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ABSTRACT. Contractile activity of skeletal muscle is triggered by & CGimduced “opening” of the regulatory
N-domain of troponin C (apo-NTnC residues-90). This structural transition has become a paradigm

for large-scale conformational changes that affect the interaction between proteins. The regulatory domain
is comprised of two basic structural elements: one contributed by the N-, A-, and D-helices (NAD unit)
and the other by the B- and C-helices (BC unit). Thé'daduced opening is characterized by a movement

of the BC unit away from the NAD unit with a concomitant change in conformation at two hinge$'(Glu

and Vafd of the BC unit. To examine the effect of low temperatures on this"@aluced structural
change and the implications for contractile regulation, we have examined nuclear magnetic resonance
(NMR) spectral changes of apo-NTnC upon decreasing the temperature from 3Ctdndaddition, we

have determined the solution structure of apo-NTnC &€ 4ising multinuclear multidimensional NMR
spectroscopy. Decreasing temperatures induce a decrease in the rates and amplitudes of pico to nanosecond
time scale backbone dynamics and an increaselielical content for the terminal helices of apo-NTnC.

In addition, chemical shift changes for the FHesonances of V&l and Asf§®, the hinge residues of the

BC, unit were observed. Compared to the solution structure of apo-NTnC determined@t (B@ BC

unit packs more tightly against the NAD unit in the solution structure determined@t €oncomitant

with the tighter packing of the BC and NAD structural units, a decrease in the total exposed hydrophobic
surface area is observed. The results have broad implications relative to structure determination of proteins
in the presence of large domain movements, and help to elucidate the relevance of structures determined
under different conditions of physical state and temperature, reflecting forces ranging from crystal packing
to solution dynamics.

Contractile activity in striated muscle is regulated by tional change in NTnC so as to cancel the inhibitory activity
troponin C (Tn@), a C&"-binding subunit of troponin  of Tnl. The structural change in NTnC is then transmitted
located on actin filaments together with two other subunits, to the actin filament through TnT. This succession of protein
troponin | (Tnl) and troponin T (TnT). TnC is a small acidic  structural changes leads to formation of the?Mgctivated
protein (18 kDa) consisting of two similarly sized globular ATPase actomyosin complex, and ultimately results in
domains, the N-terminal domain (NTnC) and the C-terminal muscle contractionl(-5).
domain (CTnC). The domains contain two?Gdinding sites
each. The CH-binding sites in CTnC are saturated at
physiological C&" concentrations; thus, NTnC is thought
to be responsible for regulation of muscle contraction via
binding of C&". The binding of C&" induces a conforma-

TnC isoforms and related contractile mechanisms have
been identified in striated muscle in a variety of vertebrates
and invertebrates whose environments have temperatures
ranging from 4 to 41°C. These organisms include rabbit,
chicken, frog, carp, shark, sea squirt, lobster, crayfish,

T This research was supported by the Medical Research Council of .barna.cle, lethocerus, horsgshoe (?rab, and scaiop . It
Canada and the Protein Engineering Network Center of Excellence iS believed that ectothermic species such as scallop, whose
(PENCE). habitat is cold seawater, experience the lowest temperature

*The atomic coordinates for the final structures and the sets of o ; ; ; ; ;
! ; h . of 4 °C, while chicken striated muscle experiences the highest
restraints have been deposited with the Brookhaven Protein Data Bank, P 9

(file names 1SKT and 1ZAC). temperature of 42C (18). Hence, one can assume that the
*To whom correspondence should be addressed. E-mail: tsuda@hniri. Ca"-dependent regulatory function of TnC is conducted at
90-§JF}: iﬂo%eiES%_-ll-IS?Esgtl_Z-l FRaXH_81-I'::-]I--8?t7-t89?SNIRI) low temperatures. A detailed structural understanding of the
OKKalao National Inaustrial Researcn Institute . . .
I University of Alberta. molecular architecture of a protein at low temperatures would

1 Abbreviations: TnC, troponin C; NTnC, N-domain of TnC; CTnC, provide valuable insight into its function. For example, the
C-domain of TnC; apo-NTnC, NTnC in the Eafree state; 2Ca-E41A-  cold-adapted enzymes produced from psychrophilic and

NTnC, E41A mutant of NTnC with 2 mol of C& bound; CaM, ; ; ; ; ; _
calmodulin; HLH, helix-loop—helix; NMR, nuclear magnetic reso- psychroirophic microorganisms possess high catalytic ef

nance; NOE, nuclear Overhauser enhancement; rmsd, root-mean-squariciency at low temperatures~0 °C) and exhibit rapid
deviation; SA, simulated annealing; CSI, chemical shift index. inactivation at temperatures as low as°&) and thus offer
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great potential in biotechnological applicatiod®); How-
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analogous to the C&induced opening31). It was also

ever, the molecular basis of cold adaptation in proteins is found that the change in fluorescence intensity is small when
unclear due to the lack of studies on structural and dynamic temperature alone is decreased at atmospheric pressure. A
changes of a protein in solution induced by a reduction in low-temperature-induced increase in the apparent' Ca

temperature.

affinity was also pointed out3(l). The study presented here

This study focuses on chicken skeletal muscle NTnC in focuses on the effect of low temperatures on a protein at
monitoring low-temperature-induced changes because of aatmospheric pressure (1 bar) to avoid a high-pressure-induced

large body of structural and dynamic data at normal
temperature+{30 °C) exists. This structural database includes
X-ray crystal structures of whole TnC where NTnC is in
the apo form while CTnC is in the €asaturated formZ0,

21), the Herzberg-Moult—James model for the €ainduced
structural change in NTnC2@), the NMR structure of a
TR:C fragment (NTnC without the N-terminal helix) in the
apo form @3), the NMR structures of NTnC in both the apo
and C&" states 24), the NMR structure of intact TnC in
the 4Ca&" form (25), the NMR structure of the E41A mutant
of NTnC in the 2C&" form (26), and the X-ray structure of
NTnC in the 2C&" form (27). In addition, the X-ray structure
of rabbit skeletal muscle TnC which is 90% homologous in
primary structure with chicken TnC has recently been
determined in two different crystal form2§). The detailed

opening or denaturation of apo-NTnC. NMR spectroscopy
is ideally suited for studying changes in structure and
dynamics of a protein on a per residue basis and under a
variety of physicochemical conditions (temperature, pH, ionic
concentration, ligand concentration, and pressure). We
monitored changes in the two-dimensional (ZBH{—°N}
HSQC spectra of apo-NTnC upon lowering the temperature
from 30 to 4°C and determined the three-dimensional (3D)
solution structure at 4C. Preliminary results of"N NMR
relaxation measurements taken &Clare also presented as
Supporting Information. NMR and X-ray structures for apo-
NTnC near ambient temperature (30 and®@2respectively)
were used for detailed comparisons to the structure°at.4

EXPERIMENTAL PROCEDURES

backbone and side chain dynamics of apo-NTnC have also Sample PreparationThe expression and purification of

been studied at 30C via heteronucleat®N and?H NMR
relaxation measurement®9). The structural studies reveal
that NTnC is composed of five helices: N-, A-, B-, C-, and
D-helices where the A- and B-helices flank ZCdinding
site | and the C- and D-helices flank €abinding site II.
The C&*-binding sites are composed of two paired helix
loop—helix (HLH) calcium binding motifs, as found in a
variety of the proteins of the calmodulin superfamily. The
N-, A-, and D-helices form a structural unit (NAD unit), and
the B- and C-helices form another unit (BC unit) which
includes a flexible linker. The main hydrophobic core of
NTnC is formed at the interface of these structural units.
The binding of C&" to skeletal NTnC causes a movement
of the BC structural unit away from the NAD unit. The
structural “opening” of NTnC accompanying the movement
of the BC unit is concomitant with large changes in the
dihedral angles at two “hinges” located at the beginning
(Glu*Y) and the end (V&9 of this unit; that is, the BC unit

I5N- and!>N/*3C-labeled NTnC (residues-090) was carried
out as described previouslg4). To accomplish decalcifica-
tion of NTnC, 14 mg of the protein was dissolved in 0.5
mL of 100 mM EDTA and applied to a 1.5 cm 90 cm
G-25 gel filtration column, which was equilibrated with 25
mM NH4HCGs. The pooled fractions containing apo-NTnC
were lyophilized, twice redissolved in water, and lyophilized
again to ensure removal of NHCQO;. Milli-Q deionized
water was used in all steps. The NMR sample was prepared
by dissolving 10 mg of apo-NTnC in 0.5 mL of ,B
containing 50 mM KCI, 10 mM EDTA, and 10%J0 for
spectrometer locking. The final pH of the sample was 6.7.
NMR Spectroscopyll NMR spectra were obtained using
Varian Unity INOVA 500 MHz or Unity 600 MHz NMR
spectrometers equipped with triple-resonance probe heads
and z-axis pulsed field gradients. All NMR spectra were
acquired at 4°C. The temperature was calibrated by
monitoring the'H chemical shifts of methanol. Assignments

is a “door” equipped with these two hinges. The opening of of *H, 13C (C, and G;), and*®N resonances of apo-NTnC at
NTnC leads to the exposure of a large hydrophobic surface4 °C were carried out by acquiring the following sets of 2D

(25). The side chains which are exposed in thé'daduced
opening of NTnC show restricted mobility in the “closed”
or apo state 29). It has been proposed that a gain in

and 3D NMR data: DQF-COSY3@), TOCSY (50 ms
mixing time) (4), NOESY (25, 50, 75, 100, 125, and 150
ms mixing times) 85), {*H—*N} HSQC @6), *N-filtered

conformational entropy for these side chains upon the NOESY (50 ms mixing time)37), **N-filtered TOCSY (75

opening of NTnC may offset the free energy cost for
exposing hydrophobic group3@). A similar, much smaller,

ms mixing time) 88), and CBCA(CO)NNH 89). All spectra
were acquired with théH carrier centered at the water

Ca*-induced structural opening has also been identified in frequency (5.01 ppm), and water suppression was achieved

cardiac NTnC, where the BC unit moves slightly away from
the NAD unit 29). Such a C#&"-induced opening of the BC

by a low-power (20 Hz) water presaturation pulse-11(b
s in duration. The 3D0°N-edited TOCSY and>N-edited

unit door allows the interaction between the exposed NOESY spectra were recorded with spectral widths of 7000
hydrophobic surface and Tnl, leading to the cancellation of (t3) and 6500 Hz t§) for the direct and indirect'H

the inhibitory action of Tnl 24). Hence, the change in the

orientation of the BC unit relative to the NAD unit is an

essential mechanism of contractile regulation in NTnC.
Recently, Foguel et al.3@) monitored fluorescence

dimensions, respectively, and 1600 Hg) (for the >N
dimension. A total of 512 complex points tg (*H) were
collected with 164t; (*H) and 32t, (!*N) increments.
Resolution enhancement of these 3D experiments was

changes of a tryptophan probe at residue 29 of chickenaccomplished by proper combinations of linear prediction
skeletal muscle NTnC (F29W mutant). They proposed that (64 complex points if; and 32 complex points ity), zero
a decrease in temperature under high pressure (2.2 kbarfilling, and 6C-shifted sine-bell squared apodizations, to

gives rise to a conformational opening in the molecule,

yield 3D spectra composed of 102¥Hj x 512 (H) x 64
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(**N) points. The 3D*N-edited HNHA spectra40) were
recorded with spectral widths of 6000 Hg)(and 4500 Hz
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Table 1: Statistics of the 40 Solution Structures of Apo-NTnC
Determined at £C?

(t1) for the direct and indirectH dimensions, respectively, no. of distance restraints

and 1500 Hz t) for the N dimension. A total of 384 total 1165

complex points irtz (*H) were collected with 8@, (*H) and intraresidue 422

48 t, (15N) increments. The data were resolution enhanced ~ sequential|{ —j| =1) 310

by zero filling, linear prediction (extension df by 40 Irgﬁg'alim_(ﬁiIIS)—Jl <5) iig

complex points ant by 24 complex points), and 8&hifted dihedral restraints¢) 78

sine-bell squared apodizations, which yield 3D spectra restraints violation

composed of 1024') x 512 (H) x 128 (*N) points. For distance ¢0.05 A) 10

all experiments, postacquisition solvent suppression by rmg'dh?f@;a' €2) 0

convolution of the time domain data was applied prior to well-defined regiorts

Fourier transformation4{). All of the NMR data were backbone atoms 0.46 0.07

processed and analyzed on a SGI Power Indigo2 workstation heavy atoms 0.9£0.08

(Silicon Graphics, Mountain View, CA) using NMRPip&2} eng%'i’és (kealimol) 0.27+0.09

and PIPP 43). The'H chemical shifts were referenced to = 91.29+ 0.31

the internal standard 2,2-dimethyl-2-silapentane-5-sulfonic Foonds 1.324+ 0.02

acid (DSS). Thé3C andN chemical shifts were indirectly Fangles 75.03+0.19

referenced from DSS by using the frequency ratios: 0.251449539 E‘mpmpefs (F repely %légeiioodgz

for 13C/H and 0.101329118 folPN/H (44). e gor-waas(F TSP 067+ 003
Structural Determinationinterproton distance restraints Faihedra 0.07+0.01

were obtained front*N-filtered NOESY and simultaneous  rmsd from experimental restraints

15N/13C-filtered 3D NOESY experiments performed in® y,ﬁEdd'Tta”CIe restraints (ﬁ) %Of]?é"gggé

The mixing time dependence of the transient NOE was rmsld ?rorrﬁ igggligizlﬁ?ge(oﬁgry ' '

determined from 2D NOESY spectra at’@ to assess the bonds (A) 0.000986- 0.000008

effects of spin diffusion; subsequently, the mixing time was angles (deg) 0.4492 0.0006

set to 50 ms for the NOESY experiments used to obtain  impropers _ 0.342@ 0.0004

¢ andg in core and allowed regions (%) 99.0

experimental NOE restraints. The intensities of 2D and 3D
NOESY data were calibrated on the basis of NOEs corre- calculation is given in parentheses. None of the structures exhibit
sponding to a knownodIStance such as PheH. (2.48 A)’ distance violations of>0.10 A or dihedral violations of>2.C°.

and an error of 50% was assumed for the NOE peak » seyenty-two percent of the backbone residues are well-defined, which
intensities. The following distance constraints were used to includes residues-529, 36-48, 55-64, and 72-87. The averages of
calibrate the 3D spectra: HNH, = 2.70-3.05 A (for the backbone atom rmsds Wher)ls\efach helix is separaAt?Iy superimposed
residues with negative values), H H.,_1=1.7-3.6 A, onto its average are 0.34 0.09 A for N, 0.294+ 0.09 A for A, 0.26
H—C—C—H = 292_3?_ A H—é—g:a . 21 527 A and + 0.07 A for B, 0.23+ 0.09 A for C, and 0.24: 0.06 A for D.¢ The

. ; . force constant for the van der Waals energy calculation was 4.0 kcal
H—C—H = 1.7-1.8 A. In cases where direct calibration was mol-+ A~*. ¢ Force constants for the calculation of NOE and dihedral

not possible, the distance constraints were overestimated. Foenergies were 50 kcal malA -2 and 200 kcal mott rad 2, respectively.
NOEs found only in 120 ms NOESY spectra, the upper ¢ and y dihedral angles in the core and allowed regions of the
bound was set to 6 A. Dihedral angle restraints for ¢he Ramachandran plot were determined by the program PROCHBEK (
angle were estimated from the 3D HNHA experiment, using
a correction factor of 1.1. A 25% error on the peak intensities peaks at 4C. The cross-peaks of Se@nd Met are identified
was assumed, and the minimyhangle restraint range was in the spectrum at 4C, whereas they were not identified at
set to£20°. The initial sets of restraints for the apo-NTnC 30 °C, presumably due to rapid exchange with solvent. For
structure at £C contained no dihedral angle restraints and most of the cross-peaks, the line widths do not appear to be
a fraction of the NOEs given in Table 1. These initial sets significantly broadened by decreasing the temperature,
of restraints were used for calculating 100 starting structuresprimarily because of the application of resolution enhance-
from an extended conformation using the simulated annealingment. However, the line width of an NMR peak is given by
(SA) protocol in X-PLOR 45) with heating for 60 ps and  Avy, = 1/(nT,) (in hertz), and the averagéN T, for the
cooling for 30 ps. Approximately 70% of the initial structures backbone amides is decreased from #68.5 ms at 30°C
converged. The structure refinement was carried out starting(29) to 794 0.7 ms at 4°C. As indicated by the arrows in
with the 50 lowest-energy converged structures using the Figure 1, the positions of some of the cross-peaks assigned
X-PLOR SA protocol with heating for 30 ps and cooling at 30°C can easily be traced to their corresponding peaks at
for 20 ps. The set of structures presented in this study 4 °C, while for peaks in the congested area 78% ppm
includes the 40 lowest-energy structures selected from thein the 'H dimension), assignment is ambiguous. Hence, we
50 structures obtained in the last round of refinement. have assigned the resonances of apo-NTnC ‘@ 4n the
RESULTS basis of 2D and 3D NMR experiments. The backbéme
andH, resonances of all residues except Alaresumably
We have used changes in the 2IH—°N} HSQC NMR not present due to rapid exchange with solvent) were
spectrum to follow the effect of temperature on the structure successfully assigned, and confirmed by correlation with the
and dynamics of apo-NTnC. Figure 1 shows the superim- 13C, and 3C; resonances through the CBCA(CO)NNH
position of HSQC spectra of apo-NTnC acquired at 4 and experiment. An example of the final assignment has been
30 °C. Assignments are indicated for well-separated cross- shown previously (strip plots from tH&N-filtered NOESY

2The number of each type of restraint used in the structure
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FIGURE 1: Superimposition of the 2D>N—'H} HSQC spectrum 015
of apo-NTnC acquired at 4C (filled cross-peaks) and at € ’
(unfilled cross-peaks). Assignments are indicated for well-separated ;?
cross-peaks at 2C. Arrows indicate the direction of movementof & *
well-separated cross-peaks upon lowering the temperature from 30 , 005
to 4 °C.

Dé6

Chang

experiment) 46). The nearly complete assignment enables
us to characterize in great detail the chemical shift changes &
of apo-NTnC upon decreasing the temperature from 30 to 4

t

-0.05

°C. g -0.1
As shown in Figure 1, most of tHgH—N} HSQC cross- E; -
peaks shift slightly to lower field in both thiH (less than @ 6
about 0.25 ppm) and®N (less than about 2.0 ppm) 02
1 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

dimensions with decreasing temperatures. The NMR spectral
changes are different from those which occur upon titration
of NTnC with C&* (see Figure 1 in reB2), where peaks Ficure 2: (a) Temperature coefficients (parts per billion per kelvin)
are observed to undergo larger-magnitude shifts (com aredfor the bapkbone amide protons of_ chicken skeletal muscle NTnC.
to effects of decreasing temgeraturg) of less than( aboEt 1 3(b) Chemical shift changes (the difference between 30 afd)4

9 P “~of the H, resonances upon decreasing the temperature. The
ppm for H and less than about 14.0 ppm f&N. These

secondary structure of apo-NTnC is also shown, as well &5-Ca
chemical shift changes upon €atitration occur to both binding loops I and I1. In panel b, the largest upfield chemical shift
lower and higher fields fotH and°N.

claan%es allre observed ffor reshidues I?Cﬁted ﬁt the N- and C-terrpini.
. . . The third lar wnfi mi i nge i rvi r
For peptides, changes of the ami#eNMR chemical shift Va?ﬁ5 angl zs%%:stlvi?ch sjg%gstes arﬁaor?enf:a(t:ioia?ﬁhzr?;:?or%%Ii?(
with temperature are linear and the slope gives the temper-c.

ature coefficient{ dAny/AT) in parts per billion per kelvin,

where —0Awy is the difference of the NH chemical shift . .

between 4 and 30C. The temperature coefficient is often broadening for the-ring *H resonance of Pﬁ@when the
taken as an empirical measure of the strength of hydrogen!€Mperature was decreased from 30 t¢Q This was
bonding ¢7, 48). Figure 2a shows the temperature coef- asgrlbe_:d toa _reduct|o_n in the ra_te of _rlng-fllppmg motion,
ficients calculated for apo-NTnC. Interestingly, no correlation Which is consistent with a view in which the environment
is observed between the temperature coefficients and thesurrounding PHé becomes more tightly packed, thereby
secondary structural elements of apo-NTnC, and many valuegncreasing the barrier to flipping of aromatic side chains
are near the maximum value of about 10 ppbtKThese  involved in the hydrophobic core of apo-NTnC.

results support previous indications that the temperature
coefficient is rarely correlated with the structure of a globular
e oo s oSSl betueen 30 and 1) s shoun n it 2. Th s
Lew’2, Leud, GIU8, and Arg¥) as indicated in Figure 2a. negative values, corresponding t_o upfield shifts of the H
These may be ascribed to local changes around the backbon&eSonances, are detected for residues located at the N- and
amides of these amino acids. These amides may be influ-C-termini. These changes can be attributed to a decrease in
enced by Changes in tertiary structure upon decreasing théhe rate of eXChange with solvent and an increase in the level
temperature. Indeed, some of the above-mentioned residue®f helical secondary structure of these regions. The decrease
are located close to aromatic residues @hBhe®, and in the rate of solvent exchange is correlated with changes in
Phée®) which exhibit hydrophobic contacts with each other backbone amidé®N NMR relaxation data between 3@9)

in apo-NTnC 20-28). It should be noted that Findlay and and 4°C. For example, the order paramet®) derived from
Sykes 60) and Tsuda et al.4@) reported significant line >N relaxation data for GR§ increases from 0.39 at 3T

Sequence

The *H NMR chemical shift changes of theqHproton
resonances upon decreasing the temperature (the difference
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Ficure 3: Stereoview of the solution structure of apo-NTnC &C4 The backbone atoms (N,Cand C) of the family of 40 structures
are superimposed and displayed in the “rods” representatidtelices N (residues-313), A (residues 1628), B (residues 3948), C
(residues 5564), and D (residues 739) and the antiparallgl-sheet (residues 368 and 72-74) are well-defined. The linker (residues
49-54) and C&"-binding sites | (residues 321) and Il (residues 6677) are less well-defined than the helices. Only residue3Mare
shown to avoid congestion. The figure was produced with the programs Molse#)parid Raster3DG0).

to 0.48 at 4°C2 The upfield shifts of the Fresonances are
indicative of an increase in helicity for the N- and C-terminal

of similar numbers of restraints and techniques. Interestingly,
the backbone rmsd value for the N-helix decreases from 0.54

helices, as determined using the criteria of the chemical shift+ 0.06 A at 30°C to 0.34+ 0.09 A at 4°C. The kink at

index (CSI) 61). In addition, improved structural definition

Glu* in the first half of helix B, as observed in the 3C

is evident on the basis of there being a larger number of NMR structure 24) and the crystal structure@, 21), is

interresidue NOE contacts for the N- and D-helices for apo-
NTNnC at 4°C than at 30°C. Large changes are also observed
for the H, resonances of V&l and As|5¢ which are located

at the end of helix C. The dihedral angle of V&F changes
from —84° to —115° upon C&" binding @2). Thus, a
conformational change of the BC unit with respect to the
NAD unit induced by lowering of the temperature is expected
to affect the chemical shift of V& and its neighbors. Upon
binding of C&", the ¢ angle for Gl changes from-96°

to —65° as the BC unit moves away from the NAD unit
(32). However, no significant change is detected for the H
chemical shift of Glé' upon lowering the temperature.

To elucidate detailed structural changes in apo-NTnC

identified in the low-temperature structure by a lafgigq
coupling constant determined during the 3D HNHA experi-
ment. For GldY, a3Junne Of 8.9 Hz is obtained, while values
of <5.0 Hz are obtained for all other residues in helix B.
Sites | and Il are less well-defined than the helices, with
rmsds of 0.7Gk 0.15 and 0.95k 0.36 A, respectively. The
poorer definition of the Ca-binding sites compared to that
of the helices is due in part to a smaller number of
experimental restraints for the sites. Other poorly defined
regions include the N- and C-termini, and the BC linker,
although these regions are more well-defined compared to
the 30°C apo-NTnC NMR structure2@). >N relaxation
measurements show that the order parame@jsfqr the

induced by lowering of the temperature, we have determined N- and C-termini, BC linker, and the €abinding sites for

the 3D structure of apo-NTnC at 4C. The structure was
calculated with 1243 experimental restraints derived from
NMR, as listed in Table 1. Figure 3 shows a stereoview of

the best fit superposition of the backbone atoms of the apo-

NTnC structural ensemble at°€. The apo-NTnC solution
structure consists of five helices [residues13 (N), 16-

28 (A), 42-48 (B), 55-64 (C), and 75-89 (D)] and a short
antiparallel 5-sheet (residues 388 and 72-74) which
connects C#-binding sites | (residues 3®1) and Il
(residues 6677). These structural elements of apo-NTnC

apo-NTnC are lower than those for the other regions at 4
°C, as observed for apo-NTnC at 30 (29), indicating that
the poorer definition of these regions is partly due to motional
flexibility. 2

The program PROCHECK5Q) was used to determine the
distribution of backbone dihedral angles. For all residues,
88% of thep andy dihedral angles fell into the most favored
region and 11% originate from glycines distributed within
the additional allowed region.

In Figure 4a, the minimized average structure of apo-NTnC

at 4°C are the same as those identified in the previously at 4°C is compared with that determined at 3D (24). As

determined 30C NMR structuresZ4). The five a-helices
and the antiparallgb-sheet of apo-NTnC at 4C are well-
defined with individual backbone root-mean-square devia-
tions (rmsds) of 0.27 0.09 A for the helices and 0.13
0.07 A for theB-sheet. The structural quality at %4 is
comparable to that of the recently reported 2CB41A-
NTNnC structure at 30C which showed backbone rmsd
values of 0.23+ 0.07 A for theo-helices and 0.2 0.08

A for the p-sheet 26). The structures of apo-NTNnC at°€
and 2Ca-E41A-NTnC at 30U were determined on the basis

2S. Tsuda, S. M. Gagdnel.. Spyracopoulos, and B. D. Sykes,
unpublished data.

shown in Figure 4a, the global fold of apo-NTnC at@is
similar to that at 30°C. In particular, the N-A, N—D, and
A—D interhelical angles estimated for the NAD structural
unit (residues 413, 16-28, and 75-87) are almost identical
(Table 2). The structural invariance of the NAD unit upon
C&" binding 26, 30) enables us to use this unit as a
reference motif to determine detailed differences in structure
between 30 and 4C. The backbone rmsd for the NAD unit
for the 30 and £C NMR structures is 1.73 0.24 A (Figure
4a). Interestingly, helix C of apo-NTnC at°€ is oriented
more parallel to helix D by 30compared to the 30C
structure, indicating a tighter packing of the BC structural
unit against the NAD unit at 4C. The G, of Prd, the center
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Ficure 4: (a) Comparison of the structure of apo-NTnC &Gt
with that of apo-NTnC at 30C (24), with the structures shown as
blue and red ribbons, respectively. (b) Comparison of the structure
of apo-NTnC at £C with the X-ray structure of apo-NTnC at 22
°C (20), with the structures shown as blue and yellow ribbons,
respectively. The NAD structural unit is superimposed in both
panels a and b.

of the BC linker, move 5 A closer to the NAD unit at 4C
compared to 30°C. The direction of this movement is
opposite to that of the C&induced change where the BC
linker moves 19 A away from the NAD uni24), suggesting
that apo-NTnC undergoes a low-temperature-induced con-
formational “closing”.

The low-temperature-induced conformational closing of

Tsuda et al.

hydrophobic core of apo-NTnC is a result indicative of a
decrease in the rates of dynamical phenomena at the
N-terminus and within the hydrophobic core. In addition,
upfield shifts observed for fHresonances of residues located
within helices at the N- and C-termini are consistent with
an increase im-helical content, due in part to a decrease in
dynamics at the ends of the molecule induced by lowering
of the temperature. Furthermore, prelimina®§N NMR
relaxation dataindicate that the overall tumbling of apo-
NTnC is slowed by a factor of 2 and the amplitude of internal
motion at the N- and C-terminal helices is also decreased at
4 °C compared to that at 3TC.

Significant downfield shifts of i resonances are detected
for Val®® and Asi§® upon lowering of the temperature. Since
Val®® has been known to be one of two hinges (Gland
Val®®) for the C&"-induced opening of the BC uni24),
the observed change at Val65 is related to a reorientation of
this unit. It should be noted that when NTnC undergoes a
structural opening, the hinge at Yais straightened, and
dihedral angles at this residue take values indicative of a
strand upon CA binding. The hinge at the so-called B-helix
kink (Glu*) exhibitsa-helical dihedral angles in the &a
saturated state?d, 26).

In contrast to the calcium-induced structural change which
involves an opening of NTnC, the low-temperature-induced
structural change results in a closing of apo-NTnC. This is
clearly demonstrated by the comparison of the preséft 4

apo-NTnC is characterized by a decrease of the accessiblgyuR structure with both the 38C NMR structure 24) and

surface area of the nonpolar groups. If only residue88!
are considered, and using the Shrake definiti®8, (the
surface area of apo-NTnC for the°€ NMR structure is
26944 63 and 3555+ 88 A? for the 30°C NMR structure
(24). The solution structure of apo-NTnC at°€ is more
“closed” compared to the X-ray crystal structud); Figure

4b shows the #C NMR structure and the X-ray crystal
structure of apo-NTnC20). It should be noted that crystal
growth and data collection for the X-ray structure were
performed at approximately 2Z (M. N. G. James, personal
communication). Like the comparison of the NMR structures
at 4 and 3C°C, the arrangements of the NAD unit of the 4
°C NMR structure and 22C X-ray structures are virtually
identical (Table 2), superimposing with a backbone rmsd of
0.53+ 0.04 A. As shown in Figure 4b, the BC structural
unit moves toward the NAD unit, and the orientation of helix
C of apo-NTnC at £C becomes more parallel to helix D
compared with the X-ray structure. This movement is
quantified by a 10increase in the interhelical angle between
helices C and D (Table 2), and/t2 A movement toward
the NAD unit for the center of the BC linker. The accessible
hydrophobic surface area of apo-NTnC &iClis about 170

A less than that for the crystal structure, which exposes 2866
A2 of the hydrophobic surface area for residues38. These
results show that apo-NTnC becomes more closed or
compact upon lowering of the temperature.

DISCUSSION

The data presented here show for the first time detailed
structural changes induced by low temperatures in apo-
NTnC. The appearance of new peaks in the{2B—°N}
HSQC spectrum at 4C originates from backbone amides
in the N-helix (Set and Met), and line broadening for the
1H ¢ resonances of the aromatic side chain of Phethe

the 22°C X-ray structure20) (Figure 4 and Table 2). Again,
the downfield shift of H resonances of one of the hinge
residues (V&P) is thought to be supporting evidence of this
closing (Figure 2). Although the NAD and BC units keep
their respective structural motifs, lowering of the temperature
induces a reduction of the distance between the two units,
as quantified by a change in the interhelical angle between
helices C and D, and a reduction in exposed hydrophobic
surface area. Gagnet al. recently compared the-D®
interhelical angle between currently available apo- arid-Ca
bound TnC structures determined by either NMR or X-ray
(20—28, 54), each of which shows a different extent of
opening for the BC unit. Interestingly, no pair of the above
structures have the same-O interhelical angle, differing
even between the two X-ray structures ofGhound rabbit
skeletal muscle TnC in two different crystal forms (1TN4
and 2TN4) 28). Such differences can be explained by
assuming that the BC unit is a flexible moeity. That is, the
flexible BC unit falls into a different orientation having the
lowest potential energy according to the sample conditions
used, thus giving rise to different-€D interhelical angles
between the crystal and solution structurg8)( The C-D
interhelical angle is highly sensitive to the orientational
change of the BC unit. These observations are in accordance
with these considerations; that is, the orientation of the BC
unit can be changed as a function of temperature due to its
dynamic nature.

The low-temperature-induced decrease in the rates dy-
namical phenomena and tighter packing of the BC unit
against the NAD unit is related to the changes in the size of
the internal cavity and extent of hydration of apo-NTnC. The
partial specific volume of a moleculey, is a measure of
the index of the cavity and extent of hydration. The
temperature and/or pressure dependence’ohas been
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Table 2: Interhelical Angles of Structures of Apo-NTnC at 4 and®@0and in Crystal

N—A (deg) N-D (deg) A-B (deg) B-C (deg) C-D (deg) A-D (deg)
apo-NTnC at £C (NMR)? 113+ 2 63+ 3 131+3 129+ 3 155+ 3 110+ 2
apo-NTnC at 30C (NMR)° 113+ 3 68+ 3 130+ 3 126+ 5 125+ 4 111+ 2
apo-NTnC in crystal (X-ray) 116 62 134 125 145 116

aPDB file name 1SKTP PDB file name 1TNP¢ PDB file name 1TNQ.

estimated through measurements of adiabatic compressibilitycence data of apo-NTnC is high pressure, and not low
for a variety of proteinsg5, 56). The v° of a molecule at  temperature.
infinite dilution is described by a combination of the The packing of the BC unit of apo-NTnC onto the NAD
summation of the van der Waals volume of the component structural unit buries hydrophobic side chains that make up
atoms V¥c), the volume of the cavity which originates from  the hydrophobic surface of the regulatory domain which is
imperfections in atom packind/{.,), and the change of the  exposed upon C& binding 4). The burial of the hydro-
solution volume due to hydration of the proteifi\(sy): phobic surface alters the interaction between TnC and Tnl,
. an event which is believed to be a key factor for the
v° = Vet Veay T AVgg (1) inactivation of muscle contraction. The exposure of the
hydrophobic pocket of the regulatory domain of TnC upon
C&* binding is commensurate with muscle contractibs (

o _ 4). A reduction in temperature causes a decrease in the
A(v)A(T) = o(V,,)/o(T) + 3(AV.,)/0 2
(W%)/3(T) = 8(Vea)/O(T) + A(AVso)(T) 2) exposed hydrophobic surface area in the apo state. Thus, part

whereT is the absolute temperature. In the case of bovine Of the larger energetic cost of opening NTnC at lower
serum albuming® changes from a value of 0.743 mL/g at (emperatures is the need to expose a more tightly packed
40 °C to 0.730 mL/g at 10C. This change was attributed hydrophobic core; i.e., the €ainduced opening in NTnC
to a decrease in the volume of the cavity, the first term of "€dUires more activation energy at low temperatures. If this
the right-hand side of eq 2, and an increase in the extent of "YPOthesis is correct, it provides insight into the design of
hydration, the second term in eq 2 (note tha¥so is an efficient cold-adapted NTnC that opens more read_lly at
negative) 66). In the case of apo-NTnC, a total volume of lower temperatures in response to?Carhe mutant protein
10889 /& is estimated for the 22C X-ray structure and  could include changes around ¥athat would restrict the
10 645 /& for the 4°C NMR structure, assuming apo-NTnC ~ Packing of the BC unit onto the NAD unit, and perhaps more
is spherical in shape and considering only residueg8t methlomne_ residues in the hydrophobic core of the_ protein.
[program VADAR, D. S. Wishart et al., University of Recen_tly, it h_as been_pr(_)posed that the energetic cost of
Alberta, Edmonton, AB%7)]. We can estimate the cavity ~€XPOSINg buried methionines may be offset by favorable
volume to be approximately-25% of the total volume of a ~ 9&iNS in entropy Z9). We are hopeful that the growing
globular protein §8). Hence, the observed decrease of the blolqglcal importance of the muscle regulatory prote;ms will
hydrophobic surface from 286624t 22°C to 2694 R at 4 provide exact knowledge_ about_the Iow-tem_perature mflue_nce
°C is likely due to a decrease in the cavity volume induced ©" the activation eff|C|_ency in_contraction, which will
by lowering the temperature. Further, our preliminaiy support, refute, or require modification of the above sug-
relaxation datashow that the overall rotational correlation 9ested ideas.
time of apo-NTnC at 4C is 10.7+ 0.2 ns, which is 2-fold
slower than that the value of 48 0.2 ns at 30°C (29). ACKNOWLEDGMENT
The increase in the overall correlation time is consistent with  We are very grateful to L. E. Kay for providing pulse
the expected 2-fold increase in the viscosity of water from sequences, M. X. Li and L. B. Smillie for assistance with
about 4 to 30°C. Overall, the structural changes of apo- sample preparation, G. McQuaid for keeping the spectrometer
NTnC are consistent with a low-temperature-induced de- at optimum performance, and Mission Control (J. L. Willard,
crease inv°, as proposed on the basis of compressibility T. Jellard, and R. Boyko) for computer expertise.
experiments.

A recent fluorescence study by Foguel et 8l1)(with a SUPPORTING INFORMATION AVAILABLE
tryptophan mutant apo-NTnC (F29W) proposed that low
temperature-€11 °C) and high pressure (2.2 kbar) cause a
structural change similar to the €ainduced structural
opening at normal temperature and pressure. Additionally,
the change in fluorescence intensity was observed to be smal
when temperature alone is decreased at atmospheric PressUlSEFERENCES
(31). It should be noted that low temperature alone and low
temperature with high pressure are expected to have different 1. Farah, C. S., and Reinach, F. C. (1999)SEB J 9, 755
effects on the compressibility and partial specific volume of 767. _ _
a protein b5). Over the temperature range evaluated in this 2 '1-23%’555’_'35-(%' and Gergely, J. (1982RC Crit. Re. Biochem
SIUdY (4-30°C), the pressure was ath.)SpheriC (1 bar), and 3. Zc;t A. S. énd Potter, J. D. (198Annu. Re. Biophys.
we did not observe an open conformation, analogous to the " gjophys. Chemi6, 535-559.
Ca*-saturated state, for apo-NTNnC. Therefore, we feel that 4. Grabarek, Z., Tao, T., and Gergely, J. (1992Muscle Res.
the dominant factor which induces changes in the fluores- Cell. Motil. 13, 383-393.

The temperature derivative of is given by

One table showing chemical shifts of the, °C, and**N
resonances of chicken skeletal muscle troponin C in t&-Ca
free state at pH 6.7 and 4C (Table S1). This material is
favailable free of charge via the Internet at http://pubs.acs.org.



5700 Biochemistry, Vol. 38, No. 18, 1999

5.
6.
7.
8.
9

10.
11.
12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.
23.
24.
25.
26.
27.

28.
29.
30.

31.

32.
33.

34.

Strynadka, N. C. J., and James, M. N. G. (1988ju. Re.
Biochem 58, 951—998.

Romero-Herrera, A. E., Castillo, O., and Lehmann, H. (1976)
J. Mol. Evol. 8, 251-270.

Collins, J. H., Potter, J. D., Horn, M. J., Wilshire, G., and
Jackman, N. (1973FEBS Lett 36, 268—272.

Wilkinson, J. M. (1976FEBS Lett 70, 254—256.

.van Eerd, J. P., Capony, J. P., Ferraz, C., and Pechere, J. F.

(1978) Eur. J. Biochem. 91231-242.

Malencik, D. A., Heizmann, C. W., and Fischer, E. H. (1975)
Biochemistry 14715-721.

Takagi, T., and Konishi, K. (1983). Biochem (Tokyo) 94
1753-1760.

Garone, L., Theibert, J. L., Miegel, A., Maeda, Y., Murphy,
C., and Collins, J. H. (1991Arch. Biochem. Biophy91,
89-91.

Kobayashi, T., Takagi, T., Konishi, K., and Wnuk, W. (1989)
J. Biol. Chem 264, 18247-18259.

Collins, J. H., Theibert, J. L., Francois, J. M., Ashley, C. C.,
and Potter, J. D. (199Biochemistry 30702—707.

Bullard, B., Dabrowska, R., and Winkelman, L. (1973)
Biochem. J135, 277—-286.

Kobayashi, T., Kagami, O., Takagi, T., and Konishi, K. (1989)
J. Biochem. (Tokyo) 10%B23-828.

Ojima, T., Tanaka, H., and Nishita, K. (199%ch. Biochem.
Biophys 311, 272—-276.

Obinata, T. (1988) iRrotein Nucleic Acid and EnzyntEndo,

M., Nisizuka, Y., Yagi, K., and Miyamoto, E., Eds.) Vol. 33,
pp 2033-2042, Kyoritsu Press, Tokyo, Japan.

Margesin, R., and Schinner, F. (1994Biotechnol. 331—14.
Herzberg, O., and James, M. N. G. (1988Mol. Biol. 203
761-779.

Satyshur, K. A., Rao, S. T., Pyzalska, D., Drendal, W., Greaser,
M., and Sundralingham, M. (1988) Biol. Chem. 2631628~
1647.

Herzberg, O., Moult, J., and James, M. N. G. (1986}iol.
Chem 261, 2638-2644.

Findlay, W. A., Saichssen, F. D., and Sykes, B. D. (199%4)
Biol. Chem 269 6773-6778.

GagneS. M., Tsuda, S., Li, M. X., Smillie, L. B., and Sykes,
B. D. (1995)Nat. Struct. Biol. 2784-789.

Slupsky, C. M., and Sykes, B. D. (199B)ochemistry 34
15953-15964.

GagnesS. M., Li, M. X., and Sykes, B. D. (199'Biochemistry
36, 4386-4392.

Strynadka, N. C. J., Chernaia, M., Sielecki, A. R., Li, M. X,
Smillie, L. B., and James, M. N. G. (1997) Mol. Biol. 273
238-255.

Houdusse, A., Love, M. L., Dominguez, R., Grabarek, Z., and
Cohen, C. (1997ptructure 5 1695-1711.

GagneS. M., Tsuda, S., Spyracopoulos, L., Kay, L. E., and
Sykes, B. D. (1998). Mol. Biol. 278 667—686.
Spyracopoulos, L., Li, M. X., Sia, S. K., Gagns. M.,
Chandra, M., Solaro, J., and Sykes, B. D. (19Bitchemistry
36, 12138-12146.

Foguel, D., Suarez, M. C., Barbosa, C., Rodrigues, J. J., Jr.,
Sorenson, M. M., Smillie, L. B., and Silva, J. L. (1998ijoc.
Natl. Acad. SciU.S.A. 93 10642-10646.

GagneS. M., Tsuda, S., Li, M. X., Chandra, M., Smillie, L.
B., and Sykes, B. D. (1994)rotein Sci 3, 1961-1974.

Rance, M., Sgrensen, O. W., Bodenhausen, G., Wagner, G.,

Ernst, R. R., and Whhrich, K. (1983)Biochem. Biophys. Res.
Communl117, 479-485.

Braunschweiler, L., and Ernst, R. R. (1983)Magn. Reson.
53, 521-528.

35.

36.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

Tsuda et al.

Jeener, J., Meier, B. H., Bachmann, P., and Ernst, R. R. (1979)
J. Chem. Phys71, 4546-4553.

Palmer, A. G., lll, Cavanagh, J., Wright, P. E., and Rance,
M. (1991)J. Magn. Reson. 93151-170.

. Kay, L. E., Marion, D., and Bax, A. (1989) Magn. Reson

84, 72—-84.

Marion, D., Driscoll, P. C., Kay, L. E., Wingfield, P. T., Bax,
A., Gronenborn, A. M., and Clore, G. M. (198B)ochemistry
28, 6150-6156.

Muhandiram, D. R., and Kay, L. E. (1994) Magn. Reson.
103 203-216.

Kuboniwa, H., Grzesiek, S., Delaglio, F., and Bax, A. (1995)
J. Biomol. NMR 4871-878.

Marion, D., Ikura, M., and Bax, A. (1989 Magn. Reson.
84, 425-430.

Delaglio, F., Grzesiek, S., Vuister, G. W., Zhu, G., Pfeifer, J.,
and Bax, A. (1995)). Biomol. NMR 6277—293.

Garrett, D. S., Powers, R., Gronenbom, A. M., and Clore, G.
M. (1991)J. Magn. Resand5, 214-220.

Wishart, D. S., Bigam, C. G., Yao, J., Abildgaard, F., Dyson,
H. J., Oldfield, E., Markley, J. L., and Sykes, B. D. (1995)
Biomol. NMR 6 135-140.

Bringer, A. T. (1992)X-PLOR Version 3.1: A System for
X-ray Crystallography and NMRrale University Press, New
Haven, CT.

Tsuda, S., Gagn&. M., and Sykes, B. D. (1996) ig5th
Experimental NMR conference in Jap&iovember 21, 1996,
Kyoto, Japan, pp 249252 (abstract).

Deslauriers, R., and Smith, I. C. P. (1980) Biological
Magnetic Resonancgerliner, L. J., and Reuben, J., Eds.)
Vol. 2, pp 243-344, Plenum Press, New York.

Baxter, N. J., and Williamson, M. P. (199F)Biomol. NMR

9, 359-369.

Evans, J. N. S. (199Bjomolecular NMR Spectoscq@xford
University Press, New York.

Findlay, W. A., and Sykes, B. D. (1998jochemistry 32
3461-3467.

Wishart, D. S., Sykes, B. D., and Richard, F. M. (1991)
Mol. Biol. 222, 311-333.

Laskowski, R. A., MacArthur, M. W., Moss, D. S., and
Thorton, J. M. (1993)). Appl. Crystallogr. 26283-290.
Shrake, A., and Rupley, J. A. (1978)Mol. Biol. 79, 351—
371.

GagneS. M., Spyracopoulos, L., McKay, R. T., Sykes, M.
T., Tsuda, S., Kay, L. E., and Sykes, B. D. (1998XwlIIth
International Conference on Magnetic Resonance in Biological
SystemAugust 25, 1998, Tokyo, Japan, p 54.

Igbal, M., and Verrall, R. E. (1987) Phys. Chem. 911935~
1941.

Gekko, K., and Hasegawa, Y. (1989Phys. Chend3, 426—
429.

Wishart, D. S., Willard, L., Richards, F. M., and Sykes, B. D.
(1994) VADAR: A comprehense program for protein
structural ealuation, version 1.2, University of Alberta,
Edmonton, AB.

Rashin, A. A., lofin, M., and Honig, B. (198@iochemistry
25, 3619-3625.

Kraulis, P. J. (1991). Appl. Crystallogr. 24946—-950.
Merritt, E. A., and Murphy, E. P. M. (1994cta Crystallogr
D50, 869-873.

BI982936E



