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ABSTRACT. Tropomyosin, a coiled coil protein that binds along the length of actin filaments, contains 40
uninterrupted heptapeptide repeats characteristic of coiled coils. Yet, it is flexible. Regions of tropomyosin
that may be important for binding to the filament and for interacting with troponin deviate from canonical
coiled coil structure in subtle ways, altering the local conformation or energetics without interrupting the
coiled coil. In a region rich in interface alanines (an Ala cluster), the chains pack closer than in canonical
coiled coils, and are staggered, resulting in a bend [Brown et al. (Z9@L) Natl. Acad. Sci. U.S.A. 98
8496-8501]. Brown et al. suggested that bends at alanine clusters allow tropomyosin to wind on the
actin filament helix. Another explanation is that local destabilization of the coiled coll, rather than close
packing of the chains at Ala clusters per se, allows flexibility. Changing three Ala residues to canonical
interface residues, A74tA78V—A81L, greatly stabilized tropomyosin, measured using circular dichroism
and differential scanning calorimetry, and reduced actin affinit-fold. Normal actin affinity and stability

were restored in a mutant A74€A78N—A81Q that mimicked the stability of the Ala cluster but not the
close packing of the chains. Analysis and modeling of comparable mutations introduced closer to the
N-terminus show that the effects on stability and function depend on context. Models based on tropomyosin
crystal structures give insight into possible effects of the mutations on the structure. We conclude that the
significance of the Ala clusters in allowing flexibility of tropomyosin is stability-driven.

Theo-helical coiled coil is a widespread structural motif, rod-shaped protein, how does the structure incorporate
primarily viewed as a mechanism for formation of rod-shaped features that allow for tropomyosin’s functions? Tropomyosin
fibrous proteins, including myosin and tropomyosin, and for binds specifically to actin, and end-to-end association of
subunit association of globular proteing).(Francis Crick molecules results in formation of a cable that extends the
predicted that a structure containing a 7-fold repeating patternlength of the actin filament8& 9). Tropomyosin’s role in
of hydrophobic residues is important for the knobs-into-holes cooperative function requires that the coiled-coil cable be
packing at the interface between the twaehelices @). In flexible on the surface of the actin filament and be able to
this pattern, the residues in the heptapeptide repeat arebind to other proteins, such as troponit0{12). Tropo-
referred to as—b—c—d—e—f—g. Theaanddresidues pack  myosin’s flexibility is illustrated by the motions of molecules
at the interface and are generally hydrophobic, whileghe within crystals (3, 14) and on the actin filament1f).
andg residues often have opposite charges and can stabilizeDepending on the regulatory state, tropomyosin assumes
the coiled coil through interchain electrostatic bonds. The different positions on the actin filament, moving azimuthally
basic features of the coiled coil predicted by Crick were over an arc of up to 35(16). Tropomyosin has two forms
confirmed first by the amino acid sequence of tropomyosin of flexibility. One is global motion in the longitudinal
(3, 4), and later by the crystal structure of the GCN4 leucine dimension (as in a wave) that results from bends and twists
zipper 6). of the backbone common t-helices (7). The second is

Tropomyosin, a two chained coiled coil that binds to actin, local flexibility that reflects dynamic fluctuation among
is a prototype that contains 40 uninterrupted heptapeptidesubstates18), influenced by the stability of the interface
repeats. In this regard, tropomyosin is unusual since thepacking and side-chain mobility of interface residues. It is
repeats are interrupted in most long coiled coils. For example, the local flexibility or “breathing” that is the concern of the
the coiled coil region of myosin contains “skips” or “stam- present work. Local flexibility can contribute to the global
mers” in the pattern of hydrophobic residue6).(In molecular motions of tropomyosin.
intermediate filament proteins, the coiled coil domains are In tropomyosin, coiled coil stability has been related to
linked by noncoiled coil sequenc@)( In the context of the  local side-chain flexibility. Tropomyosin has multiple inde-
basic coiled coil that drives the assembly of a two-chained, pendent unfolding domains that have been identified using
circular dichroism (CDY and fluorescencel@, 20). Lehrer
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interface cysteine to form pyrene excimers (and give the polymerase (Stratagene, La Jolla, CA). Mutations of the
resulting pyrene excimer fluorescence) with local unfolding alanines in period 1 (residues 18, 22, and 25) and in period
of the coiled coil, as measured using CB1). The side- 2 (residues 74, 78, and 81) were made with the oligonucleo-
chain must be mobile to form pyrene excimers. The tides listed below and their reverse complements. In addition,
correlation of local side-chain flexibility with stability is  the period 2 mutagenic oligonucleotides introduced a silent
corroborated by the effect of a cardiomyopathy-causing Xhol restriction site to facilitate screening. The mutagenic
mutation in which decreased stability is associated with codons are underlined. All oligonucleotides were synthe-
increased pyrene excimer fluorescence of a probe close tosized and PAGE purified by Integrated DNA Technologies
the mutation 22). Subtle changes in the sequence from (Skokie, lllinois).

preferred coiled coil residues may alter the local conforma-  A18L—A22V—A25L: 5-CTCGACAAAGAGAACCTG-

tion or local energetics to allow for side-chain flexibility or CTCGATCGAGTTGAGCAGCTGGAGGCTGACAAGA-
bending without full interruption of the coiled coil structure. AGG-3

Compared to short leucine zippers that function primarily ~ A18Q—A22N—A25Q: 5-CTCGACAAAGAGAACCAG-

as oligomerization domains, such as that in GCR3,(the CTCGATCGAAACGAGCAGCAGGAGGCTGACAAGA-
tropomyosin coiled coil is far from perfect. Tropomyosin AGG-3

has a relatively high frequency of Ala and other small  A74L—A78V—A81L: 5-GGAGAAACTGGAGCTGCTC-
hydrophobic residues in treeandd interface positions that GAGAAAAAGGTTACAGACCTGGAAGCTGACGTAG-
have a quasi-periodic distributioB4—26). The presence of CATCTC-3

multiple unfolding domains in tropomyosin analyzed using  A74Q—A78V—A81L: 5-GGAGAAACTGGAGCTGCAG-
calorimetry, CD, pressure denaturation, and fluorescence of GAGAAAAAGGTTACAGACCTCGAAGCTGACGTAGC-
specific probes, has led to the idea that regions of stable ATCTC-3

coiled coil are interrupted by less stable segmed®s 27— A74L—A78N—A81L: 5-GGAGAAACTGGAGCTGCTC-
29). The Ala clusters, where thee-helices are closer together GAGAAAAAGAACACAGACCTGGAAGCTGACGTAG-

and staggered®), would allow for bendsZ45, 26, 30) and CATCTC-3

may also be sites of local conformational instability.  A74L—A78V—A81Q: 3-GGAGAAACTGGAGCTGCTC-
McLachlan and Stewart suggested that the periodic Ala GAGAAAAAGGTTACAGACCAGGAAGCTGACGTAG-
clusters are genetic in origi2%, 31). The Ala clusters are  CATCTC-3

conserved in higher eucaryotes, and one is foun&ao- A74Q—A78N—A81Q: 5-GGAGAAACTCGAGCTGCAG-
charomyces pombg2), but they are absent froiBaccha- GAGAAAAAGAACACAGACCAGGAAGCTGACGTAG-
romyces cergisae tropomyosin 83) that instead contains CATCTC-3

interruptions in the heptapeptide repeat of the coiled &dj. ( The PCR product was treated with Dpn | to digest wild-

Our studies of tropomyosin and troponin T show that the type template DNA and transformed irfo coli DH5a. cells.
sequences of regions involved in, or important for, binding Plasmids containing the cDNA were isolated from single
interactions are not optimal for coiled coil stability and that colonies and the complete cDNA was sequenced (UMDNJ
mutations that increase stability can result in loss of function DNA Synthesis and Sequencing Facility, Robert Wood
(35—-37). We hypothesize 38) that regions of stable, Johnson Medical School, Piscataway, NJ).
canonical coiled coil function primarily as oligomerization =~ The tropomyosins were expressedsncoli BL21 (DE3)
motifs, whereas less stable, or noncanonical coiled coil, such(41) and purified as previously described0( 45). The
as in an Ala cluster of tropomyosi2§) or in the parallel or protein concentrations of TM stock solutions were deter-
splayed a-helices of the C-terminus of striated muscle mined from measurements of their difference in tyrosine
tropomyosin 88, 39), are regions of functional importance absorbance at pH 6.0 and 12r56 M guanidine-HCI 46,
for local flexibility or binding to target proteins. We made 47). Chicken pectoral muscle actin was purified as previously
mutations in tropomyosin at an Ala cluster located about one- described 48). The F-actin concentration was determined
third from the N-terminus that influence the stability and Using an extinction coefficient ofzgo = 1.1 (0.1%).
packing of the hydrophobic core. The results reported herein  Confirmation of Proteins by Mass Spectrometifihe
support the hypothesis and show that the stability of the molecular weights of the critical period 2 tropomyosin
tropomyosin coiled coil, but neither the sequence per se of mutants were determined by electrospray mass spectrometry
the interface residues nor the proximity of thehelices is  at the W. M. Keck Foundation Biotechnology Resource

important for actin affinity. We suggest that subtle modifica- Laboratory (Yale University, New Haven, CT). The observed
tions in the energetics of coiled coils are important for masses corresponded well to the calculated values. A74L

functional interactions of the coiled coil class of proteins. A78V—A81L, calculated 32821, observed 32 818 6;
A74Q—-A78N—A81Q, calculated 32 866, observed 32 862
MATERIALS AND METHODS + 6.
_ _ o . Actin Binding Assays3inding of tropomyosin to actin was
DNA Construction and Protein Purificatiom M2 variants measured by cosedimentatiat®(49). Tropomyosin (0.128
were made from rab-TM2 cDNA (40, 41) cloned in M, depending on the tropomyosin) and actirn{d) were
PET11d @1) at Ncol and BamHL1 sites for expression into cosedimented at 2GC in 200 mM NaCl, 10 mM Tris-HClI,
Escherichia coliThe TM2 cDNA includes the alternatively pH 7.5, 2 mM MgC$, and 0.5 mM dithiothreitol (DTT).
expressed exons la, 2b, 6b, and 9d, as well as thepellets and supernatants were analyzed using 12%-SDS
constitutively expressed exons 3, 4, 5, 7, andi3 ¢3). polyacrylamide gels and stained with Coomassie Blue and
The oligonucleotides coding each mutant TM2 were used quantified using a Molecular Dynamics model 300A com-
to carry out a two-stage PCRI4) using Pfu turbo DNA puting densitometer (Sunnyvale, CA). Apparent binding
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constants Kapp and Hill coefficents §.) were determined
by fitting the data to the Hill equation using SigmaPlot
(Jandel Scientific):

v = ([TM] *"KZD/(1 + [TM] “KE (1)

Circular Dichroism MeasurementsThermal stability
measurements were made by following the ellipticity of TM
at 222 nm as a function of temperature in 0.5 M NacCl, 10
mM sodium phosphate pH 7.5, 1 mM EDTA, and 0.5 mM
DTT using an Aviv model 62 DS spectropolarimet20)
Data were obtained at 0.2C intervals with a protein
concentration of 0.1 mg/mL. The appareft, and the
thermodynamic parameters for TM unfolding were calculated
based on the assumption that the unfolding could be fit by
up to three independent helixoil transitions with dissocia-
tion accompanying the helixcoil transition at the highest
temperature, as previously describ@d)(

Differential Scanning Calorimetry Measuremen®alo-
rimetric measurements were performed on a model 6100
Nano Il differential scanning calorimeter (Calorimetry Sci-
ences Corp., American Fork, UT) with 0.3 mL cells from 0
°C to either 100 or 110C at a rate of XC/min, pressure of
2 atm, al a 1 mg/mL protein concentration in 0.5 M NaCl,
10 mM sodium phosphate pH 7.5, 1 mM EDTA, and 0.5
mM DTT. The reversibility of the thermal transitions was
checked by five heating and cooling runs. The calorimetric
traces were corrected for the instrumental background by
subtracting a scan with buffer in both cells. All calculations
were carried out using CpCalc, a Windows based program
supplied by the DSC vendor. A molecular mass of 66 kDa
was used for coiled coil TM dimers.

Modeling Modeling was carried out using SYBYL (Tri-
pos, Inc.) on the TM8 2 A crystal structure §6), PDB entry
11C2] or the 7 A crystal structure of full-length tropomyosin
[(50), PDB entry 1C1G]. The TM2 sequence from residues
67 to 88 was substituted for the corresponding residues in
the Ala cluster in the structure, residues-32. Hydrogens
and Gastiger-Hekel charges were added and the structure
was minimized to convergence. MOLMOI5Y) was used

to calculate hydrogen bonding, bond distances, and solvent
accessible surfaces. This procedure was repeated for eac

mutation that was made.

To test the validity of the modeling, bond distances and
packing in the minimized crystal structure of TM81 were
determined in the alanine cluster region, as well as in a
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it pertains to the core Ala clusters, we made a series of
mutations to stabilize or destabilize the core using residues
other than Ala. The first three periods of tropomyosin’s seven
repeats 25, 31, 52—-54) contain highly conserved Ala
clusters. Mutagenesis of period 2 offered us the best
opportunity to correlate function and stability with the
interface residues. Period 2 (residues—89) is the most
primitive from an evolutionary point of view3(), and its
sequence is similar to that of an “ancestral’ 42-residue
segment25). Deletion of period 2 and modifications of the
first half of period 2 (N-terminal to the Ala cluster) have
small effects on the function of striated muscletropo-
myosin, compared to other periods, especially perio87] (
55—59). We made the mutations in ratTM2, a 284-residue
tropomyosin expressed in nonmuscle cells. Unacetylated,
recombinant TM2 binds well to actin in the absence of
troponin ©0).

We mutated three alanines in period 2, At4ppsition),
A78 (a) and A81 (). To create a canonical coiled coil with
improved packing, and greater hydrophobicity and stability,
we changed thd position alanines to Leu and tlagoosition
Ala to Val to make the triple mutant, A74tA78V—A81L.

A second set of mutations mimicked the stability of Ala,
but not the hydrophobicity or packing, substituting Asn at
the a position and GIn at thel position alanines, creating
the mutant A74Q-A78N—A81Q. Asn and GIn in tha and

d positions, respectively, have similar stability to Ala and
also promote formation of two-chained coiled coils in model
peptides §1—-63). We also made mutants predicted to be
intermediate in stability where one residue of the canonical
coiled coil mutant was changed to GIn or Asn: A74Q
A78V—A81L; A74AL—A7T8N—A8LL; A74L—A78V—A81Q.

Analysis of Coiled Coil Stability in Protein Unfolding
Studies. We measured the temperature dependence of
unfolding at 222 nm using circular dichroism (CD) and found
the qualitative effect of the mutations on coiled coil stability
was that predicted from the design (Figure 1A, Table 1).
The wild-type TM2 unfolds with three transitions (observed
in the first derivative of the isotherms, Table 2) of which
the final and major transition corresponds to the N-terminal
region of TM2 @Q9) where our mutations are located. The

utations to create a canonical coiled coil, A AA78V—

81L, increased the stabilitylf,) of the N-terminal transition
by more than 40°C, and the protein was not completely
unfolded at 9C°C, consistent with creation of a nine heptad
stretch of stable coiled coil. In contrast, the overall stability
of A74Q—A78N—A81Q was closer to wild-type TM2, but

canonical coiled coil region. The distances with the naturally with only two transitions (Table 2). The mutants with one

occurring sequence were compared to those in the model

canonical coiled coil residue changed to Asn or GIn, A4Q

where the alanine cluster sequence of period 2 replaced thah?SV—ASlL A74L—A78N—A81L. and A74l—A78V—

in period 1. The mutations were introduced and compared
to the wild-type model. Similar calculations were made using
the 7 A crystal structure. The inter- and intrachain bond

distances and packing were similar supporting this as a valid

A81Q, exhibited intermediate stability. The major, N-ter-
minal transitions were approximately 2G more stable than
wild-type, but considerably less stable than the canonical
coiled coil mutant. All mutants unfolded cooperatively,

approach. The degree of solvent accessibility was determinedexCept A741—A78V—A81L, which was still partially folded

by using the CalcSurface function in MOLMOL which

returns the accessible surface of each residue in the context

of the molecule.

RESULTS AND DISCUSSION

Rationale and Mutant Desigit.o understand the relation-
ship between stability and actin affinity of tropomyosin as

at 90°C (Figure 1A).

Differential scanning calorimetry (DSC) was carried out
on wild-type TM2, A74l-A78V—A81lL, and A74Q-
A78N—A81Q to demonstrate that thermal unfolding of the
secondary structure is accompanied by absorption of heat.
The T, andAH values obtained from DSC were comparable
to CD isotherms at 222 nm (Figure 1B, Table 2). The slightly
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1.0 égﬂﬁ@g A Table 1: Actin Affinity andTy's of the N-Terminal Unfolding
Qs 99 Transition from the Ellipticity at 222 nm of Tropomyosin Mutants
08 4 " 990 tropomyosin Kapp(x 1P M~1)2 CD Ty (°C)P
'-?5. Period 2 Mutants
8 298 wild-type 2.8+0.2 49
s 087 v A74L—AT8V—-A81L ~0.1 86
= Oy A74Q—-A78V—A81L 1.4+ 0.04 69
% Déa A74L—A7T8N—A81L 1.2+ 0.05 68
g 041 8. A74L—AT78V—A81Q 15+0.1 69
& ',g; . A74Q—A78N—A81Q 3.0+ 0.2 ND
v LTI
02 - A § noemta Period 1 Mutants
"0 e g "ag Al18L—A22V—A25L 1.5+ 0.08 56
Dngaw ?E . A18Q—A22N—A25Q <10 ND¢
J 2aCooMgadneees - —
00 . i i i i i i E‘io ’ ? aThe values foK, shown with standard errors. The data in Figures
0 10 20 30 40 50 60 70 80 9 1C and 3B were fit to the Hill equation, and tkgy, is that reported

Temperature (°C)

C, (key/ K mol)

Fraction of Maximal Binding (TM/Actin)

0.1

0.5
Free TM (uM)

Ficure 1: Mutations in period 2 of rat TM2. (A) Fraction folded
as measured by relative ellipticity at 222 nm as a function of
temperature. Wild-type TM2&), A74L—A78V—A81Q ), A74L—
A7T8N—AB8LL (v), A74Q—A78V—A81L (v), A74L—A78V—A81L

(m), and A74Q-A78N—A81Q (@). Conditions: 0.1 mg/mL (1.6
uM), in 500 mM NaCl, 10 mM sodium phosphate, 1 mM EDTA,
and 1 mM DTT, pH 7.5. (B) Heat capacity functions of wild-type
TM2 (solid line), A74L—A78V—A81L (dashed line), and A74Q
A78N—A81Q (dotted line). Conditions: 1.0 mg/mL (18M) at 2
atm pressure in same buffer as Figure 1A. (C) Actin binding: wild-
type TM2 @), A74L—A78V—A81Q (O), A7AL—A78N—A81L
(v), A74Q—A78V—A8B1L (V), A74L—A78V—A8lL (W), and
A74Q—A78N—A81Q (@). Conditions: TM2 was cosedimented
with actin (54M) at 20°C in 200 mM NaCl, 10 mM Tris-HCI, pH
7.5, 2 mM MgC}, and 0.5 mM DTT. The data are from two or
three experiments. Stoichiometric binding of 1 TM:7 actin is
represented by the 1.0 fraction of maximal binding. A7A78V—
A81L binding ratio is calculated relative to the value at saturation
for wild-type.

1.5 20 2530

by SigmaPlot for measurements at 200 MM NaCl (See Methods). The
Hill coefficients were~3 for all tropomyosins with a measuratigy,

At 100 mM NacCl, theKapp for wild-type TM2 and the A74EA78V—
A81L mutant were 5.6< 10° and 0.51x 10° M1, respectively® The

Tm is the observed midpoint of the third and final transition corre-
sponding to the N-terminal region of TM29). ND: no distinct final
transition was observed. These two variants unfolded with a single major
transition with a lowefT,, than the N-terminus of wild-type TM2. All
tropomyosins were fully folded ang100% o-helical at 0°C on the
basis of mean residue ellipticity.The N-terminus unfolds with the
second transition, without a distinct third transition as in wild-type TM2.
The overall Ty, (at which the ellipticity at 222 nm, normalized to a
scale of 0 [at C°C] to 1.0 [at 82.4°C] was equal to 0.5) was 44°C

for wild-type TM2, 39.4°C for A74Q—A78N—A81Q, and 40.9°C

for A18Q—A22N—A25Q.

higher DSCT,, and AH values reflect the higher protein
concentration used for DSC (1 mg/mL versus 0.1 mg/mL).
In comparison to the wild-type TM2, A74LA78V—A81L

and A74Q-A78N—A81Q both had lower totaAH andAS
values. The increase in the hydrophobic character of the core
with the addition of the Leu and Val residues in A74L
A78V—A81L likely resulted in this decrease when compared
to wild-type. The unfolding of all three proteins was almost
completely reversible (Figure 1B). Deconvolution analysis
of the wild-type TM2 indicated the presence of four distinct
transitions, consistent with previously published DSC work
on full-length tropomyosins27, 64). Of the four transitions,
the final two correspond to the N-terminal transition observed
with CD (reported in Table 2). A74£A78V—A81L dem-
onstrated a large shift in the final two DSC transitions,
whereas the A74QA78N—A81Q did not have the last
transition. The final transition present in the DSC of the
A74L—A78V—A81L was not present in the CD studies. Due
to the added pressure during the DSC runs, it was possible
to scan beyond 10€C and therefore observe the complete
unfolding of the A741-A78V—A81L mutant.

Analysis of Interface Packing using Molecular Modeling
and Relationship to StabilitjVe carried out modeling and
energy minimization analyses based on the Ala cluster in
the 2.1 A structure of the N-terminal 81 amino acids of
tropomyosin 26). We modeled residues 688, containing
the Ala cluster in period 2, or the mutations, into the 2.1 A
structure of the Ala cluster in period 1, replacing residues
11-32. The results give insight into the driving force behind
the observed stabilitysequence relationship. In the wild-
type and A74=-A78V—A81L mutants, the side-chains are
buried in the hydrophobic core, although the small Ala side-
chains of the wild-type pack poorly, reflecting its lower
stability (Figure 2A,B). The core packing of the A74Q
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Table 2: T, AS, andAH of Unfolding from the Ellipticity at 222 nm and DSC of Tropomyosin Mutants

transition 1 transition 2 transition 3 transition 4 totettcy

Tm AH Tm AH Tm AH Tm AH AH AS ka/(K mol)?
DSC
wild-type 325 46 39.8 65 52.0 62 54.2 66 239 0.7
A74L—-A78V—A81L 32.3 40 42.5 65 88.3 14 98.2 70 189 0.5
A74Q—A78N—-A81Q 30.9 52 42.4 54 51.5 34 ND ND 140 0.5
CDb,c
wild-type 31.4 15 39.6 40 48.4 163 ND ND 218
A74L—A78V—A81L 35 384 86.0 ND ND
A74Q—A78N—A81Q 27.6 13 39.1 123 ND ND ND ND 136

aTm, AH, andASvalues were obtained by doing a two-state fit to the excess heat capacity function in CpCalc. Deconvolution analysis resulted
in four transition temperatures, @, values. The final twdl,, transitions correspond to the N-terminal transition temperatures from CD.-A74L
A78V—A81L was completely unfolded at 10%. A T, of 98 °C was not observed in the CD melt. Thg at 88°C corresponds to the CD melt
Tm of 86 °C indicating that this mutant was not completely unfolded in the CD experimeFts. CD, theT, is the observed midpoint of the third
and final transition corresponding to the N-terminal region of TM2. ND: no distinct transition was observed. All tropomyosins were fully folded
and~100%a-helical at 0°C on the basis of mean residue ellipticityEstimate of the totaAH of unfolding as obtained by curve fitting of period
2 melts to three independent helix-coil transitions with dissociation accompanying the helix-coil transition at the highest temperaturelot. SigmaP
Total AH values are similar to DSC, however, the values corresponding to individual transitions difféxHN@lues could be extracted for
A74L—A78V—A8LL because it was not completely unfolded at°@

Ficure 2: Modeling of TM2 period 2 mutations. (AC) Views of the modeled TM2 packing through the core axis: (A) wild-type TM2;

(B) A74L—A78V—AB81L; and (C) A74Q-A78N—A81Q. Each view depicts the side-chains of residues 74, 78, and 81 of both chains (dark
gray and aqua) with hydrogens in white, oxygens in red, and nitrogens in magenta. Side views illustrate the differences between the side-
chain interactions in this region between wild-type TM2 (D) and A74QJ8N—A81Q (E). Arrows indicate possible hydrogen and electrostatic
interactions. Superposition of three of the backbones (F): wild-type (black), AZZBV—A81L (blue), and A74QA78N—A81Q (red)

illustrates the shift in the backbone as a result of the mutations.

A78N—A81Q mutant was also poor. The Asn and GIn side- of Asn and thex and carbons of GIn buried (Figure 2C).
chains bend away from the interface to allow exposure of In this regard, the A74QA78N—A81Q interface is similar
the hydrophilic amide groups, leaving only thecarbons to that of wild-type.
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The wild-type coiled coil is stabilized through the interac- 10 $OO A
tions of Ala residues 74, 78, and 81 with neighborangnd 9”505
d position residues. The(Asp75 and Glu82) and (Lys77) 333,
position residues form interchain electrostatic bonds (Figure ~ °° °°o .
2D). These canonical interactions were preserved in theg %
A74L—A78V—A81L mutant. 0.6

In the A74Q-A78N—A81Q mutant, however, exposure
of the hydrophilic amide groups of GIn74, Asn78, and GIn81
leads to rearrangement of the ionic and polar interactions.
The distortion of the Asn residues allows for formation of
new intermolecular hydrogen bonds in A74@78N—
A81Q, detailed in Figure 2E, and results in a more stable
interface than anticipated for large polar side-chains. The 0.0
exposed amides maximize stability by each forming hydro- 0
gen bonds that disrupt the canonical intercheity interac-
tions: GIn 74 @) to Asp 75 €), Asn78 @) to Lys 77 @)
and GlIn 81 {), as well as GIn81d) to Asn78 @) and GIn81 101 B
(d). In addition, the Asn and GIn residues are stabilized by
more favorable polar interactions with the solvent compared
to either wild-type or A74-A78V—A81L. An Asn with
comparable interactions was seen in a tropomyo&iGN4
leucine zipper chimerap). Some of these interactions are
consistent with other modeling studiés §1—63, 66). Unlike
the GCN4 and Jun leucine zippers, 67, 68), the Asn
residues do not appear to hydrogen bond with each other.

Actin Affinity. The actin affinity of the TM2 variants was
measured by cosedimentation. With increased stability there:
was a corresponding decrease in actin affinity (Figure 1C,
Table 1). The stable, canonical coiled coil mutation, A74L oo °, a 0o g ®%0®O
A78V—A8LL, reduced actin binding below a level that could ) 01 02 05 1 15 2 253
be measured at 200 mM NaCl (Figure 1C), and at 100 mM
NaCl the affinity was~10-fold weaker than wild-type. The FiGURE 3: Mutations in period 1 of rat TM2. (A) Fraction folded
AT4Q—AT8N—AB1Q mutant, with similar stability to wild- as measured by relati\f)e ellipticity at 222 r(1m) as a function of

type TM2, bound with wild-type TM2 affinity. In compari-  temperature. Wild-type TM2&), A18Q-A22N—A25Q (O), and
son, the A74Q-A78V—A81L, A74L—A78N—A81L, and A18L—A22V—A25L (v). Conditions: same as Figure 1A. (B)

A74L—A78V—A81Q mutants exhibited a2-fold decrease  Binding of period 1 mutants to actin. Wild-type TM®], A18Q—

in actin affinity, consistent with their intermediate stabilities. ?g%’;‘;é‘zégurgkca”d A1BL-A22V—A25L (¥). Conditions:
The correlation between thg, of the major unfolding '

transition and actin affinity is consistgnt vvjth other studies 7 °C (Figure 3A, Table 1), much less than when the

where_ we have p!acec_i a G.CN4 leucine zipper sequence afy, iations were introduced into the period 2 Ala cluster.

four different positions in striated musaletropomyosin 87,

: ) Given this, it is not surprising that the actin affinity of
58, 69.)' Whgn the _Ieucme Zlpper sequence replaced the A18L—A22V—A25L was close to wild-type (Figure 3B).
canonical coiled coil sequence, the stability of part of the

molecule increased, but the overall effect was not great andIn contrast, A18Q A22N—A25Q bound poorly to actin and
N . great, unfolded at a lower temperature than wild-type (Table 1).
the tropomyosins retained reasonable actin affinity. In

contrast, replacement of an Ala cluster in period 5 with a Models of the mutants give insight into the observed
stable leucine zipper resulted in a major transition with,a  differences in stability between the period 1 and 2 mutations.
> 20 °C higher than wild-type coincident with loss of The noninterface residues in period 1 differ from those in
measurable actin affinity3(). Introduction of the -V —L period 2 and the “ancestral” period sequen®).(The
and Q-N—Q mutations (at postiors—a—d) into the period A18Q—A22N—A25Q mutant exhibits two fewer possible
5 Ala cluster had similar effects to those in period 2 reported hydrogen bonds than the A74@78N—A81Q mutant; in
herein (unpublished results). Together the results support theperiod 1 Leul9 is at the position corresponding to Glu75.
suggestion that local instability, or flexibility, at noncanonical In modeling studies, mutation of Leu19 to Glu gave similar
regions of the tropomyosin coiled coil is required for side-chain interactions to those in period 2. We mutated the
tropomyosin to bind to actin26, 26, 30, 37). d—a—d Ala cluster in period 1 analogous to the region we
Mutation of the Alanine Cluster in Period Bince the mutated in period 2. Mutation of A22A25—A32, an
structure of the Ala cluster near the N terminus in period 1 a—d—a cluster, where the Asn and GIn residues have
is known @6), we introduced the mutations to create a comparable hydrogen bonding opportunities to those in
canonical coiled coil (A18=A22V—A25L) and to alterthe  period 2, might retain both stability and function. The impact
packing but not the stability (A18QA22N—A25Q). The of the mutations in period 1 on stability may also be
canonical coiled coil mutant exhibited an increasé jinof influenced by the proximity to the N-terminus. It is well
the major unfolding transition, but the increase was only established that changes to the highly conserved N-terminus

o3
oV
.V
°

0.4 4

Fraction Fold

10 20

0.2 -

Fraction of Maximal Binding (TM/Actin)

Free TM (uM)
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Table 3: Effect of Changes in Core Residues an IBterchain allow the requisite flexibility for actin binding. Our modeling
Backbone Bond Distances Calculated Using MOLMOL shows that in A74Q A78N—A81Q the Asn and GIn exhibit

less compact, Ala-type packing of the core, increasing local

o side-chain fluctuations. In contrast, the tighter packing of

A74—A78—A81 ATAL—A78V—ABIL A74Q-A78N-A81Q .the Leu and \./‘fil of the A74{.:A78V_A81L mutant wouI(_JI .
increase stability and, by being more locally rigid, may limit

TM81 Period 2 into Period 1 Distance irfA

;g:;g 451:2 g:g g:i the ability of tropomyosin to wind around the actin helix.

81-81 5.7 7.6 7.5 The closer interchain distance at the wild-type Ala cluster
TM81 wt Distance in & appears to be less important than the packing since the effect

) of the interface residue mutations on stability and actin

A18—A22—A25 A18L—A22V—A25L A18Q-A22N—A25Q aﬂ:|n|ty does not correlate with Changes in the interchain

1818 55 74 — distance in the coiled coil. Our results are consistent with

2929 4.0 56 41 the recent X-ray structure of a myosin rod fragment that
25-25 5.7 8.2 6.8 contains a coiled coil where the interface residues are poorly

packed but the interchain distance is typical of a canonical
coiled coil (71). We cannot address the importance of a

Full TM Period 2 Distance in A

A74_(AV%_ AB1 A7AL-A78V—A8IL A74Q-A78N—AS1Q stagger or bending since the modeled structures retained the
- stagger. Comparison of the effects of comparable mutations
74-74 55 8.0 7.3 . ) .
78-78 51 6.1 6.3 in periods 1 and 2 shows that the context of the interface
81-81 6.8 8.7 8.0 mutations also influences both stability and function.
Full TM Period 1 Distance in & If optimal flexibility and stability are more important than
w) the identity of the interface amino acids per se, how are the
A18-A22—-A25 A18L—A22V—A25L A18Q-A22N-A25Q Ala clusters present in the “ancestral” 42-residue tropomyosin
18-18 53 74 6.3 period @5) conserved through gene duplications and evolu-
22-22 3.9 6.3 5.2 tion? Alanine has high helical propensi®2j and is the most
25-25 5.8 7.8 8.0 abundant amino acid in-helices, along with leucinerg).
aThe distances were calculated in models made using the TM81 Ala also has a high frequency in coiled coils, second to
structure 26). For the period 2 mutants, residues-@8 were leucine in the interface positions, although the frequency in

substituted for residues +B2 in TM81 (see Materials and Methods).
b The distances were calculated in models made usig th structure
of full-length skeletal tropomyosirbQ).

tropomyosin is unusually higi24, 74). Therefore, we can
presume Ala was prominent in the “ancestral” coiled coils
which were modified to allow binding to actin, becoming
. . - _ . tropomyosin. An interface alanine allows coiled coil forma-
that destabilize the coiled coll in that region result in loss of tion, and since the side-chain is buried it does not interfere
actin affinity (49, 57’_70)' o with the interactions of other side-chains with each other or
_ Effect of the Mutations on the Modeled Interchain Distance (4rget proteins. Point mutations in Ala codons would result
in the Coiled Coil.In the crystal structure, the helical axis 4 amino acids, with the exception of Val, that are unfavor-

|r}the reg!onlof thleéAla q:uste(rjrsrzl A cloijer than in regions 4 able in the core, although apparently tolerated and retained
of canonical coiled coll, and the residues are staggered,;, some cases. Asn and Gln, which are found indlzendd

IetadTg to a benSZ(G). Inﬂgheam(t)dels, .bazgcti on thg 2';]’8‘ positions of coiled coils (although Asn is never in an
structure (see above), thexdnterchain distances in the position in tropomyosin), would require a minimum of two

transposed "wild-type” Ala cluster were similar to those base changes and probably result from point mutations of

found in the crystal structure~5.5 A for d positions . . : ;
alanines, and-4 A for thea position Ala (Figure 2F, Table codons for other amino acids favorable for coiled coils.
' P g ' However, unlike Ala, the ability of Asn and GIn to form a

3), ~1.5-2 A closer than the interface residues in canonical “stable-but-not-too-stable” coiled coil depends on the identity

coiled coil regions of the structure. In contrast, in A74L t neiahboring interf d nterf '
A78V—AB8LL, the interchain distance increased by the of neighboring Intertace and noninterface residues.

expected 1.52 A. In A74Q—A78N—A81Q, the interchain Conclusions The interface residues of the tropomyosin

distances were similar to those of the canonical coiled coil. coiled coil were mutated to change the stability and packing.
Modeling of the period 1 mutations in TM81 and of the Analysis of the mutant proteins showed that the local
mutations in both periods in the full-length A structure of ~ flexibility, as reflected in the stability, of the coiled coil of

tropomyosin $0) gave similar results (Table 3). a region of tropomyosin about one-third from the N-
Correlation of Modeled Structures with Experimental terminus, is important for actin binding. Modeling shows
Analyses and Implications for Tropomyosin Functidhe how the core residue mutations can influence the local

wrapping of tropomyosin around the actin filament helix Structure and stability. We conclude that interruption of the
requires two types of coiled coil deformation: local bending canonical coiled coil with regions of lower coiled coil
and sliding of the chains relative to each oth2b, (30). stability, and potential for increased dynamic core side-
Brown et al. 6) postulated that the bends resulting from chain fluctuation, is important for tropomyosin function. The
the staggering of the helices at the periodic Ala clusters allow results lend support to our hypothesis that noncanonical
for tropomyosin flexibility on the actin filament. If lower  packing of the coiled coil and resultant flexibility are
stability of the N-terminal unfolding transition reflects greater important for the binding interactions and function of coiled
local flexibility, then interface residues other than Ala can coil proteins 88).
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