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ABSTRACT:. Small-angle neutron scattering with contrast variation has been used to determine the shapes
and dispositions of the three subunits of cardiac troponin and to study the influence of phosphorylation
on the structure. Three contrast variation series were collected on three different isotopically labeled variants
of the cTnC/cTnl/cTnT(198298) complex, one of which contained deuterated and bisphosphorylated
cTnl. Analysis of the scattering data shows cTnT(2288) interacting with a single lobe of a somewhat
compacted cTnC that sits at one end of an elongated rodlike cTnl, covering about one-third of its length.
The cTnT(198-298) sits near the center of the long cTnl axis. The components undergo significant
conformational changes and reorientations in response to protein kinase A phosphorylation of cTnl. The
rodlike cTnl bends sharply at the end interacting with the cTnC/cTnH298) component, which reorients

SO as to maintain its contacts with cTnl while undergoing only a relatively small change in shape.

Troponin and tropomyosin form a €asensitive switch Ca*, Tnl inhibits strong contacts between myosin and actin
that regulates the actin-myosin S1 interaction responsible forin the absence of the €asignal, and TnT anchors troponin
contraction in striated muscle tissue (for reviews see refs to the thin filament and plays a role in transmitting thé'Ca
1-4). Troponin is composed of three subunits; Trihds  signal along the thin filament. Two isoforms of TnC and
Tnl exist in striated muscle; slow skeletal or cardiac (cTnC,
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of Health Grants GM40528 (J.T.), AR44324 (P.R.R.), and HL52508 inactive C&"-binding site (site 1) in the regulatory domain
(H.C.C); and the Department of Defense Grant ARO MURI DAAP19- (5)_|n the case of Tnl, the cardiac isoform has an N-terminal

62-1-0227 (P.R.R.). Neutron scattering data were obtained using . . . . .
instrumentation at the Institut Laue-Langevin, extension with two adjacent serine residues that can be
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In our previous small-angle neutron scattering study with (198-298) into buffer containing 10% @, 20 mM Tris-
contrast variation of the cTnC/cTnl/cTnT(1:9898) complex di; (pH = 6.8), 500 mM KCI, 10 mM CaG| 5 mM DTT,
with deuterated cTnC () (15), we identified significant 5 mM BME, 0.1 mM AEBSF, and 0.1 mM leupeptin. If
structural differences between the isoforms of the cardiac necessary, théiN, D]JcTnC/cTnl/cTnT(198-298) complex
subunits and those of skeletal troponin. Earlier neutron was further purified by size exclusion chromatography on a
scattering experiments of the skeletal systdi®) (evealed Pharmacia Superdex 75 column equilibrated in 20 mM Tris
that sTnC is extended in the ternary skeletal troponin (pH = 7.5), 500 mM KCI, 10 mM CaG| 5 mM BME, and
complex, as it is in the binary sTnC/sTnl compleix’(18) 1 mM PMSF. Preparation of the complexes with the
and in the crystal structure of the isolated sTnC that first deuterated cTnl component were formed in a similar fashion
revealed its distinctive dumbbell shage®). In contrast, our (7).
neutron scattering studies of cardiac troponin revealed a Phosphorylation of cTnkTnl was phosphorylated by the
partially collapsed conformation for cTnC in which the two catalytic subunit of PKA, using a cTnC affinity column as
C&"-binding lobes are in closer proximityt). This result previously describedl(). In this procedure, the phospho-
is supported by NMR studies of cTnC complexed with cTnl rylation was carried out in the column for 20 min at 3D,
(20). The crystal structure of sSTnC complexed with the and the reaction was terminated by washing the column with
peptide sTnl(+-47) also reveals a partially collapsed con- cold buffer containing Cd. Phosphorylated cTnl was eluted
formation for sTnC 21), although the orientation of the with buffer containing EDTA. The extent of phosphorylation
globular lobes with respect to each other differs, suggestingwas quantified by treatment of the sample with alkaline
that TnC'’s inherent potential for flexibility is an important phosphatase, followed by determination of inorganic phos-
consideration in interpreting structural data and in under- phate using the EnzChek Phosphate Assay kit. Phosphory-
standing the details of its function as a molecular switch. lation of the two PKA sites in cTnl was 90%.
Neutron scattering studies also revealed that sTnl in the Preparation of Stock Solutions for Neutron ScatteridgO
binary complex 17, 18) and in the ternary troponirlf) is and DO Buffer solutions were prepared containing 20 mM
even more extended than isolated sTnZD)( although Tris, 500 mM KCI, 10 mM CaGlL 5 mM DTT, and 0.1 mM
additional interactions with sTnT appear to stabilize a AEBSF. The solutions were titrated to a final pH of 7.5 with
somewhat more compact version as compared to the binaryeither HCI or DCI. Equal aliquots~1 mL) of the original
complex. In the binary complex, sTnC and sTnl are highly stock solutions of the three complexes were dialyzed
intertwined (L7, 18, 22), while ¢cTnC and cTnl/cTnT(198 overnight against either the,8 or the DO buffers using a
298) have a much smaller surface area of interactid). ( dialysis membrane with an 8 kDa molecular mass cutoff.

In this paper, we present the results of experiments using The original complex concentrations were-3%8 mg/mL.
small-angle neutron scattering with contrast variation to study For more accurate background subtraction, quantities of each
three variants of cardiac troponin. We repeated our measuredialysate from the dialyses were retained for use in the
ments on the Tgz complex (5). To obtain more information  neutron scattering experiments.
on the organization of the subunits within the unphospho-  Small-Angle X-ray Scattering Measureme@sall-angle
rylated complex, we also collected data on the same complexX-ray scattering measurements were performed with the line
but with cTnl deuterated (T), which allowed us to  source instrument at Los Alamos National Laborat@$)(
determine the shape of the cTnl component within the ternary Data reduction followed published procedures to correct for
complex and infer the location and shape of cTnT@98 detector sensitivity and background sign2B){ The mea-
298). We also evaluated the effects of PKA phosphorylation surements also served to determine that the samples were
by collecting data for the complex with cTnl both deuterated free from nonspecific aggregation and the influence of
and phosphorylated (Tip). All of these experiments were interparticle interference. Because X-rays are scattered by
done using samples in which the complexes weré"Ca electrons, the different isotopic compositions of the compo-
saturated. nents in the complex do not effect the scattering densities.

The data can be used to produce models of the overall

MATERIALS AND METHODS complex assuming it is a uniform scatterer with internal

Troponin Complex Formation*>N, D]cTnC and cTnl density fluctuations significantly less than the contrast (the
were expressed and purified as previously describgd ( square of the scattering length density difference) between
cDNA encoding of cTnT(198298) was generated by PCR the complex and the solvent. The monodispersity of the
and subcloned into the pET2B3expression vector. cTnT-  sample was characterized by collecting data at a series of
(198—-298) was expressed in BL21(DE3)-RIL cells and fractional protein concentrations)(of 1.0, 0.8, 0.6, 0.4, and
purified by chromatography on Pharmacia CM-Sepharose 0.2 of the complex in the 0 and DO stock solutions. To
and Superdex 75 columns. Complex formation was carried determine protein concentration, data were collected for a
out by dissolving cTnC, cTnl, and cTnT(19298) at a molar lysozyme standard) at the same fractional concentrations
ratio of 1:1:1.1 h 6 M urea, 150 mM NaCl, 25 mM Tris  to calibrate the(0) values, which are related to the molecular
(pH=7.5), 1 mM EDTA, 1 mM DTT, and 1 mM PMSF.  weight of the protein through the equatig(0)/mysCys =
An extensive dialysis against 25 mM Tris (pH 7.5), 10 [in(0)/MinCin (lys = lysozyme, tn= troponin,m = molecular
mM BME, 10 mM DTT, 10 mM Cadj, 0.1 mM AEBSF, weight, andc = concentration in mg/mL).
and 0.1 mM leupeptin followed. Complex formation was  Small-Angle Neutron Scattering Measurementtures
monitored by following individual PN, D]JcTnC amide of the HO and DO stock sample solutions were made with
resonances in BN HSQC NMR spectra. NMR samples of 0, 10, 20, 30, 40, 90, and 100% of the@stock solution in
C&"-saturated’PN, D]cTnC/cTnl/cTnT(198-298), 0.4-1.0 preparation for measuring seven different neutron contrast
mM, were prepared by exchangin§Nl, D]JcTnC/cTnl/cTnT- values (seeData Analysissection). Corresponding back-
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ground solutions were made. All volumes for mixing were scattering lengths of hydrogen and deuterium makes it
weighed to ensure optimal background subtraction for the possible to change the scattering length density of a protein
samples in the data reduction. The 0, 10, 20, 30, and 40%by substituting one isotope for the other. Small-angle neutron
samples were measured using 1 mm path length cells, whilescattering data for a sample containing one component
2 mm path length cells were used for the 90 and 100% labeled with deuterium and another unlabeled component can

samples. The precise,D content of each solution was

be collected in several J/D,O mixtures to give a contrast

determined by comparing its neutron transmission to that of series of measurements of intensity profilég). Thesd (q)

the HO buffer and pure BD. The transmissior,, is related
to the absorbance, and path lengthd, of the sample by

versusq data sets can be written as a set of linear equations
in the basic scattering functions corresponding to the

= In(T)/d. The absorbance varies linearly with hydrogen scattering functions of the labeled and unlabeled components
content of the buffer. The results of the hydrogen content and a cross-terni{, 29). The Fourier transform of the cross-
determination were used throughout the analysis of the dataterm gives the distribution of vectors lengths between the
but the percentage mixtures for the®ID,O solutions are labeled and the unlabeled components. A multiple linear
given as unadjusted numbers representing the mixing of theregression routine3Q) was implemented in the C program-
stock solutions throughout this paper. ming language at Los Alamos National Laboratory to solve
Small-angle neutron scattering experiments were per-for the three basic scattering functions from the contrast
formed at the High-Flux Reactor of the Institute Laue- series. These basic scattering functions are then used to derive
Langevin in Grenoble, France using the D-22 SANS information on the shapes of the components, as well as their
instrument 25). Two instrument settings were used to relative dispositions.
provide an adequatg range for the data analysis (0:61 Structural models of the isotopically labeled subunits and
0.30 A™Y); detector distare 4 m and wavelength 10 A for  the overall complex were determined from the basic scat-
low g and detector distance 2.5 m and wavelargtA for tering functions and the X-ray scattering data using methods
high g data. The wavelength spread was/A = 0.10 developed at Los Alamos National Laboratory. The same
(fwhm). Sample and background intensities were collected modeling approaches were employed to generate models in
at both instrument settings for all samples. Data reduction this study as were used in our earlier studies of cardiac
followed standard proceduregf) to correct for detector  troponin (L5): GA_STRUCT is a program that generates
sensitivity and sample background. The data sets from theab initio shapes to fit scattering data, while CONTRAST
two distances were merged using the routines included with uses the contrast series data to determine the relative positions
the data reduction software. Errors cited for parameters areand orientations of components using the shapes found by
propagated from the counting statistics of the scattering data.GA_STRUCT. GA_STRUCT produces a family of models
Small-Angle Scattering Data AnalysiShe small-angle = composed of aggregates of spheres that fit the intensity
scattering intensity profile of monodisperse, identical particles profile. The family of structures is then characterized for
in solution can be written as similarity to produce a consensus envelope representing the
o portions of structure that are consistent across the majority
1@ = 1 (o(T) — pJe " dr I 1)

of the members of the family of structures. CONTRAST
takes a set of known structures and finds the relative position

where p(F) is the scattering length density of the particle, and orientation of the structures that best fits a set of contrast

andps is the average scattering length density of the solvent. variation intensity profiles. Both GA_STRUCT and CON-

G is the momentum transfer, having the magnitudgésin TRAST use the fitting parametef defined in eq 3 to

6)/A, where B is the scattering angle arids the wavelength. ~ €valuate the quality of the fit.

The integration over the particle volume is rotationally )

averaged. The experiment measures the time and ensemble 1 [ (@) — 1(a)

2

o(q)

average information for all particles in solution. F=—
Npis is the number of points in the data s&g) and1m(q)

Small-angle scattering data can be analyzed according to N
Guinier analysis to give an estimateRy(27). The probable

are the experimental and model intensities, respectively, and
o(q) is the experimental uncertainty &fg).

©)

pts\ Npts

distribution of vector lengths,, between scattering centers
within the scattering objecB(r), provides more information
on the shape. The relationship betwégr) andP(r) is given

by the Fourier transform in eq 2. RESULTS

Table 1 shows th&y and dmax values determined from
the small-angle X-ray scattering data collected for the
lysozyme standard and the three troponin complexes col-
lected in HO and BO. The protein concentrations in the
stock solutions, determined as described in Materials and
Methods, are included in Table 1 for reference. These
intensity profiles. The boundary conditiof$r)/r = 0 atr concentration values were used in the extraction of the basic
= 0 anddnax are applied tdP(r). scattering functions. Figure 1 shows a plot of tR&)

Contrast variation is a powerful tool for studying proteins functions of the unphosphorylated @ H,O is shown)
in solution. Neutrons are scattered by atomic nuclei, and asand phosphorylated (Tt in H.O is shown) troponin
a result isotopes of the same element can have very differenttomplexes determined from the X-ray scattering data. The
neutron scattering properties. The dramatic difference in the curve for the unphosphorylated complex clearly has a rodlike

P(r) =§ [ do(an)(9) sinar) @

The indirect Fourier transform algorithm developed by Moore
(28) was used to determirfe(r) from the measured intensity
profile. An expansion in simf)/qr is used to describe the
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Table 1: Structural Parameters Derived from the X-ray Scattering A 020
Data for Lysozyme and the Troponin Complexes igOHand DO 0.05 -
as Determined byP(r) Analysis Using the Moore Algorithm2@)2
Rg dmax c iy
A &  (mgimL) 2 0041
lysozyme standard ~ 14.6+ 0.3 45+ 2 infinite =]
in H2O (24) dilution o 0.034
Tngc H20 30.3+1.3 96+ 7 4.1 o
Tngc DO 29.2+ 1.0 90+ 5 4.6 ~—
Tng H0 31.7£ 1.3 95+ 5 3.7 > 0.02 -
Tng DO 28.7£ 1.3 90+ 6 3.5 =
Tngip H:0 31.3+ 1.7 100+ 6 3.9 @
Tngp DO 31.9+0.9 97+ 5 5. o 0014
et
@ The Ry anddmax values for the Tge in H.O are smaller, by-3 and £
4 A, respectively, than determined from our earlier measurements of 0.004
this complex 15). From Table 2, it can be seen that this difference is

attributable to differences in the cTnl/cTnT(:9898) component. The 0.00
results of the lysozyme measurements, which were determined from
data extrapolated to infinite dilution, and the resulting troponin complex
concentrations are included for reference.

B 0.05
0.15
250 4 010
!iﬁii > 0.04 o 005
200 L] @QE;% b= @o.oo
5 =
" fﬁ% S o003 08
gt e s .
- E — 20 40 60 80 100
= ) % 8 002 % D,0
I 100 > - I
® =
i w VN AAMAAAAAA AAAAAAAAAAAAAAAAAALLL
w0l i 2 0.01 —
. iiﬂ&al Q NABAAAAAAAAA A AN A A A A D aa
0de 2l E}x £ 000 .
0 20 40 60 g 100 005 010 015 020 025 0.30
r(A) q (1/A)
Ficure 1: P(r) functions derived from the X-ray scattering data 0.0
using Moore's algorithm28). The Try complex in HO (®) and C 054
the Tndlp complex in BO (O) are shown.
& 0.04-
character with peak near 27 A and a very weak shoulder =
near 50 A. TheP(r) for the phosphorylated complex has a S (.03
single broad peak that is centered around 35 A indicatinga g
significant change in the overall conformation of the troponin %0 100
complex upon phosphorylation. : 0.02+
The scattering data from the three neutron contrast =
variation series collected are plotted in Figure 2; top iscTn c 0014 o
middle is Ty, and bottom is T, There are only six %
complete intensity profiles for the phosphorylated complex — 0.00
because data were only collecteéddam for the 100% O . —

T T T T T T T T
sample. The inset plots are ¢fi(0) versus the fraction of 000 005 o010 015 020 025 030
D20 in the solvent, determined from the sample transmis- q (1/A)
sions. Thd(0) values were corrected for protein concentra- o _ _
tion and sample path length. All three curves are fit well Ficure 2: Neutron contrast variation series for the three troponin

. . ) . . complexes measured: (A) I® (B) Tng, and (C) Try. The
with a straight line. Thexintercept (%DO) is the contrast intensity profiles have been vertically offset for clarity. Ea{)ch symbol

match point for the complex, which is used to determine corresponds to a % in the solution from top to bottorrll (0%),
the level of deuteration of the labeled subunits. ThgcTnh O (10%), A (20%),v (30%), ® (40%), open triangle pointing left

complex was deuterated te91% of all nonexchangeable (90%), and solid triangle pointing right (100%). The inset plots

hydrogens, while the Tqnand Try, complexes were deu- are of vs %D0O. Thex intercept shows the contrast match point
’ b for the complex.

terated to~75%.

Stuhrmann plotsl(7, 29) for each contrast variation series  which can be related to thi, of the components and the
are shown in Figure 3. The square of Rgletermined from approximate separation of the centers of mass. Thg Tn
the intensity profiles in the series are plotted as a function curve has a clear quadratic character. Analysis of the
of the inverse of the contrast of the complex. This curve curvature indicates that the centers of mass of the cTnC and
can be described as a quadratic form, the coefficients of cTnl/cTnT(198-298) are separated by 344 A. The curve
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Ficure 3: Stuhrmann plotsi@, 29) for Tngc (A), Tng (B), and Tnaip (C). The curves in each plot are the deuterated component
Tnap (C). (@), the undeuterated component)( and the cross-terma(.

fit to the data of the T complex is almost a straight line, of differential exchange mechanisms in cTnl caused by
having a very slight positive curvature. The fit indicates that phosphorylation. Inhomegeneity in the labeling would affect

the centers of mass of the cTnl and the cTnC/cTnT{198 all the Stuhrmann analyses, resulting in the calculated
298) are nearly coincident(10 A). The positive curvature  separation of the centers of mass being systematically small.
for Tngip could be indicative of inhomogeneous labeling of ~ The basic scattering functions extracted from the three
the deuterated subuni8l) or be the result of slight fD- contrast series are shown in Figure 4. The results for the
induced aggregation, although there was no clear evidenceTngc complex (Figure 4A) reproduce the results from the

for aggregation. Inhomogeneous labeling could be the resultbasic scattering functions of the previous neutron scattering
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Table 2: Structural Parameters of the Troponin Complex and
Isotopically Labeled Components as DeterminedPfs) Analysis

Using the Moore Algorithm Z8)2

1 :’\;.. i
. I:I\'I;, AT
T T T M T i‘l’Ir-l
0 25 50 75 100 125
r (A)
- |
a
T T T T ‘;:lv-
0 25 50 75 100 125
r (A)
L E_
x o *
—_ ) - ,"c =1
= - =1
o ': ":@vzlv
.- b=
. i*q Y
R Iﬁfﬁﬁﬁfﬂ{ﬂk ‘Ir_;&?
0 25 50 75 100 125
r (A)

Ficure 5: P(r) functions derived from the basic scattering functions
for Tnyc (A) (cTNC W, cTnl/cTnT(198-298) O), Tng (B) (cTnC/
cTnT(198-298)M, cTnl O), and Thy, (C) (cTnC/cTnT(198-298)

W, cTnl O).

experiment very well5). TheP(r) for the cTnC component
(Figure 5A) agrees with the previous experiment to within
error, while there are small differences in tR&) for the
cTnl/cTnT(198-298) component between the experiments,
which is also reflected in somewhat smallgy and dmax

Rg dmax

A) A)
cTnC 20.1+ 0.1 70+ 3
cTnl/cTnT(198-298) 33.3+ 0.4 125+ 6
cTnl 38.0+ 0.3 131+ 5
cTnC/cTnT(198-298) 29.6+ 0.5 108+ 8
cTnlpp 39.0+ 0.3 127+ 7
cTnC/cTnT(198-298) (phos.) 28.3- 0.6 105+ 8
cTnC (15) 20.1+0.7 65+ 5
cTnl/cTnT(198-298) (L5) 35.0+ 1.4 115+ 8
cTnC/cTnl/cTnT(198-298) (15) 33.1+05 100+ 5

aStructural parameters determined in the previous small-angle
scattering study of the T are provided for comparisoriLf). Note
that the cTnl/cTnT(198298) component has a smallBg and dmax
value as compared to what was previously measured, while the values
for cTnC are unchanged.

Table 3: Structural Parameters for the Consensus Envelopes
Produced by GA_STRUCT from the Basic Scattering Functions

Feg dmax

A) )
cTnC 20.6 70.6
cTnl/cTnT(198-298) 34.4 123.4
cTnl 30.5 99.1
cTnC/cTnT(198-298) 39.0 137.9
cTnlpp 28.8 93.5
¢TnC/cTnT(198-298) (phos.) 40.5 141.5

structure, but thé>(r) functions determined from the basic
scattering functions of the three complexes (Figure 5B,C)
reveal significant difference®(r) functions for cTnC/cTnT-
(198-298) (Figure 5B,C) show two strong peaks-ait8

and 45 A, but the ratio of the peak heights varies with the
second peak weakening upon phosphorylation. At the same
time, the broad peak around 25 A of tRé) for the cTnl
component resolves into a peak at 30 A and a shoulder at
~12 A upon phosphorylation. There is also an increase in
the relative intensity of the vector length$0 A. It may be
relevant that cTnl is predicted to be a mostlyhelical
protein, and the shoulder at 12 A that is most evident in the
phosphorylated state could be due to this large amount of
o-helix. The Ry and dmax values calculated from thE(r)
functions of the basic scattering functions are listed in Table
2. The effects of phosphorylation of cTnl is seen in a
decrease iRy for cTnl by 1 A and a corresponding increase
for cTnC/cTnT(198-298) by 1.3 A.

Figure 6 shows the results of shape restoration by
GA_STRUCT applied to the X-ray scattering data of thg, Tn
and Try, complexes. The unphosphorylated complex can be
reasonably approximated by a peanut shape. The length of
the envelope is-108 A, and the width is-50 A. In contrast,
the Tny, structure is a bent rod. The length of the envelope
is ~104 A, and the width of each globular domain~g0
A. The Ry anddmax Of the consensus envelopes are listed in
Table 3.

The results of GA_STRUCT shape restoration applied to
the basic scattering functions are shown in Figure®7
(Tngc, Tng, and Tray, respectively). Each consensus envelope
is shown in three orthogonal views, and the structural

values (see Tables 1 and 2 and Discussion). The curves foparameters of the consensus envelopes are listed in Table 3.
the Try and Try, complex both indicate a highly extended The consensus envelopes for thed(Figure 7) reasonably
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Ficure 8: Three orthogonal views of the consensus envelopes
produced by GA_STRUCT from the §inbasic scattering func-
tions: cTnC/cTnT(198298) (A) and cTnl (B).

Ficure 6: Three orthogonal views of the consensus envelopes A
produced by GA_STRUCT from the X-ray scattering intensity
profiles for the unphosphorylated (A) and phosphorylated (B)
troponin complex.

Ficure 9: Three orthogonal views of the consensus envelopes
produced by GA_STRUCT from the §p basic scattering func-
tions: cTnC/cTnT(198298) (A) and cTnl (B).

g function using the NMR structur@Q) reproduce the results
. ¢ presented in the previous studyp] in that the cTnC structure
Ficure 7: Three orthogonal views of the consensus envelopes is partially collapsed and thus are nqt presented again here.
produced by GA_STRUCT from the Tl basic Scattering func- The CTnI/CTnT(198'298) Component IS an eXtended, rodlike
tions: ¢TnC (A) and cTnl/cTnT(198298) (B). structure with a slight bend near the middle.

The structures determined from the basic scattering func-
reproduce the results of the previous neutron scattering studytions of the Tr, (Figure 8) and Tq, (Figure 9) complexes
of the complex {5). The cTnC component is a relatively are also rodlike but with distinctive differences. The cTnl
compact structure with indications that it is bilobal. The has a rodlike structure with some bulges in both the
results of applying CONTRAST to the cTnC basic scattering phosphorylated and the unphosphorylated forms, and phos-




Solution Structure of Cardiac Troponin and Effects of Phosphorylation  Biochemistry, Vol. 42, No. 25, 2003797

A

= 001
c
=
o)
e
A
> 1E-34 PG
= ] . ‘425"
‘® ae ey, **i30 “ula
c Sy oy T
5 Saq ren Wiy
y Qg Phey T
£ EEE P 1
g3,
1E-4 T T T T T T T -ggl
.20
0.01 o
~—~
[%)
B
c
= 1
y 1E-3 45
= 5
©
S
>
=
) 1E-4 4
c 1
! m ]
e = - E
Ficure 10: Three orthogonal views of the structures produced by — 1 y
CONTRAST by modeling against the contrast variation series using 1E-5 . \

the consensus envelopes derived from the basic scattering function:
for the Tryc (A) and Tny (B) complexes. The ¢TnC in Tp and
the cTnC/cTnT(198298) in Try are colored red.
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Ficure 11: Three orthogonal views of the structure produced by 0.05 0.10 015 020
CONTRAST for Try,. The cTnC/cTnT(198298) in Try, is q (1/A)

colored red. . . .
Ficure 12: Fit of the model intensities produced by contrast to

phorylation causes the cTnl to bend at one end. Both of thethe series data for g (A), Tng (B), and Try, (C). The %D20
cTnC/cTnT(198-298) components are L-shaped structures solutions are labeled as follows from top to bottom:and solid

. : : line (0%), O and dashed line (10%} and dotted line (20%)y
made up of two or three ellipsoidal domains, although the and dash dot line (30%).4 and dash dot—dot line (40%), open

L-shape and possible three domain structure is more ac-giangle pointing left and short dash line (90%), and closed triangle

centuated in the nonphosphorylated complex. pointing right and fine dotted line (100%). The 100% plot is missing
Models of the intact complex were developed using the from the Try, series because it was incomplete.

consensus envelopes produced by GA_STRUCT and the

contrast variation series for all three sets of intensity profiles. the cTnC component lying roughly parallel to the long axis

The models produced by CONTRAST of the two unphos- of the c¢Tnl/cTnT(198-298) component. The volume for

phorylated troponin complexes are shown in Figure 10 in which the components overlapped in the model is attributed

three orthogonal views. The danmodel (Figure 10A) has  to cTnC because this assignment gave a significantly better
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fit to the data than assigning it to cTnl/cTnT(19898). The
overall structure of the Tgncomplex (Figure 10B) is very
similar to that of the Tgz complex. The peanut-shaped
domain of the ¢TnC/cTnT(198298) component overlays
well with the cTnC component from the other structure. The
position and shape of cTnT(19&298) can be inferred to be

Heller et al.

higher quality data and larger number of contrast points
measured provides for greater accuracy in the current study.
There are a number of important new contributions to our
understanding of cardiac troponin structure and function from
the current study. Importantly, we have located the cTnT-
(198—-298) component within the ternary complex, showing

the extra globular domain located near the center of the cTnlit has a compact globular shape and interacts principally with
component, which appears as the shoulder on the cTnl/cTnT-one domain of cTnC, sitting approximately halfway along

(198—-298) consensus envelope from thedresults (Figure
7B). The models indicate that the cTnT(9898) interacts
with only one C&"-binding domain of the cTnC (Figure 10)

the extended rod-shaped cTnl. We also have characterized
a rather significant conformational change and repositioning
of subunits upon phosphorylation of cTnl. Phosphorylation

but cannot be used to say which domain. The model of the of Sef® and Set* of cTnl results in the sharp bending of
phosphorylated complex produced by CONTRAST using the that component, accompanied by a smaller conformational

cTnC/cTnT(198-298) and cTnlpp envelopes is shown in
Figure 11. Phosphorylation of cTnl results in a rotation of
cTnC and the segment of cTnl interacting with it away from
the axis of the original cylinder.

The fit of the model intensities to all three contrast
variation series are shown in Figure 12. The fitting param-

change in the cTnC/cTnT(19898) component. The models
produced by CONTRAST show that in the unphosphorylated
state, the cTnC lies along the length of the cTnl/cTnT(198
298) component. Upon phosphorylation, the ¢cTnC/cTnT-
(198—-298) component remains in contact with the bent end
of the cTnl, rotating away from the main axis of the cTnl.

eters for the final models were 5.8 (&y 2.8 (Try), and Our results suggest that both ¢cTnC and cTnT(1288) are
14.2 (Tryp). An F value of 1.0 implies that the model in contact with cTnl in the general area of theBand Set*
intensity fits the data and that the counting statistics of the residues.
data are representative of the errors in the data. The fact There have been several studies of the influence of
that our values of the fit parameter are greater than 1.0 is phosphorylation on the interaction between troponin subunits.
most likely attributable to the high statistical quality of the Interactions between the unphosphorylated cardiac specific
ILL data that results in statistical uncertainties that are not N-terminus of cTnl and the regulatory domain of cTnC are
representative of the true errors. The higher fit value for the thought to stabilize the regulatory domain and favor the
Tnqp Series might also in part be attributed to the inhomo- conformation in which the hydrophobic cleft formed by the
geneous labeling of the components that is suggested by thepairs of helices in that domain is oper?, (10, 33).
Stuhrmann plot, which would result in poor fits at high ~ Phosphorylation of the cardiac specific N-terminus reversed
values where the effects of internal density fluctuations can its effects within the regulatory domai33). Mapping of
be apparent. Another possible cause of the difficulties in the interactions between the cardiac specific N-terminus and
fitting the contrast variation series for the phosphorylated the regulatory domain of cTnC suggests that the cardiac
sample could be the effects of interparticle interference, specific N-terminus stabilizes the defunct?Chinding site
suggested by the slight downturn at lgwn the Ty, data I, thereby increasing the population of open/active regulatory
(Figure 12C). Phosphorylation causes the complex to becomedomain conformations7( 34). These stabilizing regulatory
more negatively charged, which can result in an increaseddomain interactions are lost upon PKA phosphorylation of
tendency for spatial correlations between the particles in cTnl. Fluorescence studies using labeled cTnC have also
solution. Although we saw no evidence for this effect in our shown that phosphorylation decreases theé*Qainding
X-ray measurements, to ensure that possible interparticleaffinity of cTnC (7—9, 35) and increases the €adissocia-
interference effects were not impacting our modeling results, tion rates 86). Recently, deletion mutagenesis defined the
the modeling was repeated with a higher cut off for the low minimal region of the cardiac specific amino terminus of
g data, and the results were not affected. cTnl necessary for stabilizing regulatory domain?Ca
binding to be residues 389 (37). This result is consistent
DISCUSSION with earlier studies demonstrating that the binding affinity
This study of the cardiac troponin with a new sample of the regulatory domain of cTnC for the cTnl(1:2266)
preparation and greatly improved statistics in our scattering peptide was reduced in the presence of phosphorylated cTnl-
data has confirmed our previous observatidrs.(The cTnC (1—-80) as compared to the unphosphorylated fragmeént (
component is somewhat compacted and interacts with an Fluorescence studies have also identified conformational
approximately rod-shaped cTnl/cTnT(:9898) component  changes occurring in cardiac troponin upon PKA phospho-
with the area of interaction centered roughly one-third of rylation of the cardiac specific amino terminus of cTh2(
the way along the rod. Some differences to the previous 13). The axial ratio of the cTnl decreases producing a more
experiment were noted. The cTnl/cTnT(19898) compo- compact structurel@). This result is consistent with the
nent is somewhat straighter and smaller than previously bending we observe in cTnl, which results in a broader,
determined (by~2 A in Ry), which is also reflected in a  shorter structure. A FRET study found that the distance
smallerRy value for the overall complex (by3 A). Also, between points in the N- and C-terminus of cTnl decreases
the area of interaction between the components is greaterby roughly 10 A (L3), which is also consistent with the
from the present study and seems more realistic. Themodels produced in our study. A surface plasmon resonance
separation of the centers of mass of the deuterated andstudy determined that the shape of the c¢Tnl changes in
nondeuterated components is smaller g0 A. These response to phosphorylation, changing from an asymmetrical
differences could reflect differences in sample preparation, shape to a more symmetrical origl). The study also found
but more likely they result from the fact that the significantly that the C&" binding to the complex decreases in response
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to the phosphorylation of either or both of the two N-terminal
serine residues of cTnlL{).

A variety of studies, including photochemical cross-
linking, FRET, NMR, and crystallography, have mapped
interactions between troponin proteins in binary and ternary
troponin complexes. Structural mapping of c¢Tnl using a
combination of sulfhydryl reactivity and FRET measurements
suggest an open and extended conformation for c38. (
The binding site for the N-domain of cTnl, corresponding
to residues 3380, has been mapped to the hydrophobic cleft
in the C-domain of cTnC39). Similarly, residues 1329
in sTnl were found to interact with TnC’s C-domain in the
crystal structure of sTnC/sTni{347), which shows the
N-domain of sTnl entering the sTnC C-domain hydrophobic
cleft near helices G and H and exiting the cleft near helices
E and F 21). A similar orientation in cTn would permit the

Biochemistry, Vol. 42, No. 25, 2003799

consensus envelope does not contain enough detail to say
this conclusively. Such an arrangement is consistent with
previous interaction studies of TnT binding to TnC and Tnl.

A region of cTnT(198-298) is believed to interact with the
heptad repeat located near the middle of the rodlike cTnl,
which is consistent with our model. In addition, cTnT(198
298) contains binding sites for both the N- and the C-domains
of ¢TnC, with the N-terminal portion of cTnT(19898)
interacting exclusively with the C-domain of cTnC.

On the basis of our arguments for the relative orientations
of the Tn subunits, we can speculate on the mechanism by
which bisphosphorylation of the cardiac specific amino
terminus modifies the Ca sensitivity and structure of the
complex. In the unphosphorylated state, the cardiac specific
amino terminus of cTnl, corresponding to residues32,
interacts with the regulatory domain of cTnC. Bisphospho-

cardiac specific amino terminus, corresponding to residuesrylation or mutation of cTnl S&f and Se#* to Asp results

1—-32, to extend upward toward the N-domain of cTnC. The
regulatory domain of cTnl, consisting of residues 1466,

has been shown to interact with the hydrophobic cleft in the
N-domain of cTnC T, 40). In binary cTnC/cTnl complexes,
the inhibitory domain of cTnl, consisting of residues £29
147, does not appear to interact specifically with cTnC in
the C&"-saturated stater). Mapping of the inhibitory and
regulatory regions of cTnl in the presence of the N-domain
of cTnl suggests that the inhibitory region lies near the linker
region in cTnC {, 41). Recent FRET studies suggest that
the inhibitory region adopts an extended structure in the
presence of Ca (42).

The interaction of TnT with the other subunits has also
been studied. The binding site for skeletal TnT(893)
has been localized to the C-domain of sTAQ)( Similarly,
the binding site for cTnT(172233) has been localized to
the C-domain of ¢cTnC, both in the presence and in the
absence of cTnlI(3380) (Finley and Rosevear, unpublished).
Binding of TnT to Tnl has been suggested to occur through
a coiled-caolil interaction involving heptad repeats in both
proteins 44—46). This would localize the cTnT binding site
to residues 91143 in cTnl and the cTnl binding site to
residues 248274 in cTnT. A preliminary report on the
crystal structure of skeletal TnT2 bound to sTnC and sTnl
showed the coiled-coil region of sTnT interacting with the
coiled—coil region of sTnl 47).

in a loss of these interactiond @ 33). This results in a
destabilization of the regulatory domain of cTniC 89) that
may alter its C&"-binding properties.

Bisphosphorylation of ¢cTnl induces a rotation of the cTnl
N-domain away from the main axis of cTnl (Figures 10 and
11). One possible mechanism by which phosphorylation
could induce a rotation of the N-terminal portion of cTnl
involves a direct interaction of the cardiac specific amino
terminus with a region of cTnl C-terminal to residues-33
80 comprising the N-domain. This hypothesis is consistent
with the observation that phosphorylation of the cardiac
specific amino terminus induces a 202 A movement
toward cTnl @8). Alternatively, the bisphosphorylated
cardiac specific amino terminus could interact with a region
of cTnT(198-298). The cTnC/cTnT(198298) component
remains essentially unaltered upon cTnl phosphorylation
(Figures 8A and 9A), so it seems most likely that the
phosphorylated cardiac specific amino terminus releases its
interaction with the regulatory domain of cTnC and primarily
interacts with TnT. The concerted movement of the cTnC/
cTnT(198-298) component would occur, at least in part,
because of the high affinity interaction between the C-domain
of ¢cTnC and the N-domain of cTnl.

The shape changes induced by phosphorylation of cTnl
are reminiscent of a lever action. Lever actions are thought
to be important in transmission of the Taignal in muscle

Using the results of the previous studies, we can constructcontraction 49). Our results suggest that a lever action may

a model of the relative orientations of the ¢Tn subunits in

also be involved in the modulation of that signal via

our consensus envelope models. The peanut-shaped cTnGhosphorylation.
would be orientated such that the lower lobe of the consensus
envelope represents the C-domain (Figures 7 and 10). As BREFERENCES
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