each sample The fraction of8-SmTm, bound to actin, was calculated from the
from the kinematic viscosity constant of the viscometer and relative band densities. (B) Analysis of the fractionfeSkTm ),

the average efflux time, which was calculated using five frsr;“-trr']“ -r)'lﬁt'.SkTgF sg(a)'nar.‘thN'g%gIm (:I)nbi?ding to atcrfi“
observations for each sample. om the relative band densities. Binding constari(so), the

) . ) - . . . fraction of Tm bound to actin, were estimated from the density of
.Clrcular chhr0|sm.C|rpuIar dichroism studies c,ﬂ-prq- the bands in the pellet and plotted against the free Tm concentration.
teins were performed using a Jasco 715 spectropolarimeterThe fitted line is the least-squares best fit to the Hill equation.

Thermal data were obtained automatically as ellipticity values Conditions: 100 mM KCI, 5 mM MgGl 20 mM MOPS (pH 7.0),
of 222 nm at a scan speen of 1 deg/min. The sample was 0

measuredri a 1 mmcuvette.
of the density of the actin and Tm bands in the pellet gel

RESULTS and plotted versus the free Tm concentration (Figure 2B).

B-SKTfSmbound actin with an affinity similar to that of

g : B-SmTm which was~1.5—-2-fold weaker than that of
showed the presence of a cleaved produ@-8mTm which B-SKTM (Ksoes = 0.4. 0.31, and 0.1%M, respectively).

had a weak binding affinity for actin. A sample of the L A
i _ 0-SKTnfSmbound actin with an affinity similar to that of
naturally cleave@-SmTm was analyzed by mass spectros 0-SmTm which was~3-fold tighter than that ob-SKTm

copy and was found to have a mass of 31 522.5 Da, a mass, - . .
consistent with the deletion of the first 11 amino acids. EES?"{["h._ Ai(()),_35,. and 13%1'\/' r_(—:‘s;?ecn\./ely),f?us. s_ugge?tmtg
N-Terminal sequencing produced a sequence of KLDKE, . atthis Lb-amino acid -termina’ region ot Tm s importan
which was consistent with the sequence from the 12th amino™ determining the a.ff|.n|ty for actin. o
acid. We therefore expressed the identical fragment and used AN-SSmTm surprisingly bound actin with a reasonable
this in the following studies. affinity which was~10-fold weaker than that of th&SmTm
Affinity of Tropomyosin for ActinThe affinity of Tm ~ control Kses, = 2.7 and 0.3uM, respectively). In the
constructs for actin was measured and compared to that ofPresence of S1ina 1:1 ratio with actin, the affinity -
native Tm using a cosedimentation assay. An example of 5SmTm increases by10-fold (Kso% = 70 M), suggesting
an SDS-PAGE gel used for determining binding affinities in agreement with refgl4 and 48 that S1 enhances the
is illustrated in Figure 2A. The two gels show an experiment binding of SmTm to actin. The increase in actin affinity in
involving 8-SmTm. The top gel shows the pellets and the the presence of S1 is accompanied by a reduction in
bottom gel the supernatants from the cosedimentation assaycooperativity, AN-fSmTm f = 4.57) and S1K = 3.5).
Each sample contained 1M actin incubated with increas- Thermal Stability.Since removal of the first 11 amino
ing concentrations of Tm from 0.2M (lane 1) to 8uM acids could alter the stability of the protein, we examined
(lane 10). In both gels, actin is the upper band and the densitythe melting profiles oAN-FSmTm and3-SmTm as shown
of this band remains practically constant in all the samples, in Figure 3A. AN-£SmTm unfolds with a profile which is
with the majority of the actin appearing in the pellet as very similar to that of5-SmTm. The major transition at
expected (lanes-110). The lower band on both gels is Tm, 42 °C appears identical with a slight loss of stability on the
and the optical density of the Tm band increases from the region before the major transition (285 °C). This shows
lowest-Tm concentration sample (lane 1) to the highest-Tm that removing the first 11 amino acids #fSmTm does not
concentration sample (lane 10). The fraction of Tm bound significantly alter its thermal stability. Figure 3B shows that
to actin (fractional saturation) was estimated from the ratio 3-SkTm melts at a temperature7 °C lower than that of

Preparations of bacterially expresgg®&mTm constructs
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molar ellipticity at 222 nm of Tm at a particular temperature relative g.smTm @), 8-SkTm (©), 8-SKTnfS™ (a), and buffer withAN-

to that of Tm at 5°C. Conditions: 20 mM KP®(pH 7.0), 500 ASmTm @) and (B) 5-SmTm @), 5-SKTm ©), A277T (a),

mM NaCl, 1 mM DTT, 5 mM MgC}. N279L (v), and A277T/N279L &) compared to the bufferD).

Conditions: 2QuM Tm in 2 mM MOPS (pH 7.0), 5 mM MgG]|

B-SmTm.S-SKTnfSMis slightly more stable thaf-SkTm, 24°C.

but it still melts at a temperature4.5°C lower than that of

S-SmTm. the ratio of the density of the actiim and TnTh bands in
End-to-End InteractionsPrevious studies have indicated the pellet gel (Figure 5A) and plotted against the free 'nT

that specific viscosity is a measure of Tm end-to-end concentration (Figure 5C). Figure 5B shows that 12%TnT

polymerization at low salt concentrationsl(24, 45, 46). sediments when centrifuged either by itself or in the presence

Viscosity measurements were taken using each of the Tmsof actin, and the calculatelsoy values account for this.

at 20uM at increasing salt concentrations (Figure 4A). The TheKsoyVvalues were determined after fitting the curves with

viscosity of 3-SkTnfSmand AN-ASmTm was compared to  the Hill equation (eq 1), and the values are given in

that of 5-SkTm and3-SmTm. It can be seen from the graph Table 1.

in Figure 4A that at low salt concentratioffsSkTm had TnT, bound the actiff-SkTnfSmcomplex with an affinity

the greatest viscosity and the viscosity #SmTm was  similar to that of3-SmTm which was-10-fold weaker than

much lower.3-SKTnfS™ exhibited a viscosity which was  that of f-SKTm (Kso = 0.85uM, 0.74 uM, and 90 nM,

slightly higher than that o8-SmTm but was much more respectively), in agreement with previous studiesocefim

similar to that of3-SmTm than it was to that g§-SkTm, (19, 20). The results therefore confirm that exon 9 is

and this result indicates an important role for the C-terminal important for Tm-TnT; binding in botha- and8-Tm and

10 amino acids in the end-to-end interactions between suggests that binding of TaTo Tm is dominated by the

tropomyosin molecules. The viscosity AN-FSmTm was last 10 amino acids of Tm.

indistinguishable from that of the buffer, and this result  Regulation of Binding of S1 to Pyr-Actifihe interaction

observed forAN-SSMTm is consistent witAN-FSmTm’s between actin and myosin subfragment 1 (S1) in vertebrate

inability to form Tm filaments in solution in the absence of striated muscle is regulated by the thin filament proteins

actin. tropomyosin (Tm) and troponin (Tn). The steric blocking
Affinity of TnT, for C-Terminal Tropomyosin Mutantshe model is the most commonly quoted molecular interpretation

affinity of TnT; for -SkTnfSMbound to actin was measured of this regulation mechanism in which tropomyosin, in the

and compared to those gfSkTm and3-SmTm by cosedi-  absence of calcium, physically blocks the myosin binding

mentation assay as shown in Figure 5. The fraction of;TnT site on actin. Binding of calcium to troponin causes a
bound to actinTm (fractional saturation) was estimated from conformational change in the thin filament which results in
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TnT; concentrations (0.054 M) were spun at 1000@Dand the
supernatants analyzed by SBBAGE. The fraction of TnTbound

to actin-Tm was calculated from the relative band densities. (B)
Control sedimentation assay of TyWith 10uM actin. Lanes +5
contained the pellet fractions and lanes1® the supernatant
fractions. Tn was added at concentrations of 0.4, 0.8, 1, 2, and
4 uM to each of the samples in lanes& and 6-10, respectively.
(C) Analysis of the fraction of TnTbinding to actin-SkTm and
B-SmMTmS-SkTnfS™ and (D) actin-A277T/N279L, A277T, and
N279L from the relative band densities. Binding constaktse),

the fraction of TnT bound to actinTm, were estimated from the
density of the bands in the pellet and plotted against the freg TnT
concentration. The fitted line is the least-squares best fit to the Hill
equation. Conditions as described above.

tropomyosin moving over the surface of actin to a nonblock-
ing position @2).

Equilibrium titrations of pyrene-labeled actin with S1 were
conducted to assess whether expregs&&TntSm"and AN-
ASMTm regulated the binding of S1 to actin compared to
B-SkTm andfB-SmTm. Panels A and B of Figure 6 show

Coulton et al.
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FIGURE 6: Fluorescence titration of pyr-actin by S1 in 50 nM pyr-
actin with (A) 2uM -SKTm (++), 8-SmTm (- - -), ang3-SkTnfsSm
(—) or (B) 5uM AN-FSmTm ) and3-SmTm (- - -) with an S1
concentration between 0 and 250 nM. The data were fitted to the
two-state cooperative binding model. Fitted parameters are given

in Table 1. Conditions as described above.

the raw titration curves in which BM S1 is continuously
titrated into a cuvette containing 50 nM phalloidin-stabilized
pyr-actin, saturated with Tm (@M for -SkTm, 5-SmTm,
or B-SkTnfS™and 5uM for AN-SSmTm). The sigmoidal
shapes of the curves show that Tm regulates binding of S1
to actin. These curves were fitted to a two-state version of
the Mckillop and Geeves modet?). The value ofK; (the
weak binding) was seen to bel.8 x 10° st M1 for all
the reconstituted filaments. The shape of the curves is
therefore defined by the value Kf ([M] —[C] equilibrium),
and n (the apparent cooperative unit size). Note that as
reported previously the values Kf- andn are not indepen-
dent; equivalent fits indistinguishable from the data can be
obtained with a range af andK+ values which are indicated
in Table 1. Larger values af require smaller values dfr.
Table 1 shows th&; values that were measured for each
Tm after fitting to the two-state model.
B-SkTnfSmregulated binding of S1 to actikK¢ = 0.15,
andn = 5-9) in a way similar to those of botB-SkTm
and-SmTm Kt = 0.1, andn = 7; Ky = 0.15, andn =
5—9). The Kt andn values forS-SkTnfS™ show that the
mutation has not unduly affected the ability of the tropomyo-
sin to regulate S1 binding. No significant role could be
assigned to the C-terminus in regulating binding of S1 to
actin using this assay, as the andn values are similar for
both 5-SkTm and-SmTm at the level of sensitivity of the
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assayAN-3SmTm also regulated binding of S1 to actin as in cooperativity. This agrees well with previously published
shown by the sigmoidal nature of the curve (Figure 6B) with data @8), where a method more sensitive than our assay was

similar values oKt andn (Ky = 0.07-0.12, anch = 4—12). used to show that the cooperativity of Taatin binding was

The curve representindN-3SmTm exhibited a smaller  reduced by approximately 5-fold in the presence of &).(

decrease in fluorescence compared togHemTm control, The low viscosity and weak actin binding data fAN-

a result which we cannot fully explain at this time. ASMTm are consistent with an initiatieqpolymerization
TnT, Binding and End-to-End Interactions ¢f-SkTm  model of Tm binding to actin49) where the end-to-end

C-Terminal Point MutationsThe affinity of TnT, for A277T, interactions play a major role in defining the polymerization

N279L, and A277T/N279L was measured and compared to ©f Tm on actin.
those Ofﬂ_SkTm andﬁ_Sme by a cosedimentation assay A curious aspect of this deletion mutant is how well it
as described above (Figure 5). Th&g, values were binds to actin despite the deletion of 1.5 heptads from the
determined after fitting the curves with the Hill equation (eq €nd of the Tm and the effective shortening of the Tm by
1), and the values are given in Table 2. Tibund the three ~ ~25% of an actin binding domain-42 amino acids)Z3).
C-terminal mutants (i.e., A277T, N279L, and A277T/N279L) It would not be expected that Tm could form a coherent
with an affinity similar to that of8-SmTm Ksep = 0.75, thread along the actin surface with such a mismatch of
0.63, and 1.13M, respectively). These results suggest that Periodicity unless the binding between actin and specific sites
the amino acids at positions 277 and 279 are involved in On Tm is not as rigorous as currently defined.
Tm—TnT; interactions, with alanine 277 being possibly more ~ We also investigated the role of the C-terminus in the
important than the asparagine at position 279. formation of the qverlap region using tﬁeisoforms. It has
Figure 4B shows the viscosity of the three C-terminal P€€n shown previously that for themuscle Tm isoforms,

mutants compared to thoseSkTm and3-SmTm. At low the C-terminus_ Is extremgly _importan_t _in defining_ t_he
salt concentrations, N279L and A277T/N279L exhibited a dn‘ferent pr_OP‘?”'eS (e.g., actin binding affmlt_y, cooperativity,
lower viscosity tham3-SkTm, a viscosity similar to that of ~ 'oPONin binding) of smooth and skeletal isoforng 19,

B-SMTm. A277T, however, exhibited a viscosity much more 22, 50).' Thege can be ascribed to exon 9. which is the last
similar to that of3-SkTm than that oB-SmTm at low salt 26 amino acids of Tm1(9), and further studies have shown

concentrations. These results thus suggest that the asparagirFQe_ importance of residues_ 276 and 277 for the actin binding
at position 279 of3-SkTm is important in the end-to-end affinity of unacetylateda. isoforms 60). The skeletalo

interactions between adjacent Tm molecules. The alanine aﬂ'soform EXpresses e.xonIQa, anq It is this exon tha; gives
position 277, however, does not seem to be significantly skeletal |.soform's their ability to bind Tn'Q,(ZO). The entire
involved in these interactions. exon 9a is required for TnT to promote high-affinity binding

to actin, and the first 18 residues encoded by exon 9a are
DISCUSSION critical for the interaction of TnT with Tm on the thin
filament even in the absence of €a(20). The N- and

To investigate the role of the N-terminus in the formation C-termini of the skeletal isoform therefore regulate myosin
of the overlap region between neighboring Tms, we have S1 binding by forming a ternary complex with TnT. The
expressed a shortgrSmTm AN-SSmTm) with truncation highly cooperative activation of actin by Tm isoforms ex-
at amino acid 11. The N-terminus is highly conserved pressing exon 9d, from the closed to the open state by myosin
betweern- andS-Tms (7), and previous studies have shown S1, however, depends on end-to-end interactitin 22).
that acetylation of the amino terminus is essential for Tm  We have now confirmed the importance of the last 10
function @, 9, 27, 47). AN-FSmTm exhibits thermal unfold-  amino acids in3-Tm which are now known to be involved
ing properties which are not significantly different from those in the overlap complex30) in defining the properties of
of the parent protein. Regulation of binding of S1 to actin smooth and skeletal Tm isoforms. We have further identified
Tm is also largely unaffected by the deletion; however, the important roles for the amino acids present at positions 277
viscosity of this mutant is virtually indistinguishable from and 279. We show using domain swap and point mutations
that of the buffer in contrast to the intact parent protein. The that actin binding and the regulation of binding of S1 to actin
extent of actin binding is also reduced ty10-fold, but the are not significantly changed; however, viscosity and nT
binding remains highly cooperative as shown by the large binding are significantly altered, and these are properties
Hill coefficient. A Tm without strong end-to-end interactions which are directly associated with the overlap region.
might be expected to bind in a way that results in a “parking  The residues at positions 27279 are highly conserved
problem” as tropomyosin binds actin such that the filament in vertebrate skeletal- and-Tms, and this suggests that
stoichiometry could not adhere to the 7:1 actin:Tm ratio. they are important in end-to-end complex formation and
Although the actin affinity oAN-SSmTm is weak, the data  troponin T interactions. Our data show that exchanging A277
seems to suggest that this Tm, once bound to actin, can formand N279 of 3-SkTm for residues T277 and L279 in
continuous strands on the actin surface. In the presence of-SmTm dramatically alters the affinity of troponin T for
S1, the affinity of Tm for actin is increased by10-fold, the actinTm complex. In contrast, only the N279L mutant
resulting in an actin affinity which is similar to that of reduces the viscosity g§-SkTm back tof-SmTm values.
B-SmTm. The Sl-induced increase in affinity for Jamtin These two observations suggest that the amino acid at
has been observed for many Tm isoforms and has beenposition 279 is involved in the stabilization of the overlap
interpreted as being due to a direct interaction between Slcomplex, whereas both of the amino acids at positions 277
and Tm @4), or due to an Sl-induced change in actin and 279 are involved in binding troponin T. This interpreta-
conformation 48). The Sl-induced increase in the affinity tion is consistent with recently published structural data on
of Tm for actin seen here is accompanied by a small decreasehe overlap complex30).
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The NMR study of the overlap complex formed by leucine REFERENCES

zipper-stabilized N- and C-terminal fragmentsco§keletal

tropomyosin has shown that the chains of the C-terminal
coiled coil splay apart to allow insertion of the last 11 amino

acids of the N-terminal coiled coil into the resulting cleft

(30). The overlap complex is stabilized by hydrophobic

interactions between theeandd positions of the N-terminal

domain’s coiled coil and residues of the C-terminal domain.

Interchain interactions are mostly hydrophobi@iTm, and
A277 is involved in the formation of a hydrophobic

intermolecular interface as well as a specific interaction with
the side chains of K5. lonic interactions are also apparent in
stabilizing the overlap complex. D275 forms an intrachain
ionic interaction with N279; therefore, a change to leucine
at this amino acid position could lead to a local destabiliza-
tion in the Tm chain which could reduce the strength of end-

to-end interaction relative to that ¢f-SkTm. This may

therefore account for the reduction in the viscosity of both
the f-SmTm isoform and the mutant proteins N279L and

A277TIN279L.

Upon formation of an end-to-end complex, there is a

significant change in th&C chemical shift displacement of

A277, and this change reflects an alteration in hydrophobic

packing. Measurements of tH& relaxation rates of the

amide backbone for C-terminal residues upon complex
formation show that L278 along with Q263 exhibits a 2-fold

higher value than the other residues, indicating that this
residue exchanges between multiple conformations on com-
plex formation. Residues Q263 and L278 are both part of

the troponin =Tm interface, suggesting that the confor-

mational dynamics present in the overlap complex may

contribute to the formation of the ternary complex with
troponin T. This structural information is consistent with

position 279 being important in the overlap complex, and
both positions 277 and 279 being important in the formation
of a ternary complex with TnT. Swapping the residues at

positions 277 and 279 if-Sk for the corresponding residues

of 3-SmTm could therefore facilitate deleterious changes in
the conformational dynamics within the overlap complex at
the important residue 278 which results in this reduction in

TnT, affinity, which is representative of thg-SmTm
isoform.

In summary, we have demonstrated the essential role of

the 16-11 N- and C-terminal residues BfTm in forming
head-to-tail filaments and in binding TaTThe smooth and

skeletal isoforms differ in these properties yet are identical
at the N-terminus and have only nonconserved sequence
changes at two sites where A277 and N279 are replaced by

T277 and L279, respectively, ifi-SmTm. Both residues
contribute to the difference in Tabinding, while the ability
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