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ABSTRACT

2+

Troponin is the Ca“ " -binding protein which regulates the

interaction between myosin and actin in skeletal muscle of

2+

vertebrate, and troponin C is a Ca“ " -binding subunit of troponin.

Herzberg and James in 1985 and Sundaralingam et al. in 1985 did
crystal structure analysis of troponin C attached by two ca?*
ions in muscles of turkey and chicken and showed that the
molecule is dumbbell-shaped, with two distinct domains connected
by a long helix. The present study was undertaken to examine
whether troponin C has the same shépe in solution as in crystal

2+ and/or M92+ bindings affect the structure. The

and how Ca
solution X-ray scattering method was utilized for the study with
the synchrotron radiation as a strong X-ray source. Dilute
solution of rabbit skeletal troponin C of 2-10 mg/ml was used,
for which no indication of aggregation of troponin C molecule was
found. Two tryptic fragments of troponin C, i.e., TR2C (C-

terminal domain) and TRIC (N-terminal domain) were studied as

well. Obtained results are summarized as follows:

1. The distance distribution function calculated from the

solution scattering data showed two peaks, suggesting the

2+ 2+

dumbbell structure irrespective of binding of Ca and Mg“".
The radius of gyration Rg of troponin C decreased from 27.8 X
to 22.6 A increasing number of bound Ca?* jons.

2. The average radius of gyration of the domain ﬁgN,C and
separation of the centers of the two domains ryc were

estimated from the X-ray scattering data of troponin C

—_— o
itself. RgN.C decreased from 15.4 K to 14.8 A and ne



decreased from 46.3 K to 34.5 X upon ca2* binding.

Solution X-ray scattering studies of the tryptic fragments of
troponin C revealed that Ry (Rg of TR2C) is 17.0 X and Ry
(Rg of TRIC) is 14.0 X in the absence of Ca?%. This data
indicates that the C-terminal domain is considerably expanded

in the absence of Ca2+, whereas the N-terminal domain has a

relatively compact structure even in the presence of Ca2+.

[»)
Rgc decreased to 14.7 A upon Ca2+

binding. These
observations are in accordance with an increase of o-
helicity measuréd through circular dichroism (Kawasaki and
van Eerd, 1872); and with results of NMR (Leavis et al.,
1982) and fluorescence (van Eerd and Kawasaki, 1973) studies
that the structure of troponin C becomes more.ordered upon
Ca?* binding.

Binding of M92+

to the high affinity sites causes a
structural change analogous to that of Ca?*.

Comparison of the present results with that of the crystal
structure analysis shows that overall structure of troponin C
in solution is similar to that in the crystal, although the

size of each domain in solution is a little larger than in

crystal.
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ABBREVIATIONS _USED _IN THIS PH.D. THESIS
Tn-C: troponin-C, Tn-1: troponin-1, Tn-T: troponin-T

2+ 2+

CaOTn—C: Tn-C in the absence of Ca and Mg

Ca2Tn—C: Tn-C at pCa 6.5 where one Tn-C molecule carries

two C32+

in high affinity sites
Ca4Tn—C: Tn-C at pCa 4.0 where one Tn-C molecule carries

four ca2*

MgQCaOTn—C: Ca2+—free Tn-C in the presence of M92+ where
Tn-C carries two M92+ in high affinity sites
Mg2Ca2Tn—C: Tn-C at pCa 4.0 in the presence of M92+ where

Tn-C carries two Mg in high affinity sites and two Ca in
high affinity sites. |
EDTA: ethylenediamine tetraacetic acid

NMR: nuclear magnetic resonance, CD: circular dichroism
PMR: proton magnetic resonance

MOPSO: 3-(N-Morpholino)-2-hydroxypropane-sulfonic acid

Uv: ultra violet, MW: molecular weight

SDS: sodium dodecyl sulfate

Sop.w: sedimentation coefficient

PAGE: polvacrylamide gel electrophoresis

TRIC: tryptic fragment which contains residues from 9 to 84
of native Tn-C

TR2C: tryptic fragment which contains residues from 89-1589
of native Tn-C

EGTA: ethylenebis(oxyethylenenitrilo) tetraacetic acid
S0XS: solution X-ray scattering

MAXS: modulate-angle X-ray scattering



INTRODUCTION

In INTRODUCTION the author describes the backgrounds of
structural studies of troponin C measured by other methods and

“then explain the aim of this study.

1. The Biological Role of Troponin and Its Subunits

The activation of muscle contraction, especially in the
vertebrate, is triggered by the biﬁding of Ca?* to Ca2+—binding
protein called troponin. Troponin is located on thin filament
and regulates the interaction between myosin and actin. In the

absence of Ca2+

» troponin inhibits the activation of actin
induced through the ATP hydrolysis by myosin (1). Troponin
consists of three subunits, Tn-C, Tn-1 and Tn-T. Tn-C is the
Ca2t binding subunit; Tn-T, the tropomyosin binding subunit,
serves as a link to attach the troponin complex to the thin
filament via tropomyosin ; Tn-I, the inhibitory subunit, prevents
ATPase activity in the system of tropomyosin and actomyosin by

itself (2,3). This thesis deals with Thn-C, which serves as a

key role in troponin.

2. The Prorverties of Tn-C

The determination of the amino acid sequence of Tn-C from
rabbit skeletal muscle showed that it consists of a single
polypeptide chain of 159 residues (4). Tn-C is a highly acidic
protein containing a large number of asparatic and glutamic acid
residues. It is negatively charged at neutral pH. Molecular

weight of Tn-C is calculated from amino acid sequence to be



17,846. Potter and Gergely showed four Ca2+ binding sites (5).
They are numbered from I to IV from the N-terminus. Sites I

2tcompetitive Ca2+

and IV are Mg binding sites with high affinity
(high affinity sites hereafter) and the other sites I and II are
Ca2+—specific binding sites with low affinity (low affinity sites
hereafter). Leavis et al. used tryptic fragments of Tn-C and
showed that two sites;from the C-terminus are high affinity sites
and two from low affinity are low affinity sites, respectively

(6). Binding affinities are summarized in the Table 1 (5,6).

Table 1: Summaries of binding affinities for Ca2t and Mg2‘t of Tn
. C and tryptic fragments

protein or sites ‘ K KC KM
peptides : iga—Mg2+ in +lsl92+ J
- Tn-C high affinity 2.1x107 2.8x10° 2~4x10 3
sites
Tn-C low affinity 3.2x10° 1.1x10° _
sites
TRIC low affinity <1.0x10° <1.0x10° —_—
(9-84) sites
TR2C high affinity 5.0%107 S 2x104
(89-159) sites

| 3. Crystal Structure of Tn-C

There have been two reports on the three dimensional
structure of Tn-C determined by X-ray crystallography (7-10).
Two reports used Tn-C from different species from chicken and

turkey but the results were identical. In crystalline state



both turkey and chicken Tn-C carries only two ca?* in excess caZt
medium. A schematic view of the turkey skeletal is cited from
Herzberg and James on next page (9).

The C-terminus domain of high affinity sites (C-domain
hereafter) and the N-terminus domain of low affinity sites (N-
domain hereafter) are connected by a nine-turn a-helix and no
contact exists between the two domains : a dumbbell structure.
The N-domain includes the first 85 amino acids and the C- domain
comprises residues from 97 to 162. The two ca?* are separated by
11.7 A. The molecular length is 75 E and each domain has a 25 A
diameter and the centers of the two domains are about 40 Z apart
.(10). . y

Ca2+-binding loops in C-domain are termed °'EF-hand': the
helix-loop-helix at right angles, assigned as ca?* binding region
(11). The other Ca2! binding protein which have the 'EF-hand' -
loop are Kknown such as parvalbumin, intestinal Ca2*-binding
protein, and calmodulin. The dumbbell shape was also reported
for calmodulin which is fully occupied by four ca?* in crystal

(12).

10



Crystalline structure of turkey skeletal Tn-C cited

Figure 1:

(a) A ribbon representation of

(7,9).

from Herzberg and James

the polypeptide chain.

(b) Stereoscopic representation of the

whole molecule.

11



4. Structural Change of Tn-C upon Cagi or Mg2i Binding

4.a. Structural Change of Tn-C upon Canz—i Binding

It is a well known fact that binding of Ca2+ causes a

considerable structural change of Tn-C and is supported by many
spectroscopical studies and physical chemical analyses (1,2).
The increase in circular dichroism in the 222-nm region [61 559
indicate an increase in a-helical content. It increases from 36
% of CagTn-C to 48 % of Ca,Tn-C. Further Ca2* binding to Tn-C

a-helical content becomes 52 % (13).

'Table 2. Secondary structure of Tn-C determined from CD
measurements

condition a-helix B structure random-coil

(%) (%) (%)
CagTn-C 36 14 50
Mg,CagTn-C 48 14 38
CayTn-C 52 12 36
MgQCaQTﬁ—c 52 12 36

¥ These values are taken from Kawasaki et al. (14).

A general tightening of the structure is also supported by
hydrodynamic data that show an increase in the S545 4 (15-18) and
a decrease in the viscosity of the Tn-C solution upon addition of
ca®t (7.

NMR and PMR studies analyzed several resonance peaks of
residues in N-domain and C-domain (19,20). Binding of ca?t to

high affinity sites induced broadening of resonances assigned to

12



'Phenylalanine, leucine, and isoleusine residues in C—doméin«
which is indicative of increased restriction of movement and
formation of hydrophobic cluster in C-domain. Changes of

. resonance of residues in N-domain suggests that a hydrophobic
~cluster exists irrespective of Ca2* binding to N-domain. It
also suggests that Ca2?? binding to N-domain results in the loss

- of hydrophobic contracts leading to the conformational change of
a tightening of the pre-existing helices. LLocal conformational
- change is also detected by fluorescence probes attached to Tn-C
and tyrosine fluorescence (1,2,21). These fluorescence studies

also support the above scheme of structural change.

4.b. Structural change of Tn-C upon Mggi'binding

2+ 2+

Not only Ca but also Mg binds to the Tn-C molecule and

cause the structural change. In the myofibril there are a few

millimolars of Mg2+

2+

and the Tn-C molecule is supposed to carry
two Mg ions in high affinity sites (22). The initiation of
contraction events is parallel to the binding of ca?* to low
affinity sites as well as the exchange of Mg2* with ca?* in low
affinity sites. The large conformational change of secondary
structure was also observed in the addition of millimolar
concentrations of Mg2* to Ca®*- and Mg?*-free Tn-C (CagTn-C).

CD measurement suggests that secondary structure of Tn-C with
Mg2* in high affinity sites is the same as that of Tn-C with CaZ2*
(14). But the structure of Tn-C is believed to be a little
different between CasTn-C and Mg,CagTn-C. Thermostability of
Mg,CapTn-C is slightly lower than CasTn-C and NMR spectra and

fluorescence around Cys-98 in C~domain were also different

13



(21.23).

5., Recent Studies of Tn-C Structure and its Structural Change

After the crystal structure of Tn-C was elucidated, many
questions arose. The two most critical questions were:

The first question is "Does the Tn-C molecule have a
dumbbell structure under the physiologfcal conditions ?" Tn-C
was crystallized in pH 5.0 (7-10). The difference in binding
affinity between high affinity sites aﬁd low affinity sites
disappeared under these conditions (24). Furthermore the
distance between the two domains measured by fluorescence energy
transfer methods varied with pH (25). Estimated distance was
less than that in crystalline state; the distance between Tp3*
bound at low affinity sites and the probe attached at Cys-98 was
27 A at pH 6.8 and >52 A at pH 5.0, respectively. No contact
between N- and C-domains in the crystal structure can not explain
the interaction between N- and C-domains reported by various
methods (6,19,26-29). It is now quite doubtful whether the
- structure in crystalline state is the same as that in
physiological condition.

The other question is "How does the structure of Tn-C change

2+ 2+ binding ?" | There are two conflicting results

upon Ca or Mg
concerning the structural change of troponin C. The first
represented by CD‘measurements and other methods as described

2+ pinding.

earlier indicated a large structural change upon Ca
To the contrary recent two SAXS reports ruled out large

structural change (30,31). Their Rg's did not change largely

14



2+ 2+

upon Ca or Mg binding. The distance between two probes
attached to Methionine-25 and Cystein-98 measured by fluorescence
energy transfer methods remains unchanged (32,33). Since the
results of the other SAXS reports were inadequate for the
definitive conclusion, the complete SOXS studies are necessary in

order to study structures of Tn-C in solution.

6. Aim of This Thesis

The SAXS method is very useful in studying the overall
structure of a protein molecule under physiological conditions.
Dr. Ueki et al. analyzed the SAXS profile of oligomeric protein
in terms of "domaip scattering” (34). The author developed his
idea and analyzed the profiles by a new method which determines
the physical parameters of the Tn-C structure (35i. The Tn-C
molecule however was reported to cause dimerization upon cast
binding (36). The aggregation state of Tn-C was studied in
dilute concentration range 2-10 mg/ml. Based on the obtained
intrinsic SAXS profiles from Tn-C, the structural changes of Tn-C

2+ 2% yere investigated. Research on

caused by Ca and Mg
structural change of tryptic fragments of Tn-C was also

performed.

15



- EXPERIMENTAL PROCEDURES

1. Preparation of Tn-C

Troponin was prepared from white rabbit skeletal muscle
according to the method of Wakabayashi (37)}. Experimental
procedure is described below.

PREPARATION OF TROPONIN

Minced white muscle incubated in -4 °C salt-ice

Wash with 0.3 liter of Gauber-Straub solution (0.3 M KCl, 0.15 M
phosphate potassium buffer pH 6.5) against 100 g muscle

After 30 minutes dialyze the solution with 1.2 liter water
Wash three times by 3.3 liter of 0.05M KCl‘solution containing
- 0.3 mM NaHCOg4

Wash twice by 0.3 1itler of 0.3 mM NaHCOg4

Add half volume of 1%2 M LiCl to the residues

Centrifugalize 15 miéutes 10,000 rpm

The sediment was added an equal volume of 0.4 M LiCl

Adjust pH of the sample to 4.5 by 1 N HCl and leave three hours
(the pH was check every hour)

Centrifugalize 15 minutes 10,000 rpm
Adjust pH of the soljtion to 7.6
Add 30 g9 of (NH4)250: to 100 ml of the supernatant
¥
Centrifugalize 30 minutes 10,000 rpm
Add 20 ml of saturatéd (NH4)»50,4 to 100 ml of supernatant
Centrifugalize 30 miiutes 10,000 rpm
Dissolve the precipitate in a small amount of 1 mM NaHCOg4
Dialyze against 0.3 %M NaHCOg through a night

crude troponin (The amounts of solutions are for 100 g muscle)

16



Obtained troponin was separated into three components by the
use of DEAE-Sephadex A-25 column chromatography in the presence
of 6M urea (38). The troponin sample in NaHCOg3 was dialyzed
against 6 M urea, 20 mM Tris-HCl (pH 8.0). The sample was
applied to the column and separated into components by a linear
gradient of 0-0.6 M KC1 in 6 M urea, 20 mM Tris-HCl (pH 8.0).
Tn-C was purified by DEAE-sephadex column chromatography until

only one clear band could be seen in SDS PAGE.

Tn-1

A 280

fraction number

Figure 2: DEAE-Sephadex A-25 chromatography of troponin.
Troponin was loaded on a column (3.5 x 20 cm) equilibrated with 6

M urea, 20 mM Tris-Hcl (pH 8.0). The column was eluted with a

gradient of KCl to 0.6 M.

17



The distinct feature of the UV absorption spectrum of Tn-C
is the five peaks at 276 nm, 268 nm, 265 nm, 259 nm, 253 nm and

one shoulder at 282 nm. A typical absorption spectrum was shown

below.

18}
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Figure 3: UV spectrum of Tn-C.
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2. Preparation of Tryptic Fragments of Tn-C

Leavis et al. found that trypsin divides Tn-C into two

fragments in the presence of Ca2+ (6). They are called TRIC and
TR2C. TR1C (9-84) contains 1 and II sites, while TR2C (89-
162) contains I and IV sites. Like the intact Tn-C molecule,

TR2C has the same binding affinities for Ca?* and Mg?* (see Table
1. It is considered a good model for high affinity sites of
Tn-C (6). TR1C and TR2C were purified according to the method
of Tsalkova & Privalov (28).

Tryptic hydrolysis of Tn-C was carried out at 20°C in a
solution of 10 mM Tris-HCl (pH 8.0), 10 mM CaCly, with a substrate
to enzyme molar ratio of 100:1. The digestion mixture contained
degraded small fragments, trypsin and raw Tn-C together with the
tryptic fragments. They were first purified on a Sephadex G50
column using 50 mM Tris-HCl (pH 8.2), 1 mM CaCl,, 200 mM KCl as
the eluent. The used fractions are indicated in Figure 4 (a).

Separation of TR1C and TR2C was done on a DEAE-Sephadex A-25
column with a 0.2 M to 0.5 M KC1 gradient and several fraction
were checked by SDS PAGE (Figure 4 (b)).

TR1C and TR2C have a characteristic UV absorption spectrum
which resembies that of parvalbumin. The peptides were
identified by electrophoresis in 10 % (w/v) polyacrylamide gels
with 5 M Urea and SDS PAGE together with UV absorption spectra
(39) (Figure 5).

19



A 280

fraction number

(@)

|

fraction number

(b)

Asgo

Figure 4 (a): Chromatographic profile of tryptic hydrolysates.

The
and

The

(b):

A25
0.1

hydrates were loaded on a Sephadex G50 column (2.6 x S0 cm)
eiuted with 50 mM Tris-HCl (pH 8.2), 1 mM CaCl,, 200 mM KC1.
used fractions were indicated in the figure.

Separation of TR1C and TR2C. Separation on a DEAE-Sephadex
column (3.5 x 15 cm) saturated with 50 mM-Tris-HCl (pH 8.2),

mM CaCl2, 200 mM KCl. Elusion from a 0.2 M to 0.5 M KCl

gradient. The fractions were identified by SDS-PAGE.

20
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—t 1
240 260

Figure 5: UV spectra of TRIC and TR2C.

3. Ca2i and Mggi Binding to Tn-C and its Tryptic Fragments

Tn-C solution, bound by different amounts of Ca2+ or M92+

was prepared as follows. First, the Tn-C solution was dialyzed
exhaustively against a solution of 5 mM EDTA/KOH (pH 7.0) for 24

2+ and Mg2t. After dialysis in distilled

hours to remove Ca
water, the Tn-C was dialyzed in a sample buffer. The sample
buffer was 0.1 M KC1~10 mM MOPSO/KOH (pH 7.0), 2 mM EDTA for
M92+-free experiments. For Mg2+ binding experiments 2 mM EGTA.

" was used instead of 2 mM EDTA.

21



This Ca®*- and M92+-free Tn-C solution was then concentrated
with an ultrafiltration membrane CF50A (AMICON corp.) centrifuged
3,000 rpm for 10 minutes. The concentration was determined by
ultraviolet absorption at 280 nm, A,gh% MI/M= 1.83 (13).

Ca2*-free TRIC and TR2C solution were obtained in the samé
~manner as the Tn-C solution. The concentration was determined
by ultraviolet absorption at 280 nm, A,gd "9/M= 0.141 for TRIC
and Angd MI/Ml= .147 for TR2C, respectively (6).

A very small amount of concentrated CaCl, or MgCl, solutions
in buffer were added to the metal-free solution in order to
2+

achieve the desired ion concentrations. Free Ca

concentrations were pCa 6.5, pCa 4.0 for CaQTn—C and Ca4Tn—C,

respectively. In the presence of M92+. free Ca2+ concentration
was pCa 4.0 for Mg2Ca2Tn—C. For Mg2+—bound experiments the
total concentration of MgC12 was 2 mM. The computer program

for calculation of free Ca2+

concentration was written by Perrin
and Sayce (40). The logarithmic association constants for Tn-C
and, TR1C and TR2C were cited from Potter and Gergely (5), and
Leavis et al. (6), respectively.

The pH of all the sample solutions was readjusted by adding
a small amount of KOH solution.

For the SAXS experiments, concentration of solution were 2
mg/ml, 3 mg/ml, 4 mg/ml, 6 mg/ml, 8 mg/ml, 10 mg/ml for Tn-C,
2.84 mg/ml, 4.25 mg/ml, 5.67 mg/ml, 7.09 mg/ml for TRIC and 8.16
mg/ml, 9.05 mg/ml, 9.56 mg/ml, 10.8 wmg/ml, 12.3 mg/ml, 13.6
mg/ml, TR2C. For the MAXS experiments, a 20 mg/ml of Tn-C

concentration and 34.1 mg/ml of TR2C concentration were employed

22



in order to record the SOXS profile in moderate-angle region with

accuracy.

4. Preparation of Lysozyme

Chicken egg-white lysozyme was used as a reference protein
for molecular weight determination of Tn-C. Lysozyme was
obtained from Merck & Co., Inc. (lot.Séal). Lyophilized powder
of lysozyme was dialyzed against a solution of 150 mM NaCl and 40
mM sodium acetate, pH 3.8. The protein concentration was
determined spectrophotometrically using E28%mg/ml= 2.64 (41).

For SAXS experiments concentration of solution were 3.25

mg/ml, 6.5 mg/ml and 11.0 mg/ml for lysozynme.

5. SAXS Optics

A dilute solution of small protein éives a quite week
scattering intensity and the background-corrected intensity tends
to be very noisy. It was difficult to get SAXS profiles from
Tn-C (molecular weight is about 18,000) and tryptic
fragments(molecular weight is about 8,500) with low protein
concentrations in a moderate signal to background ratio by using
an ordinary X-ray generator. Thus, the use of intense
synchrotron radiation (SR} with improved SAXS optics is essential
to obtain less noisy profile. SAXS profiles for Tn-C solutions
were recorded with SR from a 2.5 GeV storage ring at Photon
Factory of the National Laboratory for High~Energy Physics,
Tsukuba. |

The optics consist of double flat crystals, a toroidal

mirror, and four slit systems (42,43). The incident X-rays

23



were monochromatized through double monochromators, which were
tuned to a wavelength oka = 1.48 Z. The layout of the
optical elements is shown in Figure 6 (a).

The camera is installed in chambers filled with helium gas and
the beam path from the mirror is evacuated. The parasitic
scattering from the mirror was eliminated by the third and fourth
slits. The aperture of the third slit was 1.25 mm. From the
downstream vacuum window, all parts are in a safety hatch. The
detailed installation of optical elements near the sample holder
in the hatch is shown in Figure 6 (b). The position of the
fourth slit, sample holder and beam stop was remote controlled.
Sample to detector length was 80 cm. The sample thickness was
1.3 mm, the effect of X-ray absorption of ca®* and Mg2+ is
calculated to be within 2 % of the total intensity, so that it
can be neglected. The operation storage ring was performed at
2.5 GeV of accelerating energy. The ring current was below 200
ma. The flux of incident X-ray was monitored through ionization
chamber, which was used for normalization of the profiles. The
ranges of S covered were 0.003 to 0.07 A”! for SAXS and 0.01 to
0.125 A1 for MAXS, respectively (S is the reciprocal parameter,

equal to 2(sinf®)/A, where 28 is the scattering angle and A is

the wavelength of the X-rays used).

24
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Figure 6 (a): Schematic drawing of the optics of SAXS apparatus

"beam line 10C at the PF, Tsukuba, Japan.

Figure 6 (b): Schematic drawing of equipments inside the safety

hatch. Figures were taken from Dr. Ueki (43).
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The data acquisition of the sample scattering was taken by a
PSPC, one-dimensional position senéitive detector (44). The
effective length of the detector was 200 mm with a delay line of
400 nS. 2-mm-wide and 6-mm-wide detector apertures were used
for SAXS and MAXS, respectively. The signal from the PSPC was

converted to time-distance analogue information by CFD, constant-
| fraction discriminators, then the time difference was converted
to digital information of the position by TDC, time to digital
converter. The data was stored in MEM, histogram memory and
transferred to MINC 11/23 computer (43). The start and stop of
collection of data was controlled by the FORTRAN program
TST10C.FOR.

The temperaiure of the sample was maintained at around 5°C.
During the exposure, usually 600-1200 sec, the total scattering
intensity was monitored. It remained constant, assuring that
no aggregation of molecules occurred by the irradiation of X-

rays.

6. Data Analysis

The optics is that of quasi-point type so that correction
for slit-smearing is unnecessary. Succeeding data treatment was
performed only for the profiles whose total scattering was in
linear relation with ionization chamber current. Background-
corrected SAXS profiles were analyzed using In{I(S)} vs. 52
(Guinier plot) (45) and 1n{l1(S5)/S} vs. 82 plots (see APPENDIX).
For the Guinier analysis, the region of S% up to about 1.4 x 1074
&"2 was used. For In{I(S)/S} vs. 52 analysis, the straight

line region of 52 petween 5 and 9 x 10”4 3—2 was used. From
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the latter, we can estimate the average radius of gyration of two
domains, ﬁgN.C' Before calculation of distance distribution
function, SAXS profile was extrapolated to infinite dilution and
was combined with the MAXS profile in S region between 0.02 and
0.06 Z'l. Distance distribution function was calculated using
the indirect transformation method of Glatter (46,47). The
‘maximum length was determined according to the criteria of
Glatter. The reproducibility of physical parameters of Tn-C
from the analysis was assured by using at least three different
preparations of Tn-C.

The computation of SAXS profile and distance distribution
function from the atomic coordinatesiof the Tn-C molecule in
crystalline state. The coordinates are available in the
Protein Data Bank of Brookhaven National Laboratory, U.S.A.
(identification code 4TNC by M.Sundaralingam). The FORTRAN
pProgram was written by Mr. Tadasu Shin-i and employs a Monte
Carlo procedure for the generation of length distribution
function and provides predictions to moderate angle (~58)
(48,49). For the results presented here, cubes with an edge
length of 5 A and Van der Waals radii taken from Atkins, P.V.

(50) were emploved.

7. Fundamental Equations of SAXS

The fundamental equations of SAXS profile and other parameters
are described below and referenced in (45,51).
Scattering intensity of X-rays (neglect Compton scattering),

—

I(§), where S is reciprocal vector:181 = sin26/A ., A is the

wave length and 28 is the scattering angle, can be written as
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followus:

1(3) F(S)F*(3) (1)

F(3) S, o (Plexp(2niSr) dF

o (F): excess scattering density at ¥

F* : conjugate complex of F

In small angle scattering, particles can take any orientation
with equal probability. Then, the spatial average of
exp(2ni§5) is equal to sin(2nSr)/(2nSr) and I(§) yields the

isotropic intensity function, I1(S).
1(S) = svs P (Ty)p(rz)sin(27Sr)/(2rSr)dT, df, . (2)
where r = lﬁ -Ty | .
This integral can be extended by writing
1(8) = §4p(F S0 570 (F +F)sin(2nSr)/ (2nSr)ridwdr)dr,
The partial integral can be defined as

% -
4n 7 (r) = &f{f o (Th ) p (T+T, Vdrrdw

= 4711 <p(PI*p(-T)I>.

Then
[(S) = 47 §7 (r)sin(2nSr)/(2nSrirdr
(3)
= §TP(r)sin(2nSr)/(2nSr)dr
where
P(r) = 4nr27ﬂr). (4)

The inverse fourier transform gives
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P(r) = BHerSI(S)Sin(QnSP)dS. (5)

From the above definition, the P(r) function obtained by
Sine transform of the inteﬁsity function represents the distance
distribution function inside the particle.
An important physical parameter, obtainable from the SAXS
profile, is the radius of gyration, Rg. At small value of S,

the Taylor expansion series gives

sin(2nrS)/(2nrS) = 1-(2nrsS) %3

= exp{-(2nrS) 2 /3}

So

1(S) = 1(0) exp{-(4m ¥3) Rg252}) (6)
where

1€0) = §§ o(F)p(¥,)dF, dr, , (7)

- §5 e )p T IT, -1, I dr, dr;
g -

2§55 p(F,)p(T,)dT dn,
v

5, o (F)ir 2dF

= P (8)
.L po(r) dr
The logarithm of Eq.(6) gives,
In(I(S)) = In(i(0))-4x 2 /3 Rg2 5?2 (9)

This equation shows that a linear region always exists at
small S in 1In{I(S)} vs. 52 plot (Guinier plot) and that its

tangent offers an important structural parameter.
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We developed the SAXS equations for a dumbbell-shaped object
in minimum assumption and obtained additional structural
parameters; average radius of gyration of each domain (ﬁBN,C and
the distance between two domains (fNC) (36). The detail of the
analysis was described in APPENDIX. The following equation is

valid near S = l/rNC for 1(S) of dumbbell-shaped object as,
In{1(S)/8} = In{2n(dom)?ryc}-(4n ¥3¥Ra y ¢ 52 (A-10)

Eq (10) indicates that the 1n{1(S)/S} vs. 52 plot must have a
linear region around S = 1/ I'NC e and that the slope of the
straight line in the plot yields ﬁgN,C' Since the Rg of the

molecule was described as
Rg% = Ray 2 + ryc/ | (A-7)

ryc €an be estimated from Rg and ﬁaN.C of the molecule.

Above SAXS equations requires the assumption that scattering
particles take all orientation with equal probability and that
there is no long-range order. The observed scattering
intensity is however expressed as a function of the intrinsic
scattering intensity of an particle as well as of the statistical
function governihg their arrangement. The structural
parameters from the inner part of SAXS profiles such as Rg and
1(0) therefore depends on protein concentration, i.e.,
concentration effect. The relation between statistical
function governing the arrangement and the forward scattering
intensity, 1(0)/C was derived by Eisenberg (52). 1(0)/C 1is

expressed as a fluctuation of electron density and can be
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represented in another form (52),

(30/2C) 2
1(0)/C = > (10)
1/M + 2AC + 3BC '

where M is a molecular weight, A and B are virial coefficient.
This formula is identical to the Zimm equation in light
scattering. Normally the second virial coefficient is positive
by the exclusion volume effect so that Eq (10) theoretically
supports the linear relationship between protein concentration
and 1(0)/C. Rg dependence on protein concentration is also
explained by this equation. The Rg's and 1(0)/C's dependence
on protein concentration becomes larger as the asymmetry of the
molecule increaSeS since the second virial coefficient becomes
smaller.

When 1(0)/C is extrapolated to infinitely dilute solution,

1(0)/C becomes proportional to molecular weight as in (51)
1(0)/C= M(AzZ) 2 (11)

where Az, the electron density difference (electron mol/g
protein), is (z-vd), where z is the electron density of the
protein; v is the partial specific volume of the protein(ml/g);
and d is the electron density of the solvent (electron mol/ml).
Makihg use of this formula., we can obtain the molecular weight of
the molecule from the absolute intensity of forward scattering
(51). Not knowing its absolute value, it is possible to
estimate the molecular weight of the molecule by comparing the
relative intensity of 1(0)/C with that of a protein whose

molecular weight is known, provided that the two proteins have
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the same Az (41). In the present study. lysozyme was used for
the reference protein.
When the sample is not monodisperse, i.e., contaminated with
dimer, apparen£ 1(0)/C is expressed as (45),
Np Ng
/€ = ———— [, (0)/C + —— Id(O)/C
N‘m + 2Nd Nm + 2Nd
where Im(O) and Id(O) are forward scattering of monomer and
dimer, respectively; Nm and Nd are molar concentration of monomer
and dimer, respectively. Since Id(O) equals to 4Im(0), above
equation becomes
Nm + 4 Nd

1(0)/C = Im(O)/C (12)
Nm + 2 Nd

Apparent Rg is expressed as,

2 2
N.. Rg + 4Ny Rg

Rg2 = — M °D d 7d (13)
Nm + 4Nd

where Rgm and Rgd-are Rg of monomer and dimer, respectively.
Egs. (12) and (13) do not take account for concentration effect.
Since fraction of dimer increases with increasing total

concentration, apparent 1(0) and Rg are supposed to increase.
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RESULTS

1. General Features of SOXS Profiles from Tn-C

Figure 7 shows SAXS profiles, 1(S)'s, from Tn-C solution
(above 20 mg/ml protein) with different amount of ca?* and M92+.
~The ordinate for each 1n{I(S)} is shifted so as to demonstrate:
the profile clearly. All scattering profiles in the very
small-angle region suffered very much from the effect of high
protein concentration, i.e., a downward curvature in these plots
at very small angles (53). The inner part of the profiles were
extrapolated to infinte dilution. This concentration effect of
Tn-C is apparently related to the surfacekproperty of Tn-C around
neutral pH (see Eq [101). The profiles at higher scattering
angles are not affected by the protein concentration effect: they
remain unchanged for solutions wiih decreasing concentration.
This behavior seems‘to be somewhat different from SAXS
observation on water-soluble proteins with molecular mass less
than 20,000 daltons. The SAXS profiles from myoglobin and
lysozyme solutions do not show such an effect even at a
concentration of about 50 mg/ml. Calmodulin, another ca?*
binding dumbbell-structured protein, however shows similar
characteristics in the profiles (54).

Another characteristic feature of these profiles is a
"hump", which is characteristic of the dumbbell structure. This
"hump" appears at about 5 = 0.027 X'l and is shown by the arrows.
The "hump" does not appear in scattering profiles of tryptic

fragments of Tn-C irrespective of Ca2*.
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Figure 7 (a): soxs profiles from Tn-C in the absence of M92+.
The inner part of SOXS profiles were extrapolated to infinitely

diluted solution. From bottom CagTn-C and Ca,Tn-C and CayTn-C.
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2. Structural Change of Tn-C upon Cax-2—i Binding in the Absence of
24 |

Mg

2.a. Radius of Gyration of Tn-C

Figure 8 shows good linearity for the inner part of SAXS
profiles from Tn-C in Guinier plot in three different states of
Ca2+ binding. Upward curvature is not seen in these plots and

hence no apparent aggregation is detected.

ln[iKS)]
i

1.0

1 1 i 1 1 1 1
0 04 08 1.2 x 10 74

S2(A2)

Figure 8: The Guinier plots, InlI(S)] vs. 52, of SAXS profiles
from Tn-C solutions that contain different amounts of ca?*:
CagTn-C (O), Ca In-C (A), and Ca,Tn-C (. The sample buffer
is 0.1 M KC1l. 2 mM EDTA, and 10 mM MOPSO/KOH (pH 7.0). The

concentration of Tn-C was 10 mg/ml.
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The effect of protein concentration on scattering intensity
is shown in Figufe 8 for CagTn-C. It evidently shows a
pronounced concentration effect of Tn-C, that is a linear
decrease of intensity at small angies with increasing protein
concentration. The profiles exhibit an identical curvature at
larger S, S = 0.01 3'1. Such an effect was also observed
both for CagTn-C and CayTn-C but becomes less notable when
increasingly bound to ca?t, Each scattering profile was
extrapolated to an infinite dilution in the Zimm plot for the
purpose of elimination of interparticle interference. Rg
obtained by Guinier plot depends on protein concentration.
Figufe 10 shows the dependence of Rg's on the protein
concentration. By linear extrapolaﬁion of Rg's to infinite
dilution, the Rg's of Tn-C in the absence of M92+ were found to
be 27.8 * 0.3 A, 23.8 = 0.2 A and 22.6 * 0.1 A for CayTn-C,
CasTn-C and CayTn-C, respectively. These values do not deviate
from Rg's obtained by linear extrapolation of R92 to infinitely
dilute solution (55). Rg of the molecule decreases remarkably
2+

in Ca occupation to high affinity sites, while the change is

not so appreciable for the change in Ca2+

occupation to low
affinity sites. Forward scattering, 1(0)/C obtained from
Guinier plots is plotted for protein concentration in Figure 11.
Both Figures 10 and 11 exhibit a considerable liner decrease with
increasing protein concentration. _These plots suggest that the

aggregation of Tn-C does not occur within the employed

concentration range, 2-10 mg/ml.
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Figure 9: SAXS profiles of CaypTn-C. From the bottom different
concentrations of the protein concentrations are 10, 8, 6, 4, and
2 mg/ml, respectively. Note that the scattering curve, [(5)/C,
decreases with increasing protein concentration. The solid line
(top) is the scattering profile extrapolated to zero protein

concentration. The curves are normalized to C = 1 (mg/ml).

38



28.0 , —

26.0

_24.0
<
(@)
ae
22.0
20.0
:l | ] | 1 | E:
0 2 4 6 8 10 12
PROTEIN CONCENTRATION
(g /ml)

Figure 10: Protein concentration dependence of the apparent radii
of gyration of CapTn-C (@), CadIn-C (A)., and Ca‘«r'Fn—C (| .
The large S.D. of Rg's in dilute concentrations (less than 4

mg/ml) include the deviation of different samples.
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Figure 11: Protein concentration dependence of forward
scattering, 1(0)/C, obtained from the Guinier plot approximation
for CagTn-C Oy, Ca In-C (A), and Ca4Tn—C (. As in Figure

10, a linear decrease of 1(0)/C with increasing protein

concentration is evident.



2.b. Molecular Weight Determination

On the basis of Eq (10) the molecular weights were estimated
from 1(0)/C's of Tn-C and lysozyme at infinite dilution and found
to be 22,300 £ 550, 21.800 * 400, and 22,000 * 700 for Ca,Tn-

C, CapTn-C and CayTn-C, respectively. These values are larger
than the molecular weight determined by amino acid sequence,
17,846 but identical with Murray & Kay's results (16). No
apparent aggregation was observed upon ca2t binding to Tn-C.
Presumably the difference between 18,000 and 22,000 is attributed

to the difference of Az between Tn-C and lysozyme.

2.c. Distance Distribution Funqtion

As described earlier the distance distribution function.
P(r) shows the frequency of the interatomic vectof of a given
length in a molecule. In Figure 12, P(r) of Tn-C has two maxima,
one distinct and the other as a shoulder, and these maxima are
characteristic of a "dumbbell"-shaped object as described by

Seaton et al. (54), Heidorn & Trewhella and Hubbard et al.

(30,31). This feature was also reported for calmodulin, whose
structure in crystal is known to be a dumbbell structure. This
supports the idea that irrespective of ca®* Tn-C keeps dumbbell
shape in solution as well as in crystalline state. For the
dumbbell structure, the first maximum peak appears near the value
of the radius of each domain and the second maximum at about ryc
is from the correlation of two domains. As for CapTn-C the
first peak is rather broad, centered at 22 A. When Ca?* ions

bind to C-domain. it becomes sharper and its center shifts to a
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smaller value by about 2 &. This is again consistent with the

decrease in ﬁgN.C' The position of the second peak shifts to a
smaller value with increasing Ca2+. which also indicates the
shortening of interdomain distance, rne: The decrease of P(r)

inr = 60-80 R region by adding Ca2+ implies that the electron

density shifted to the center of Tn-C molecule upon Ca2+

g0 T T T T T T | T T T T

(6)]
(]

~
(&)

P(r) (arbitrary unit)

1 1 ot ] L

0 20 20 60 _ 80 100 120
LENGTH r (A)

0 | 1 |

Figure 12: The distance distribution function, P(r), at pH 7.0
for CagTn-C (solid line), CasTn-C (broken) and CayTn-C (chain-
dotted line). The P(r) function of Tn-C in the crystalline
state (X) was calculated with atomic coordinates, cited from the
Brookhaven Protein Data Bank, available in the Institute for

Protein Research. Osaka University.
42
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2.d. SAXS Analysis Based on Dumbbell Structure

Both the SAXS profile and P(r) of Tn-C is well explained by
a dumbbell-shaped model. With this model, two physical
parameters, i.e., the average radius of domains (ﬁaN,C) and
distance between the two centers of domain (ryc). can be
estimated (see APPENDIX). §§N.C'S were calculated from the
slope in 1In{I(S)/S} vs. 52 plot (in Figure 13). Together with
Rg and ﬁéN,C the ryc can be calculated by Eq. A-7 in APPENDIX.

These values are listed in Table 3.

' Table 3 : Structural parameters of Tn-C in the absence of Mg2+
.from the analysis of the intrinsic profile

CagTn-C CanyTn-C CayTn-C
Ry 27.8 £ 0.3 A 23.8+£0.2A 22.6%0.1A4
Ray ¢ 15.4 £+ 0.3 A  14.8 £ 0.2 A  14.6 + 0.1 A
rne 46.3 + 1.0 A 37.3 £+ 0.8A 34.5 + 0.4 &
MU 22,300 + 600 21,800 % 400 22,000 + 600

Occupation of high affinity sites by ca?*

decreases Ray ¢ by 4 %.
The decrease in ﬁEN,C of this stage accounts for 75 % of the
total change. This means that the ca®* binding to the high
affinity sites induces a tightening of C-domain and is consistent
with the increase in a-helix content. On the other hand, Ca 2%

binding to low affinity sites seems to not bring about an

appreciable conformational change in N-domain since EEN,C
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decreases only by a slight amount. rne decreases from 46 3 to

Q
37 A with increasing Ca2+ concentration.
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Figure 13: The 1nlI(S)/S] vs. 52 plots for the scattering
profiles from Tn-C solutions. ﬁaN,C is derived from the slope
in the linear region around 52 = 6 X 10‘4 3"2. From bottom

Ca4Tn—C. CazTn—C and CaOTn—C.
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3. Structural Change of Tn-C upon Ca—z—i Binding in the Presence'éf

Mg2*

3.a.

Radius_ of Gyration of Tn-C

Figure 14 shows good linearity for the inner part of SAXS

profiles in Guinier plot for MgZCaOTn—C and M92Ca2Tn-C.

the same as

in the case of Mg

2+

-free experiments.
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Figure 14: The Guinier plots, In(I(S)] vs. S2 of SAXS profiles

from Tn-C solutions that contain different amounts of Ca®' in the
presence of Mg2*; Mg,CagTn-C (O) and Mg £a gn-C (O).  The
sample buffer was 0.1 M KCl, 2mM EGTA, 2 mM MgCl,, and 10 mM

MOPSO//KOH(pPH 7.0). The concentration of Tn-C was 8 mg/ml.
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The large effect of protein concentration on scattering
intensity was also observed for Mg,CapgTn-C (Figure 15 (a)).

SAXS profile of Mg,CarTn-C, whereas, has less pronounced effect
(Figure 15 (b)). Especially, 1(S)/C of Mg,CasTn-C increases
with increasing protein concentration, which is indicative of
existence of aggregation.

Rg's obtained by the Guinier plot for Mg,CagTn-C and
Mg,CasTn-C were plotted in Figure 16. A good linearity of Rg's
was observed for both Mg,CapTn-C and Mg,CasTn-C. The
dependency of Rg's of Mg,CarTn-C on protein concentration was in
sharp contrast with that of 1(S)/C: if dimerization occurs, it is
natural for Rg;s of Mg,CasTn-C to increase with increasing
protein concentration, whereas, Rg's decrease. By linear
extrapolation of Rg's to infinite dilution, the Rg's of Tn-C were
found to be 24.3 * 0.2 A and 25.1 * 0.1 A for Mg,Ca,Tn-C and

2

M92C32Tn-C, respectively. A linear extrapolation of Rg“ also

vielded similar data.
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Figure 15 (a): SAXS profiles of Mg,CagTn-C. From the bottom
"different concentrations of the protein concentrations are 10, 8.
6. 4, and 2 mg/ml. respectively. Note that the scattering
curve., 1(5)/C, decreases with increasing protein concentration,
which is the same as in Figure 9. The solid line (top) is the
scattering profile extrapolated to zero protein concentration.

The curves are normalized to C = { (mg/ml).
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Figure 15 (b): SAXS profiles of Mg,Ca,Tn-C. From the bottom
different concentrations of the protein concentrations are 2, 4,
6, 8 and 10 mg/ml, respectively. Note that the scattering
curve, 1(S)/C, increases with increasing protein in 2-6 mg/ml,
while at 6, 8, 10 mg/ml I(S)/C remains unchanged. The solid
line (top) is the scattering profile extrapolated to zero protein

concentration. The curves are normalized to C = 1 (mg/ml).
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Figure 16: Protein concentration dependence of the apparent radii
of gyration of Mg,CagTn-C (@), Mg £a In-C (). The error bars

represent one ¢ of the data.
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3.b. Molecular Weight Determination

The molecular weight of Mg,CagTn-C was also estimated by the
same method described previously. The dependency of 1(0)/C on
protein concentration was shown in Figure 17. A good linearity
of 1(0)/C with increasing protein concentration was observed in

2+ (Figure 16).

Mg,CagTn-C, and was also seen in the absence of Mg
Considering the good linearity in Figures 16 and 17, Mg,CagTn-C
does not aggregate. Its molecular weight was 21,600 + 500 ahd
is the same value as Tn-C's in the absence of M92+. On the
other hand, 1(0)/C of Mg,CasTn-C behaves in a more complicated_
manner: 1(0)/C ihcreases in the region of 2-6 mg/ml whilg»in 6-10
mg/ml 1(0)/C decreases with increasing protein concentration,

which is indicative of the existence of dimer.

3.c.Distance Distribution Function

P(r)'s obtained from extrapolated SOXS profiles are plotted
in Figure 18. Since SAXS profiles were extrapolated to infinite
dilution, P(r) of Mg,CapsTn-C calculated from it sufficiently |
exhibits the intrinsic P(r). The characteristic of dumbbell-

2+

shaped object was also observed in the same way as Mg“ -free Tn-

C. Especially P(r) of M92Ca0Tn-C resembles that of Ca2Tn-C.
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Figure 17: Protein concentration dependence of forward
scattering, 1(0)/C, obtained from the Guinier plot approximation
for Mg,CagTn-C and Mg,CasTn-C. As in Figure 11, a linear
decrease of 1(0)/C for Mg,CagTn-C with increasing protein
concentration is evident. Mg,CasTn-C however increases.
Broken line was calculated assuming monomeerimer equilibrium

with apparent dimerization constant K = 511 M-l.
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Figure 18: Distance distribution function, P(r) of Mg2Ca0Tn—C and
Mg2Ca2Tn—C from extrapolated SOXS profiles: M92Ca0Tn—C (solid

line), M92C32Tn—C (chain-dotted line) and crystal structure (X).

52



3.d. SAXS Analysis Based on Dumbbell Structure

Since the major characteristics of X-ray scattering from Tn-

C are common to Tn~C irrespective of the presence of M92+

2+

. Ry, c
and ryc were also obtained by the same method as Mg“ -free Tn-C.
Roy.c was 15.1 = 0.1 A and 14.8 % 0.1 & for Mg,CagTn-C and
Mg,CasTn-C, respectively. rne wés calctilated to be 38.1 * 0.5
A and 40.5 * 0.6 A for Mg £a ('n-C and Mg L£a Jn-C, respectively.
The difference in physical parameters between Mg,CayTn-C and
Mg,Ca,Tn-C was not large but a difference does exist. In case
of Mg,CasTn-C ,however, the sample was contaminated with dimer

since 1(S)/C behaves like monomer-dimer equilibrium. Structural

parameters are summarized in Table 4.

Table 4: Structural parameters of Tn-C in the presence of M92+v

| CagTn-C | . MgyCagTn-C Mg,CapTn-C*
I o | Q (o}

Rg I 27.8 £ 0.3 A | 24.3 £ 0.1 A 25.1 £ 0.1 A
l - .

Royc | 15.4+0.38 1 15.1£0.24 14.8 0.2 4
| | o

I'Ne | 46.3 = 1.0 & 1 38.1 + 0.5 A 40.5 £ 0.6 3
i | ‘

MW | 22,300 £ 600 | 21,600 £ 500
| |

* Rg and Rg and r of Mg Ca2Tn-C were derived from

extrapolated S XS pro 11e hese values were not so different

from the intrinsic physical parameters of MgQCazTn-C.
Structural parameters of CaOTn—C were listed again as a reference.
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4. X-ray Scattering from Tryptic Fragments of Tn-C

4.a. General Features of SAXS from Tryptic Fragments of Tn-C

The scattering profiles from TRI1C and TR2C are shown in
Figure 19. The main difference between native Tn-C and its
tryptic fragments was that SAXS profiles of tryptic fragment have
no "hump" observed at 0.027 A"l in case of Tn-C. SAXS profiles
of TRIC and TR2C were feature-less: they can be approximated by
an exponential curve up to large scattering angle, S = 0.03 3;1,
irrespective of ca%*t. The interference function of two domains

{see APPENDIX), i.e. sin(2nr‘NCS)/(2nr NCS) was clear in SAXS

profiles from native Tn-C.
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Figure 19: SAXS profiles of TRi1C, TR2C and CaOTn—C and Ca4Tn—C.
The interference of two domains is obvious for native troponin C

molecule.
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4.b. Structural Changé of TR2C upon Cag—i Binding

2 2+

*_free and Ca“*-bound TR2C are shown

in Figure 20. Irrespective of C32+, the linear region (Guinier

The Guinier plots of Ca

region) was very large. Interparticle interference was seen
even at 12.3 mg/ml of TR2C: downward curvature in the very small
angle. The Rg's obtained from the Guinier plots at different
protein concentrations are plotted in Figure 21. : Rgc's (radii
of gyration of TR2C) at infinitely dilute concentration was 17.0
+ 0.3 & and 14.7 + 0.1 & for Ca 2*free and Ca 2*bound TR2C.
Rg- decreased greatly upon caZ*, which corresponded to the
compaction of C-domain upon Ca®* binding.

Forward scatterings, 1(0)/C's showed a good linearity and
molecular weights were estimated to be 9600 * 900, 9000 + 1000

for Ca2+

-free and Ca2*-bound TR2C (in Figure 22). These values
were larger by a smaller extent than 8,480 determined from amino
acid sequence, which was derived from the effect of water bound

to protein. The same phenomenon was seen in native Tn-C.

4.c. Structural Change of TRIC upon Ca2i Binding

Guinier plots of Ca2*-free and Ca?*-bound TRIC are plotted
in Figure 20. Characteristics of the Guinier plots were the
same as those of TR2C. The dependency of Rgy (radius of
gyration of TRIC) on protein concentration was less distinctive
than TR2C. Rgy almost stays constant. Rgy at infinite
dilution was 13.9 A = 0.2 & and 14.7 & * 0.1 A for Ca %%free
and Ca?*-bound TR1C, respectively. The Rgy in the absence of

2+

Ca2+ was small, while RgN in the absence of Ca had a large
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value. This finding indicates that N-domain of Tn-C seems to
have an ordered structure. Average radius of gyration can be
calculated from these experimental values to be 15.5 A, which is
in accbrdance with the §§N,C obtained from S2-1n{1(S)} plot.

Binding of CaZ2*

increased Rgc. Molecular weights of TRIC were
determined to be 8000 * 200 and 10600 * 300 for Ca %*free and
Ca2+§bound TRIC, respectively. The molecular weight of Ca%*-
bound TRIC was a little larger than ca®*-free TRIC. Since both
1(0)/C and Rgc increased upon Ca?* binding, binding of Ca?* may

cause an aggregation of TRIC. The topic will be discussed further

later,

Table 5: Structural parameters of tryptic fragments of Tn-C in
different states

Rgy and Ry molecular

(A) weight

TRIC -Ca2t 13.9 8,100
(0.2) (300)

+Ca?* 15.0 10,600
(0.1) (100)

2+

TR2C -Ca 17.0 9,600
(0.3) (900)

+Ca2t 14.7 9,000
(0.1) (1,000)
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Figure 20: Guinier plots of tryptic fragments of Tn-C, TRIC and
TR2C. Except for a small deviation for Ca2+-free TR2C, tryptic

fragments of Tn-C is well approximated by Gaussian function.
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Figure 21: Protein concentration dependence of Rgc’s and RgN's
for Ca?*-free TR2C (O), Ca 2*bound TR2C (1), Ca 2ifree TRIC
(A) and Ca 2*bound TRIC (X).
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Figure 22: Protein concentration dependence of forward
scattering, 1(0)/C, obtained from the Guinier plot approximation
for Ca?*-free TR2C (O), Ca 2*pound TR2C (1), Ca 2*free TRIC

(A) and Ca 2*bound TRIC (X).
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" 5. SOXS Profile Based on the Molecular Structure of Tn-C in the

Crystalline State

A SOXS profile of the Tn-C molecule, calculated from the
atomic coordinates in the crystalline state, is shown in Figure
- 23. The atomic scattering factor used was corrected for
) solvent inaccessible volunme. The contrast of the particle was
~determined fitting with an experimental curve.

A characteristic of the calculated SAXS profile of Tn-C was
that a "hump" existed at S =0.027 A1, This was always seen
irrespective of the contrast, although the position of the hump
changed with the contrast. This characteristic is consistent
with experimental profiles (Figures 7 (a), (b)). Nevertheless
the discrepancy between calculated intensity and experimental
profiles was evident: the experimental profiles shifted to
smaller scattering angles than the calculated one. These
results indicate the homology of the structure in solution to
that in crystal, but there is the difference in size between two

States.
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Figure 23: The dotted line represents the experimental SOXS
profile of CayTn-C in solution. The other lines are SOXS
profile calculated from amino acid coordinates in crystalline
state with various solvent densities; zero (solid line), 2
(broken line) and 3 (chain-dotted line). The calculated

intensity cannot be fitted to the experimental curve.
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The difference is much more clear in tryptic fragments of
Tn-C. SAXS profiles of the tryptic fragments also showed the
shift of SAXS profile to smaller angles (Figure 24). P(r)
obtained from amino acid coordinates indicated that the size of
each domain was apparently more expanded than the crystal
structure (Figure 25).

Physical parameters also supported the above hypothesis.
Rg's from direct calculation from the coordinates in crystalline
state was 22.9 A, 12.4 A and 12.5 R for Ry and Rgc and Ry,
respectively. These values were smaller than experimental
values. The distance between two domains of the crystalline
'Structure was similar bqt the size of each domain was smaller

than the structure in solution.
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Figure 24 (a): SAXS profile calculated from the structure of TRi1C
in crystalline state. The dotted line represents Ca2+-free

TR1IC. Symbols are the same as in Figure 23.
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Figure 24 (b): SAXS profile calculated from the structure of TR2C
in the crystalline state. The dotted line represents Ca2+-

bound TR2C. Symbols are the same as Figure 23.
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Figure 25 (a): Distance distribution function of TRiC: Ca2+—free
TRI1C (solid line), Ca2+—bound TRIC (chain-dotted line) and

crystal structure calculated by amino acids coordinates (x).
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Figure 25 (b): Distance distribution function of TR2C: Ca2+~free
TR2C (so0lid line), Ca2+—bound TR2C (chain-dotted line) and

crystal structure (x).
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DISCUSSIONS

1. Aggreqgation State of Tn-C

l.a. Interparticle Interference

In the present study, the author is mainly concerned with

2* pinding. For this

the structural change of Tn-C upon Ca
purrose, SAXS profiles of Tn-C have to be from monodisperse Tn-C
and the interparticle interference effect must be extracted to
obtain the intrinsic scattering profile.

The preliminary SAXS experiment on Tn-C implied serious
~interparticle interference, a downward curvature of the SAXS
profile in the inner region of scattering even at a concentration
of 20 mg/ml (36). SAXS experience therefore had to be performed
on dilute solutions down to 2 mg/ml, and from these profiles It
was possible to obtain the intrinsic scattering profiles of the

Tn-C in various states extrapolating to infinitely diluted

solutions, as described in RESULTS. (Figures 9 and 15)

1.b. Aggregation State of Tn-C

As to the aggregation of the Tn-C molecule, there have been
several reports and they can be classified into two contradictory
reports. The first represented by Marggossian and Stanford
(34) reported that extensive dimerization occurred even in the
presence of EGTA and this effect was enhanced on binding of ca2t
to Tn-C. On the other hand, Murray and Kay (16) found very
little aggregation effect below pCa 4.0 and apparent dimerization

in the presence of millimolar Ca2+. In view of the SAXS
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experiment, serious aggregation of molecules in solution would
result in upward curvature of the SAXS profile in the inner part
of scattering on Guinier plot. This is not true in the present
case, as is evident in Figures 8 and 14.

The fraction of the dimer in the solution also depends on
the concentration of protein since it is determined from the
equilibrium bétween monomer and dimér. Firstly, since the
contamination changes the forward scattering intensity, 1(0)/C

2+ concentration increases. Secondly,

should increase as the Ca
the plots of 1(0)/C or Rg vs. concentration of Tn-C deviate from
a straight line if the fraction of the dimer increases with the
concentration of Tn-C. The present SAXS experiment indicates
that the 1(0)/C’'s do not change for all states of Tn-C except
Mg,CasTn-C, and the 1(0)/C and Rg dependences on the
concentration also are not in favor of contamination with dimer.
The P(r) function also provides information about the small
amount of aggregation effect on SAXS via indirect transformation
methods (56). Such information comes from a series of
calculations of Rg values as a function of the maximum length,
Dpax+ @t minimum reciprocal fitting parameters Spjip- If the Rg
value at small Sy, values increases monotonously with an

increase in Dmax»and reaches a prlateau at some S value,

min
aggregation of the molecule is expected in the sample solution.
This method also indicated that there is no dimer contamination
except Mg,Ca,Tn-C.

In case of Mg,CasTn-C however 1(0)/C increases over the

range of 2-6 mg/ml, which suggests contamination with dimer.
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The author tried to explain this by a dimer-monomer model in
which a linear concentration dependency of apparent 1(0)/C is
assumed. Best fit parameters by least-squares method are 511 M~
I oof apparent dimerization constant. The estimated values of
1(0)/C were plotted in Figure 17. The expgcted fraction of

dimer at experimental concentrations are shown in the table

below.

Table 6: Expected fraction of MgQCaOTn—C dimer at experimental
protein concentrations

protein monomer dimer

concentration (mg/ml) (%) (%)
2 87.4 2.6
3 93.1 6.9
4 91.3 8.7
6 88.2 11.8
8 85.5 14.5
10 83.2 16.8

At first glance this finding is incompatible with the good
linearity of scattering profile in Guinier plot and Rg dependence
on protein concentration. This contradiction is due to the :
difference between Eq (12) and Eq (13): Normally, Rg of a dimer
is much larger than that of a monomer so that contamination with
dimer becomes conspicuous both in the Guinier plot and in I1(0)/C.
If the Rg of a dimer is not so different from that of a monomer,
the all the results can be explained Tn-C has an elongated
structure or dumbbell structure; it is possible to think a

plausible configuration without changing the structure of each'
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domain. When two Tn-C are deposited in line, for example, Rg
of the Tn-C is larger than that of the monomer by 60 %. However,
when the four domains are placed in a tetrahedral arrangement,
which gives the smallest value of Rg, Rg of the dimer is larger
than that of the monomer by only 24 %. In this case the good
linearity of Guinier plots and the dependenéy of Rg on protein.
concentration can be well explained, since the ratio of dimer
content is probably up to 20 % of the total Tn-C at 10 mg/ml.
From the restriction of the good linearity on Guinier plots,
Mg,CansTn-C dimer exists as a compact configuration, such as a
tetrahedral arrangement.

Thus, the SAXS profiles in the present study are taken as
of a monomer solution of Tn-C except Mg,CasTn-C. These
conclusions allowed us to analyze the SAXS profiles té detect the
structural change of Tn-C upon binding of ca®* and M92+ to high

affinity sites.

linear tetrahedral
arrangement arrangement

Figure 26: Schematic picture for two types of arrangements of the

dimer. Each circle represents the domain of Tn-C.
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1.c. Molecular Weight of Tn-C

I have to add a remark on the molecular weights of Tn-C that
are presented in RESULTS. Instead of performing an absolute
measurement of scattering intensity} I carried out a relative
method to estimate the molecular weight using lysozyme as a
reference. This method is accurate if several conditions are
met: the two proteins must have similar shape, the same surface
properties with regard to hydration and the same partial specific
volume (i.e., the same Az [electron density differencel). The

2t concentration except

present value, ~22,000 irrespective of Ca
Mg,CasTn-C, is higher than the value calculated from the amino
acid sequence. A simple-minded interpretation might erroneously
lead to a calculation of the amount of dimer in solution, i.e.,
about 20 %. However, it is hardly understandable that the
degree of contamination stays at a certain level, independent of
the ca?* concentration. This discrepancy can be rationalized in
two respects (see Eq.[111). One of the differences is in the
excess electron density of molecules, Az. Only one percent
difference in density, which seems very probable, causes a
difference in 1(0)/C of as much as about ten percent. Hence
this may be the major factor. The other factor is the number of
water molecules bound to the protein. If the shape and
properties of the surface are not different from each other, the
degree of hydration is the same for these molecules. However,
the Tn-C molecule being dumbbell-shaped, it has a larger surfacé

area per unit volume than lysozyme. Besides, the Tn-C molecule

carries more charged groups than lysozyme under the experimental
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conditions, as judged from the amino acid sequence: at pH~7,
there are 21 negative and 8 positive charges in the N-domain aﬁd
20 negative and 7 positive side chains in the C-domain. The
lysozyme molecule has only 18 positive side chains and no
negative side chains at pH 3.8 (Fujisawa, T. & Ueki, T.,
~unpublished calculation). The Tn-C molecule, therefore, is
expected to be more hydrated than the lysozyme molecule, and the
estimated molecular weight therefore tends to be larger than the
value calculated from the amino acid sequence. The same
conclusion was employed by Murray and Kay. Molecular weights of
tryptic fragments (~9500 is larger than 8500 from amino acid

sequence) is also in accordance with the above speculations.

2. SOXS from Tn-C

As described in RESULTS, scattering from Tn-C has a hump at
0.027 3"1, while tryptic fragments do not have this feature
(Figure 19). It is evident that this characteristic derives
from ihterference of two domains rather than the internal
structure of each domain. The pair distribution function
indicates the two-domain structure more clearly. It resembles
the pair distribution of two ellipsoids demonstrated by Glatter
et al. (51). It is natural that at low resolution a dumbbell
structure can be represented by two domains.

The characteristics of P(r) function are the same for all
states of Tn-C so that this dumbbell structure remains even for
MgyCagTn-C, although the extended structure is supposed from the'
maximum dimensfon of P(r) function. So the analysis based on

the dumbbell structure described in APPENDIX is valid for all
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states of Tn-C.
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Figure 27: Distance distribution function, P(r), from two domain

model built from prolate ellipsoids: 50lid line; one domain,

broken line; two domain, bold line;
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3. Structural Change upon Ca2i or MgZi Binding

3.a. Structural Change upon Ca2i Binding in the Absence of

2+

Mg

In this section the author will describe the structure of
CagTn-C, Ca,Tn-C and CayTn-C. In the absence of Ca®* and Mg2*,
Tn-C molecule has a large asymmetry, i.e., an elongate struéture,
which was reflected by a large value of Rg and Dy, of Tn-C. Rg
of other spherical protein such as a-chymotrypsin (molecular
weight is 24,500) is 18.0 & (5P, while that of CagTn-C was 27.8
5. Large Dp,y of Tn-C is also in accordance with this results.
The structure of Tn-C in solution , though is supposed to keeé_
dumbbell structure. The doméin of Ca?*- and M92+—free Tn-C is
rather expanded from the maximum length, Dp,, of the fragments
and ﬁaN,C' Especially in the absence of Ca®*, C-domain is
considerably unfolded sinbe both the Dy, of TR2C and Ryc is
large, while N-domain already has an ordered structure which is
expected from Rgy ¢ and P(r).

Binding of CaZ?*

to high affinity sites brings about the

compaction of C-domain, Rg- decreases by 2.3 £ so that the
decrease of §§N,C is mainly attributable to C-domain. The

length in r = 40-60 A of P(r) function of TR2C decreased

considerably upon Ca?*

binding. This compaction of domain is

parallel to the decrease in ryc, which was indicated by decreases
in Rg, §§N,C’ and ryc- A decrease in the dependency on protein
concentration of physical parameters corresponds the decrease in

the exclusion volume of Tn-C, i.e., asymmetry of Tn-C decreased.

The results indicate that Th-C molecule contracts along its long
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S axis.

With further binding of Ca?' to low affinity sites, the Tn-C
the contraction continues but not to as greater as binding of
ca?* to high affinity sites. ﬁaN,C does not decrease very much
but shortening of ryc by a few angstroms was observed. RgN.
increased whereas it is supposed to decrease. It is quite
doubtful whether the increase has a physiological meaning. This
contradiction comes from the deficiency of first ten amino acids
which was reported to play an important role in domain

interaction suggested by NMR resonances (29).

3.b. Structural Change of Tn-C upon Ca2! Binding in the

2+

Presence of Mg

In high affinity sites (C-domain), binding affinity of
Mg2+ is higher than Ca2+ (table 1) consequently in the presence
of few millimolars of M92+ (physiological condition) Tn-C carries

2% t{o Tn-C occurs mainly at

two Mg?* in C-domain. Binding of Ca
ca?* specific sites (N-domain).
Firstly, the binding of Mg?* to high affinity sites will be
discussed. All SAXS parameters of Mg,CasTn-C were smaller than
the Ca?* and Mg?*-free Tn-C (CagTn-C) just like in the case of
CasTn-C. The ﬁgN,C and ryc decreases, which shows the domain
become compact with the shortening of the domain distance.

Structural parameters of M92Ca0Tn—C are similar but not identical

to CasTn-C , i.e., all parameters are larger by 2 %. This

result could be a reflection of a small difference between the

two structures, Mg2Ca0Tn—C and Ca2Tn~C: each domain, probably C-
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domain and the ryc of Mg,CapTn-C is larger than CayTn-C. vIn
spite of these small differences, the overall structure of
Mg,CagTn-C undoubtedly resembles to that of Ca,Tn-C. The Rg and
1(0)/C dependence on protein concentrations, which is related to
;urface property and whole structure, is not so different. As
described in INTRODUCTION this is in good accordance with the
.pther results reported by spectroscopical methods and
thermostability.

Analysis of the SAXS profile from Mg,CasTn-C is very
difficult since forward scattering, 1(0)/C increased with
increasing protein concentration in 2-6 mg/ml. As described
pfeviously Mg,CapTn-C is supposed to dimerize with apparent
dimerization constant 511 M~1. Even if the dimerization
occurs, the fraction of dimer is effectively low at 3 mg/ml (less
tﬁan 3 %) so that the extrapolation of the apparent SAXS profiles
in 3-6 mg/ml to infinite dilution does not lead to a serious
deviation from the intrinsic SAXS profiles. Structural
parameters of Mg,CagTn-C from extrapolated SAXS profiles could
adequately reflect the intrinsic structure.

Ca?* binding to low affinity sites cause an increase in Rg

2+

in the presence of Mg and a decrease in Rg in the absence of

Mg2*, respectively. This is the reverse direction of
structural change, which indicates that structure of the Tn-C
molecule varies with Ca?* differently in the presence of Mg2+.
This difference is mainly attributable to a 2-A increase in r'nes
since ﬁaN,C remains constant irrespective of M92+.

As a summary of this section, schematic pictures of

2+ 2+

structural changes of Th-C upon Ca or Mg binding was
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conceptualized in next page. This picture is taken account of
the present results as well as the other results obtained by

other techniques.

ACa2+
.Mgz+
N-domain
C-domain
CagTn-C  Ca,Tn-C  Ca,Tn-C
N-domain
C-domain

M92C§10Tn -C MngazTn-C

Figure 28: Schematic picture for structural change of Tn-C upon
Ca2+ or Mg2+ binding. The structural change of Tn-C was

conceptualized on the basis of the present results.
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4, Comparison of the Results with Those Obtained by Other

Techniques

In this section we compare our SAXS results with those
obtained from other techniques.

The Ca?*-induced change in Rg and EEN.C is quite comparable
with the results of CD measurement and proton NMR studies (1,2),
as described in INTRODUCTION. The Stokes radius of Tn-C
decreases from 26.3 A to 24.3 A upon ca?? binding (17},
comparable to the decrease of Rg of the molecule (see Table I).
The decrease in ﬁEN,C upon ca2t binding to the high affinity
sites is also consistent with the increase in a-helix content,
L;Q;. the domain becomes more compact. The Tn-C molecule
becomes more stable against temperature upon ca?*, which also
corresponds with the present results. The decrease of the
interdomain distance, the Ca®*-induced contraction of Tn-C, is
comparable with the decrease in viscosity. Nevertheless, there
also exist contradictory experimental data by the fluorescence
energy transfer method to the effect that the distance between
Met-25 and Cys-96 is insensitive to binding of ca?* or M92+ ions
(32,833). The uncertainty of the position of the probes could
lead to this discrepancy.

There are also several lines of study on structural change
of Tn-C upon Ca?* binding to Tn-C in the presence of Tn-C. a-
helical contents measured by CD of Mg,CapgTn-C is identical with
CapTn-C. PMR resonances suggests Mg,CagTn-C is more unfolded
than Ca,Tn-C. The fluorescence of the probe attached to Cys-98

in C-domain is completely different between Mg2Ca0Tn-C and CazTn—
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C. Thermostability of Mg,CagTn-C is slightly lower than CasTn-
_C. These facts is identical with the present results. The
most interesting finding of the present results is that the

2+

structural change upon Ca binding to N-domain is completely

different between in the presence and absence of M92+; in the

presence of M92+

the domain becomes compact in parallel to the
increase of the diﬁtance between two domains. The results
reported by other methods such as CD, NMR and PMR spectra also
observed the tightening of Tn-C so that they concluded the
identical structure between CayTn-C and Mg,CasTn-~C. These
measurements are affected by local conformation of Tn-C rather

than by overall structure. The present results could be

compatible with them.

5. Comparison of the Present Results with Those of the Other SAXS

Experiments

Since our first article concerning SAXS from Tn-C was
published in 1887, two articles were published by Heidorn and
Trewhella and Hubbard et al. (30,31). They also observed
characteristics of 1(S) and P(r) from a dumbbell structure,
though there are many discrepancies. The main difference lies

2+

in the structure and structural change upon Ca or Mg2+ binding.

Hubbard et al. reported that Ry was 23.2 R, 22.8 &, and 23.0 A

for CagTn-C, CasTn-C and CayTn-C, respectively (30). The
dependences of the Rg's and forward scatterings on protein
concentration were smaller than ours. They once observed the
slight upward curvature in Guinier plot, which has never been

observed in our experiments.
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Figure 29: Guinier plots and fits for Ca4Tn-C presented by
Hubbard et al. (30). The two plots are taken from different
~experiments. The upward curvature is clear at top. The fitting

ranges are indicated by the arrows.

Both forward scattering, apparent 1(0) and Rg of Tn-C at 26.4

N . . . 4+
mg/ml increased with increasing Ca2

and they.concluded the
aprarent aggregation caused by Ca2+ binding. Their values of

Rg's are cited in next page.
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Figure 30: Rg as a function of Ca2+ and protein concentration by

Hubbard et al. (30)

The principal reason of the difference lies in concentration
range: They used 5-26 mg/ml while the author used 2-10 mg/ml.
They overlook the difference of concentration dependences of
1(0)/C's and Rg's: the concentration dependence differs with the

amount of bound Ca2+. At dense concentrations apparently 1(0)/C

2+ concentration however

and Rg increases with increasing Ca
intrinsic Rg and 1(0)/C at infinitely diluted concentration does
not increase as clearly indicated in Figures 10 and 11. At low
concentration the Rg decreases with increasing Ca®* at 6.4 mg/ml.
They performed SAXS experiments effectively at only three points
and used the points at high protein concentration where I1(S) of

the inner part is distorted by the interparticle interference

effect. The other reason is probably the optics. The optics
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they used distort the SAXS profile in the small S region because
a serious smearing of profile cannot be avoided for a camera
length of 56.1 cm with a 5-mm-wide detector aperture. Thus,
the intrinsic Rg of Tn-C in the Ca?*-free state is much smaller
than ours. Lyophilized Tn-C was used by Hubbard et al., so it
may not have been intact. They also used a different ion in
the sample buffer, NaCl instead of KCl.

Heidorn and Trewhella studied the SAXS from Tn-C in the

presence of Mg2+. MgZCazTn-C was also contaminated with dimer

and only M92Ca0Tn-C.was studied. Extrapolation of R92

yielded a
Rg of 23.0 A, which is smaller than our result. Their protein
concentration range (13-52 mg/ml) was abparently too high to
extrapolate to infinite dilution; in the concentrations the inner
part of SAXS profiles were distorted by the strong particle
interference effect. The maximum length from the P(r) function
consequently tends to be smaller. Moreover, the X-ray intensity
was so weak that they only could obtain very noisy profiles even
by exposures of several hours at 23°C.

The other feature of the present results is the analysis.
Heidorn and Trewhella and Hubbard et al. determined the radius of
gyration of Tn-C and the maximum length for the P(r) function.
These two parameters are relevant. In contrast, my analysis is
based on the characteristic structure of Tn-C. [ herein present
the radius of gyration of the domains and the distance between
them, which yield the useful, detailed information that the
domain of the high affinity sites (C-domain) becomes more compact
and that the two domains get closer together (i.e., the molecule

2+

contracts along its major axis) upon Ca binding.
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‘Figure 31: P(r) functions calculated for Tn-C with the uniform
ellipsoid model presented by Heidorn and Trewhella (31).

Crystal structure (O), the bent model (A), and experimental
curve for Mg,CagTn-C (1). Crystal structure and their bent model

were illustrated above.
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6. Comparison of the Structure in Solution with that in Crystal

First of all we can compare our data with those of crystal
structure analysis (7-10). Crystallized Tn-C carries two ca?*
ions in the C-domain, so that it corresponds to Ca,Tn-C. The
main difficulty in calculating SAXS profile from crystalline
structure is the evaluation of the solvent. The intensity-
calculation program made by Mr. Shin-i considers the effect of
solvent inaccessible volume. The calculated intensity from
crystalline structure of lysozyme was identical with the
experimental profiles (49). In case of Tn-C, the main
Acharacteristic hump from crystalline structure was common to thé
SAXS data although the difference between them was apparent: the
'SAXS profile shifted to sméller angles. First peak in P(r)
function of crystalline structure located at 17 3, which was
smaller than our result but the second peak was almost at
identical length (Figures 12 and 18). The same observation
was verified in both TRIC and TR2C in Figure 25. This indicates
size of the domain in solution is larger than that in crystal.
Physical parameters also suggest above. From the amino acid
coordinates of Tn-C, Ry, Rgy ¢ and ryc were 22.9 &, 12.5 A and
41.7 K, respectively. The Rg and §§N,C were smaller than that
of solution. On the basis of several lines of studies the
conformation of the domain can not be so different. The
difference is probably attributable to the associated water.

The other possibility is the difference in the structures of the
domains, caused by electrostatic repulsive forces between the

ionized groups.
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The 52% a-helicity in solution determined by CD measurement
is smaller than the value in the crystalline state (67%) (7,14).
A potentiometric titration study also indicated the possibility
- of an expanded Tn-C structure at neutral pH (13). Satyshur et
al. themselves admit the effect of PH on protein structure since
the growth and stability of the crystals are very sensitive to. pH
(10).

The 14.8 A of ﬁgN,C corresponds to a radius of a uniform
sphere of 19.1 &, so that the separation of the two domains may
not be so clear as in the crystalline state when the high
affinity sites are occupied. The characteristic of P(r)
function is accordant with above; the second peak at 40 A in P(r)
is more clearer when the separation of two domains becomes
distinct. The finding is also reported by other SAXS studies
(30,31). This structure could make it possible for the N- and
C-domains to interact with each other, as suggested by other

methods (see INTRODUCTION).

7. Changing Mechanism for the Protein Compaction

If the Tn-C molecule contracts along with main axis upon
ca?* or Mg®* binding, the question is how it can occur.

In crystalline structure the linker helix is exposed to
solvent. The a-helix is usually unstable in solvent medium, in
the case of Tn-C the complicated electrostatic interaction
between side chains of helix keeps it. The isotropic
temperature factor, which gives an indication of the regions with

more or less conformational flexibility in the molecule, is high
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in the region of linker helix (9). The increase in pH could
bring about the flexibility of the helix. Both Satyshur and
Herzberg considered this hypothetical conformation change in the

linker region on Ca2+

binding would bring about a change in the
relative deposition of the two domains (9,10), Heidorn et
al. showed that hypothetical rotation around the center of the
linker helix could explain their SAXS results. Recently Xu and
Hitchcock-DeGregori explored a Tn-C mutant in which residues 91-
93 (Lys-Gly-Lys) in the linker helix were deleted (5%). It
differs in function from wild-type Tn-C in the conformational

change upon Ca2+

binding and its interaction with Tn-I. The
region near Gly-92, therefbre apprears to play an important role‘

in molecular contraction.
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APPENDIX

A. Analysis of small-angle Scattering Intensity Based on the

Dumbbell Structure

A.1. Small-Angle Scattering Intensity based on the Dumbbell

Structure: Small-Angle Region

In crystalline state, the Tn-C molecule consists of N-
terminal domain (N-domain), C-terminal domain (C-domainl)} and a
linker helix . N-domain includes the first 85 amino-acid
residues and C-domain comprises the last 66 residues. | The
linker helix of 12 residues can be approximated as a short, thin
rod whose scattering profile becomes pronounced in much higher
scattering angle region than the region dealt with in the present
paper. The number of electrons included in this rod is smaller
compared with that in the domains (12 residues out of total of
162 amino acid residues) (7,8), so that the intensity of Cross-
terms between the rod and the domains is assumed to be small.
Neglecting the linker helix, the model structure is well

approximated by the two domains as

P(T) = p (X)) + p (F) + py (T
- (A-1)
~ pu(r) + o ()

where o (7)), p (T) and p, (T) are electron densities of the N-
domain, C-domain and linker helix, respectively. Although py
() and pc(?) are not spherically symmetric, they can be assumed

to be so if the analysis is confined in the small angle region, S
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= 0.03 K'l. This assumption is supported by SAXS experiments
from tryptic fragments of Tn-C. in these experiments, it was
shown that the scattering intensities were expressed in the form
of Gaussian function up to S = 0.03 A1 (see Figure 20). Thus,
pu(?) and pof?) can be written as spherically symmetric py(1r)
and p.(r) since the MW of these domains are less than 10,000
daltons. p(r) can be written by using pn(r), pelr) and the
positional vectors of the centers of these domains, Ty and ?t,

as
PIT) = p(rI%8(T - Tw) + p(r)%8(T- Te), (A-2)

where % denotes a convolution operation and & (¥) the Dirac delta
function (59).
After Fourier transforming p(T) and taking the spherical

average of the square of the Fourier transform, I(S) is given as

1(S) = £4%(8) + £.2(5) + 2 fy(S)fc(S)sinc(2nr ye S). (A-3)
where sinc(X) = sin(X)/X and ryc = ITy - T¢l . In Eq (A-3),
fy2(S) = § o, (r)sinc(2rSridr = nj expl-(4n2/3)RgnS"]

and
fc2(S) = &’pc(r)sinc(ZnSr)dr = ni exp[-(4nz/3)Rgi s?7.

ny and nc are the éffective numbers of electrons belonging to the
N- and C-domains, respectively, and Rgy and Rgc are their radii
of gyration.

The difference in scattering intensity of domains, between
the cases in which the domains are treated separately and in

which they are averaged, is estimated to be about 0.1 % at S =
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0.0 and 2 % at S = 0.03 A"!.  Thus. the averaging of
scattering factors for the domains does not lead to a serious
error and hence the average scattering factor, f(S) is written as

follows,
£2(S) = Ty clexpl-(dn ¥3)Rg y 253, - (A-4)

In Eq (A‘4)—ﬁN.C is the average of the effgctive number of
electrons of the two domains, and RgN,C is the average radius of

gyration defined as (60)
Ron,c2 = {ny/(ny +nc ) Rey?
+ {nc/(ny + nc )} Roc? . (A-5)
Then, we have
1(S) = 2 £2(8) { 1 + sinc(2nr ycS) ). (A-3")

After expanding sinc(X) in the Taylor series at X = 0,
and approximating the series with an exponential function, Eq (A-

3') is expressed in the Guinier form,

1(S)

2 £2(S)expl-(4n ¥3) (r ycZ4)5 2

2fiy, c2expl- (41 ¥3)(Ra 2 +(r \c74)15 . (A-6)

This is valid in a very small angle region, and what we obtain
from the plot of 1In{lI(S)} vs. s2 , i.e., the radius of gyration

of whole Tn-C molecule, Rg, is 3
Rg2 = Roy c® + ryc® /4. (A-7)

If ﬁgN,C is known, we can get the value of ryc.
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A.2. Small-Angle Scattering Intensity Based on the Dumbbell

Structure ! The Linear Region in 1ln{l(S)/S} vs. S%Aplot

I will show that EGN,C is estimated from the linear region
in In{I(S)/S} vs. 52 plot. The term, 1 + sinc(2nr1«55), in
Eq (A-3’') is called an interference term. The "hump" observed
in SOXS profile (Figure 7) is understood as that arising from
this term. The position of the hump gives, in principrle, the
value of ryc,» but it is difficult to determine its accurate
position since it appears only as a shoulder.

I discuss the appearance of the §§N,C as follows. If fhe
function sinc(X) is expanded in Taylor series around X = 27 up

to the first and second terms, we have
sinc(2nr ycS) = (rycS - 1) - (rycS - DA (A-8)

Near S = l/rNC, the second term is taken to be very small and

1(S) can be written using Eq (A-4) as

I(S) = 2 £ AS)(r ¢ S)
= 2fiy % expl-(4n ¥3) Ry %S A(r ¢ S)- (A-9)

Dividing I1(S) by S and taking logarithm of {I1(S)/S}, Eq (A-

9) gives,
_ = 2 _ 2,05 22 -
In{I(S)/S} = ln{QnN,c rNC} (47 /3)Rg]qJ: S< (A-10)
Eq (A-10) indicates that the 1n{I(S)/S} vs. S2 plot must have a

linear region around S = l/rNC, and the slope of the straight

line in the plot yields the radius of gyration of domains, EgN,C
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(Eq (A-T7)). Figure 12 shows such plots for Tn-C solutions and
indicates that the linear region is recognized for all

concentrations of Ca2+.
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