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Abstract

The structure of chicken skeletal muscle troponin C
(TnC) has been refined to an R value of 0.168, using
14 788 reflections, in the resolution range 8.0-1.78 A.
Our earlier 2 A resolution structure [Satyshur, Rao,
Pyzalska, Drendel, Greaser & Sundaralingam (1988).
J. Biol. Chem. 263, 1628-1647] served as the starting
model. The refined model includes atoms for all
protein residues (1-162), 2 Ca’?* ions, 169 water
molecules and one sulfate ion. The high-resolution
refinement shows more clearly the details of the
protein and water structure. The side chains Glu63,
Cysl01, Argl23, Aspl40 and AsplS2 adopt two
discretely ordered conformations. The long central
helix is only slightly curved/bent (7.9°) and all the
central helix NH---O=C hydrogen bonds are intact.
Seven of the nine carbonyl O atoms of the mid
segment of this helix, including the D/E linker
region, are hydrogen bonded to water molecules
which weakens the helix hydrogen bonds. In con-
trast, in each of the protected upper and lower thirds
of the long central helix, only two carbonyl O atoms
are hydrogen bonded to water molecules. The
hydrogen-bonding patterns displayed by some of the
carbonyl O atoms of NT and A helices of the
N-terminal domain and the F and H helices of the
C-terminal domain, which are on the exposed surface
of the protein, are similar. The B helix of the
calcium-free site I is kinked, with the local helix axes
at either end making an angle of 39°, by two inserted
water molecules between N—H and O=C groups,
breaking the adjacent helix hydrogen bonds. A sul-

* To whom correspondence should be addressed.

©1994 International Union of Crystallography
Printed in Great Britain - all rights reserved

fate ion from the crystallization buffer is also trap-
ped in the B helix between the guanidinium group of
Argd7 and these two inserted water molecules. The C
helix of site II is devoid of similar hydration and is
probably responsible for the different interhelical
angles A/B at site I (134°) and C/D at site 11 (149°).
Extensive interhelix hydrogen bonds occur between
the side chains of the C and D helices of the ‘apo’ site
II: GInS51-Asp89, Asn52-Asp89, GluS7-GlIn8S,
GlusS7-Glu88 and Glu64-Arg84, which apparently
are disrupted upon Ca uptake and the resulting
rearrangement of the helices expose the side chains,
lining the palm of the N-(and C-) terminal domains,
for interaction with specific peptide fragment of tro-
ponin I (Tnl) during muscle contraction. The domi-
nant crystal packing motif involves a head-to-tail
interaction between the N-terminal domain A4 helix
of one molecule and the palm of the C-terminal
domain of the 3,-related molecule, in a manner
similar to that which can be expected for the
TnC-Tnl complex. Similar interactions may also be
responsible for the dimerization of TnC at low pH.

Introduction

Troponin is a trimeric protein consisting of troponin
T (TnT), troponin I (Tnl) and troponin C (TnC)
(Greaser & Gergely, 1971). Troponin C undergoes a
Ca’* -activated conformational change which trig-
gers muscle contraction (Leavis & Gergely, 1984).
The structure of chicken skeletal muscle TnC
(Satyshur et al., 1988) and the closely related turkey
TnC (Herzberg & James, 1988) have been
determined at 2 A resolution. In this paper we report
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the refinement of our earlier 2.0 A resolution X-ray
structure of chicken skeletal muscle troponin C at a
higher resolution of 1.78 A, containing nearly 80%
more data. The present work confirms our earlier
2 A structure and additionally reveals the presence of
a bound sulfate ion in the B helix, multiple confor-
mations for some side chains, and greater details of
protein solvation, especially the hydration of the
a-helices.

Experimental

Data collection

The crystals of chicken skeletal TnC were grown
using the conditions described earlier (Satyshur et
al., 1988) and belong to the trigonal space group
P3;21,a=b=66.7, c = 60.8 A with one molecule in
the asymmetric unit. High-resolution intensity data
were collected at the multiwire (Xuong-Hamlin type)
area-detector facility, University of Virginia, Char-
lottesville, using a Rigaku RU200 Cu-rotating anode
operating at 7.5 kW (50 kV, 150 mA) equipped with
a graphite monochromator. A single crystal of
dimensions 0.4 x 0.2 x 0.2 mm was mounted with
the diagonal of the a*c* parallel to the ¢ axis of the
goniostat and cooled to 263 K with a cold air stream.
At this temperature the crystal lasted for about 8 d in
the X-ray beam, compared to 5-6d at room tem-
perature with a sealed X-ray tube. Two detectors
where placed at 26 angles of —35.0 and +34.6° at a
distance of 427 and 430 mm, respectively, from the
crystal and the path filled with helium. This limited
the resolution range from 5 to 1.78 A. Data were
collected in two positions of y, +20 and — 15°, using
¢ scans from 0 to 360°, in 0.25° intervals and a
counting time of 20 s. Nearly 62000 reflections were
recorded for each ¢ rotation on each detector giving
a total of 253002 reflections which were scaled
together using the area-detector facility programs.
The R, for the equivalent reflections (Z3|IFl —
(F)ZZKIFD), as a function of resolution, varied
between 0.047 and 0.054, and the data were uni-
formly complete in the 5.0-1.78 A resolution range
(Table 1). Since the crystal had deteriorated, low-
resolution intensity data (d= 5 A) could not be col-
lected on the area detector. The data between 8 and
3 A resolution, collected earlier on an Enraf-Nonius
CAD-4 diffractometer (Satyshur e al., 1988), were
scaled to the area-detector data, using 1966 common
reflections (F> 30, 5= d =3 A) and R, was 0.045.
The common reflections between the two data sets
were not averaged but the area-detector data were
alffmented by 555 diffractometer data with 8 =d =
S A. The composite data set, used in the refinement,
contained a total of 14788 reflections with F> 3¢
and 8 =d = 1.78 A (97.5% complete, Table 1).

Table 1. Possible and observed number of reflections

in TnC

Resolution Possible Observed % of
range (A) reflections with F> 3¢ total
8.00-5.00 555 476 858
5.00 3.45 1465 1435 97.8
3.45 291 1418 1413 99.6
2.91-2.60 1439 1436 99.8
2.60-2.39 1403 1396 99.5
2.39-2.23 1400 1382 98.7
2.23-2.11 1415 1393 984
2.11-2.01 1392 1373 98.6
2.01-1.93 1413 1388 98.2
1.93-1.86 1377 1338 97.2
1.86-1.80 1363 1309 96.0
1.80-1.78 526 449 854
8.00-1.78 15168 14788 97.5

Refinement

The starting model for the refinement was our
2.0 A structure with 1248 protein atoms for residues
3-162, 2Ca?* and 68 water molecules. The
PROLSQ least-squares program (Hendrickson,
1985) was initially used on the San Diego supercom-
puter, Cray-XMP. Latter rounds of refinement were
carried out using X-PLOR (Briinger, 1992) on the
Ohio State YMP-8/64 supercomputer. All model fit-
ting was carried out on our Evans and Sutherland
PS340 and ESV-10 molecular graphics systems, using
the program FRODO (Jones, 1985). In the initial
refinement cycles PROLSQ was used with 2 A data
and the first two amino-terminal residues were not
included but the two carboxy-terminal residues
Vall6l and GInl62 were placed in tentative posi-
tions. The R value dropped from 0.277 to 0.181.
Further refinement was carried out using X-PLOR.
The resolution was gradually increased from 2.0 to
1.78 A and the protein model was refined using
2w|F,| — |F,| omit maps, calculated by omitting five
residues at a time, where w is the Sim weight (Sim,
1958) for the reflection, which is a function of the
ratio of the product F, x F, and the r.m.s. deviation
between them. In general, the 1.78 A resolution
electron-density maps showed the molecular features
more clearly than in the 2 A analysis and the apo
sites I and II could now be better fitted and the
corrected amino-terminal sequence |-Ala-Ser-Met-
Thr-4, deduced from the cDNA (Rainach &
Karlsson, 1988) could be built, though the electron
density for these regions was still weak. The water
molecules in the 2.0 A structure were checked and
five sites with low electron density were removed.
Additional solvent sites were located and added to
the model, if they had electron densities > 2¢ in the
F, — F, difference maps and were within 3.4 A of any
polar atom of the protein, or already established
solvent sites, and the hydrogen-bond angles were
within 30° of expected values. All solvent sites were
assigned unit occupancy, which was not varied
during the refinement. Continuing the map fitting
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and refinement yielded additional solvent sites, many
in the second coordination sphere, which, in general,
had lower electron densities and higher thermal fac-
tors. At each stage, the electron densities for pre-
viously established water molecules in a difference
omit map were inspected and those sites which had
density below 20 were discarded from the model. A
sulfate ion was identified, which is trapped between
two inserted water molecules in the B helix and
Argd7, also in the B helix (Fig. 1). The side chains of
residues Glu63, Cys101, Argl23, Asp140 and Asp152
were discretely ordered over two states. Their

occupancies were refined and assumed values varying
between 0.45 and 0.55. Thus, the occupancies of the
discretely ordered side chains were fixed at 0.5 during
further refinement. In the final round of refinement
the model consisted of all the atoms of the protein

Fig. 1. F, — F, electron-density map for the B-helix region, the two
inserted water molecules (234 and 240) and the sulfate ion (225),
which were omitted from the phasing calculations. Contours are
at 1.50 above the mean. The sulfate ion forms hydrogen bonds
(dashed line) with NH1 and NH2 of Arg47 and the two inserted
water molecules. The two inserted water molecules are 3.44 A
apart.
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Fig. 2. Luzzati plot for TnC. The R values as a function (1/d?) are
shown (solid circles, solid lines). Dashed lines represent the R
values expected for mean positional errors of 0.20 A (top line)
and 0.15 A (bottom line). The estimated average positional
error in the model is 0.18 A.
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Table 2. Summary of parameters for the present 1.78
and the previous 2.0 A studies

Present Previous
Description 1.78 A study 2.0 A study
Crystal system, space group Trigonal, P3,21 Same
Unit-cell constants (A) a=66.7. c=608 Same
Data-collection method Area detector Diffractometer/
oscillation
Temperature (K) 263 294 (RT)
Limiting resolution (A) 1.78 2.00
No. of reflections used in 14788 (97.5) 8100 (75)
the refi (% compl )
Program used for refinement X-PLOR!PROLSQ PROLSQ
Parameter file param19.pro —
Final R value 0.165 0.172
Model
Protein residues 1-162 (all) 3 162
Ca®' ions 2 2
SO; ion 1 0
Solvents (water molecules) 169 68
Mean positional error (A) 0.18 0.21*
(Luzzati)
R.m.s. deviations from ideal values
Bond lengths (A) 0.012 0.04
Bond angles ( ) 23 4.6t
Torsion angles ( ) 20.6 25.5
Average B value for 25.6 26.9
protein atoms (A%)
R.m.s. B values/target (A%)
Backbone, bonded (1 2) 6.4/5.0 82/5.0
Backbone, angle (1-3) 7.8/7.0 8.8/5.0
Side chain, bonded (1-2) 8.2/6.0 11.7/5.0
Side chain, angle (1-3) 9.2/8.5 13.5/5.0

* The previously quoted value of 0.17 A was an underestimate.

t Deduced from r.m.s. deviation of 0.07 A in 1-3 distances and assuming
average values of 1.5A and 110 for bond lengths and bond angles,
respectively.

residues 1-162, two Ca?* ions, one sulfate ion and

169 water molecules, with an R value to 0.165 for
14788 reflections. Of the 169 water sites, 142 are in
the first coordination sphere (at least one polar
protein atom within a distance of 3.4 A), 21 in the
second coordination sphere (only other water mol-
ecules within a distance of 3.4 A) and six at distances
greater than 3.4 A from both protein atoms and
other solvents. The solvent content of the TnC crys-
tals is 43% by volume and the number of stoichio-
metric waters in the asymmetric unit is estimated to
be ~480. Thus, the ordered water molecules consti-
tute about 35% of the total. The R value for all
15168 reflections, in the resolution range 8-1.78 A, is
0.174. A summary of the present 1.78 A refinement
statistics, compared with our earlier 20A
refinement, is given in Table 2. The Luzzati (1952)
plot (Fig. 2) suggests a mean coordinate error of
0.18 A. The atomic coordinates and the structure
amplitudes have been deposited with the Brookhaven
Protein Data Bank* (Bernstein et al., 1977).

* Atomic coordinates and structure factors have been deposited
with the Protein Data Bank, Brookhaven National Laboratory.
Free copies may be obtained through The Technical Editor,
International Union of Crystallography, S Abbey Square, Chester
CHI1 2HU, England (Supplementary Publication No. SUP 37096).
At the request of the authors, the structure factors will remain
privileged until | September 1994. A list of deposited data is given
at the end of this issue.
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Results and discussion

A ribbon diagram of the TnC molecule is shown in
Fig. 3. Plots of the average B values of the residues,
for only the backbone atoms and all the atoms, are
given in Fig. 4(a). A C*-atom plot, with the atomic
radii proportional to the r.m.s. atomic displacement,
is shown in Fig. 4(b). The largest atomic motions are
at either termini, followed by the loop regions of the
two apo sites and the linker region of the central
helix, which is exposed to solvent.

Comparison with the 2 A model

The r.m.s. atomic deviations between the present
1.78 model and the earlier 2 A model are: 0.32 for all
atoms, 0.25 for the backbone atoms and 0.19 A for
the C* atoms. The residues with largest deviations
are in the loop regions of sites I and II and the linker
region of the central helix, all with high thermal
parameters and weak electron densities. The mean
deviations in the torsion angles between the two
models are: ¢ (7°), ¢ (8°) and y, (20°). Significant

Fig. 3. Ribbon diagram of the troponin C molecule drawn with
MOLSCRIPT (Kraulis, 1991). The calcium-free apo N-domain
is on top and the two-calcium-bound holo C-domain is at the
bottom. The two bound metal ions are shown as stippled
spheres. There are eight helices: NT (residues 3-12), 4 (16-27),
B (42-48), C (55-65), the single long central helix comprising of
the D, D/E-linker helix and the E helix (75-105), F (115-124), G
(131-141) and H (151-159). The residues in the four calcium-
binding loops are: 1 (30-41), 2 (66-77), 3 (106-117) and 4
(142-153). There is a short anti-parallel B-sheet between loops 1
(35-39) and 2 (71-75) in the N-terminal domain and another
between loops 3 (113) and 4 (149) in the C-terminal domain.

changes in the backbone torsion angles are at resi-
dues Asp30 and Ala3l in site I. Fig. 5 shows the
Ramachandran plot, in which the ¢, ¢ angles for
residues 3041 are shown. Residues 4, 6, 32, 52, 67
and 94 now have y, values differing from the 2 A
model by more than 60°. The Ca-coordination dis-
tances for sites III and IV are listed in Table 3 and
compared with the values from the 2 A analysis. The
mean values at the two sites are now closer together
and also have smaller r.m.s. deviations from the
mean value. The average B values for the protein
(24.0 A> and backbone atoms (17.9 A?) are now

—Backbone atoms
--- All atoms

(B) (A?)

80 100 120 140 160
Residue number

(b)

Fig. 4. (a) Plot of the {(B) values for the various residues in TnC
molecule. Solid line is for backbone atoms and the dashed line
is for all atoms of the residues. (b) C* plot of TnC in stereo
(view similar to Fig. 3), with atomic radii equal to the r.m.s.
atomic displacement deduced from (B) for the backbone atoms
of each residue. Both termini, as well as the loop regions of the
apo sites I and I and the linker region of the central helix, have
high mobilities.
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lower than the corresponding values (26.9 and
22.2 A?) in the 2 A study, presumably as a result of
the lower temperature at which the present intensity
data were collected. The 169 water sites have B
values ranging from 14 to 110 A% and 95 are below
the mean value of 50 A2, Thus, the present high-
resolution model is quite similar to the earlier 2 A
model. However, in the present model, the previously
missing N-terminal residues could be modeled, the
mean positional error is lower, the r.m.s. deviations
in the bond distances and angles from the library
values are smaller and more than twice the solvent
sites have been found leading to a better characteri-
zation of the solvation of the protein. The details of
the present model as well as the distortions observed
at the helix termini are presented below.

Quality of the electron-density maps and multiple
conformations for side chains

The side chains Ala3l and Asp32 of the apo site I
and the backbone atoms of the three Gly residues 33,
34 and 35 showed the weakest density. The N-
terminal residues (N-acetyl-Alal and Ser2) as well as
the C-terminal residues (Ala61 and GInl62) could be
built into the electron density. The long side chains
Glu9, Glu67, Glu9s, Glul20, Lys91, Lys93 and
His128 showed little or no electron density beyond
the C” atoms, while the side chains of Glu63,
Cysl01, Argl23, Aspl40 and Aspl52 were discretely
ordered over two sites (Table 4). The guanidinium
group of Argl23 occupies two positions, one stacked
over the hydrogen-bonded pair Glu64---Arg84 and
the other over the Glu6 of the N-terminal helix. The
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Fig. 5. Ramachandran plot for the residues 3041 in the ‘apo’ site
1. The ¢, ¢ angles in the present model are shown as filled

circles and in the 2 A model as open circles. The conformation
of residues Asp30 and Ala3l differ in the two models.

Table 3. Comparison of Caligand distances (A) in the
1.8 and 2.0 A studies

Site 3 Site 4

Desig- Distance Distance Distance Distance
nation Ligand (1.8A) (20A) Ligand (1.8 A) (20A)
+X Aspl106 OD2 2.22 2.24 Aspl42 OD2 226 2.09
+Y Asnl08 OD1 2.16 243 Aspl44 ODI1 224 240
+Z Aspl10 OD2 243 245 Aspl46 OD2 238 241
-Y Phel12 0 2.08 238 Argld48 O 2.05 2.27
-Z Glul17 OEI 2.53 1.99 Glu153 OEI 2.57 2.68

Glul17 OE2 2.38 2.49 Glul53 OE2 2.4 2.36
-X Wi76 241 2.87 w209 240 248

Mean 232 241 2.33 2.37

R.m.s. deviation 0.15 0.25 0.16 0.17

Table 4. Conformations of discretely ordered side
chains in TnC

Discretely ordered Torsion angles

Location Residue atoms* XX (©)
Site 11 Glué3 CG, ODI, OD2 —69.152.23
150, - 101, 103
E helix Cys101 SG 177
-59
FG link Argl23 ND, CE. NHI, NH2 —72, — 173, 168, 94, — 178
=71, =161, =79,94, —123
G helix Aspl40 CG. 0Gl, 0G2 —62, 180
-170, - 54
Site IV Aspl52 CG, ODI, OD2 173, - 109
—65. - 109

* Refinement of the occupancies of the alternate conformations yielded
values between 0.45 and 0.55. Occupancies of 0.5 were assigned to the two
conformers and held fixed during further refinement.

stacking interactions between these planar fragments
probably involve the 7 electrons of the guanidinium
and carboxylate groups. Both positions of Glu63 are
stabilized by hydrogen bonding. The two positions of
S” for Cys101 lie on the surface of the hydrophobic
‘palm’ of the C domain, near the hydrophobic side
chains of the A helix from a neighboring molecule
(see below). The S” at either site can form a hydro-
gen bond with W281 (S”--W distances 2.50 and
3.05A). A similar two-site ordering for the same
residue was also found in the related turkey TnC
structure (Herzberg & James, 1988) and it is interest-
ing that the major Hg site in the mersalyl derivative
is in this hydrophobic cavity and close to both
positions of S”. In the chicken TnC structure, this
site is occupied by a water molecule (W281). The
remaining backbone and side chains had clear elec-
tron densities.

Distortions at helix termini

All eight helices, including the N-terminal helix,
are initiated either by serine (helices NT, A4, B),
threonine (helices C, G) or aspartate (helices D, F,
H). The ends of these helices are often frayed (as is
generally observed in protein helices) with the back-
bone carbonyl and amide groups invariably involved
in hydrogen bonding to water molecules. Baker &
Hubbard (1984) have classified these end distortions
in helices into three patterns: the N-terminal (aN)
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and two C-terminal («Cl, or aC2). In the aN type,
the carbonyl of the first residue (/) forms both 4—1
and 5—1 hydrogen bonds to successive amide
groups. In the aCl type, the a-helical 5—1 hydro-
gen bond of residue i is followed by a 4— | hydrogen
bond with the (i+ 1) carbonyl. In the aC2 type the
5~»1 hydrogen bond of residue i is followed by a 6—
1 hydrogen bond involving the (i + 1) carbonyl. The
amino hydrogen that would have formed the 5—1
hydrogen bond with (i + 1) carbonyl now hydrogen
bonds to the carbonyl of residue i + 2. In TnC, the
aN type is found in the B helix, the aCl type in the
NT, A and F helices, and the aC2 type, also in the B
helix.

Hydration of the backbone carbonyl and amide groups

Most of the ordered solvent molecules hydrate the
protein carbonyl and amide groups. Of the 161
carbonyl groups of the backbone, nearly half (80) are
hydrogen bonded to water molecules. A survey of
proteins (Baker & Hubbard, 1984) shows a similar
proportion. Of these carbonyls, 33 are in the helical
regions. 29 of these 33 carbonyl groups, which are
engaged in helix NH-*O=C hydrogen bonds, are
also involved in hydrogen bonding to an ‘external’
water molecule. This extra hydrogen bonding to
water distorts the helix geometry and weakens the
helix hydrogen bond by lengthening it and making
the C=O0O--N angle less linear, Table 5 (Blundell,
Barlow, Borkakoti & Thornton, 1983; Sunda-
ralingam & Sekharudu, 1989). All eight helices of
TnC have one or more carbonyl groups bound to a
water molcule, particularly on the solvent-exposed
side.

In contrast to the hydration of the carbonyl
groups, only 20 amide nitrogens (or 12%) are
hydrated in TnC (Table 6) and this is lower than
about 25% found in other proteins. Two of the
amide groups in the B helix are involved in hydrogen
bonding to the two inserted water molecules.

Long central helix and hydration

The long central helix is composed of the D helix,
D/E linker helix and the E helix. The helix is 46.2 A
long and contains about nine turns in 31 residues
(Phe75 to Phel05). An ideal a-helix, with 3.6
residues/turn, will correspond to 8.6 turns. The two
ends of the helices are involved in a number of
interactions. A number of carboxylate—carboxylate
interactions are found, arising from the low pH (5.0)
of crystallization, in which a proton is shared
between the two carboxylate groups. All the
carboxylate—arboxylate interactions and salt bridges
in chicken TnC, at distances up to 4 A, are listed in
Table 7. Similar interactions have been noted in
turkey TnC (Herzberg & James, 1985). The side

Table 5. Geometry involving backbone carbonyl O
atoms in the helical regions hydrogen bonded to water
molecules

o)W O(iyN(i+4) C=O0-N

Residue ¢ ¢ Water distance distance angle
() () () No (A) A) O
NT
Thrd4 -66 —40 33 2.64 284 160
Giné -63 -42 271 2.86 2.86 154
Glin7 -62 —42 181 3.27 293 158
Alag -66 -38 222 2.71 3.03 147
A
Ala24 -60 —42 284 3.35% — -
B
Thr39 -68 -22 240 3.04 (4.78) —
Lys40 -63 -21 234 2,67 (5.40) —
306 298
Thra4 -61 -47 280 2.66 294 161
234 2,67
D/E
Glu76 -64 -38 181 291 330 147
Valso -54 -47 270 2.72 3.04 155
Met§! -68 -40 200 2.93 299 153
Arg84 ~56 —48 274 2.81 3.03 156
Met86 -61 —43 175 294 294 160
Lys87 -66 -40 165 3.10 316 148
Glugs -68 —44 183 2.92 3.13 154
Asp89 -68 -46 304 299 2388 165
Ala%0 - 55 —4§ 173 297 293 166
Gly92 -69 -36 279 2.85 37 150
Glu9s -58 -42 278 3.25* 303 155
F
Tlel1s -67 33 229 2.99 2.89 152
Glul20 -69 -44 224 283 313 150
lel21 -64 -4 167 2.69 338 106
H
Aspl52 -60 -47 291 2.86 318 154
Glul 53 -66 - 31 244 274 280 152

* O~ W distances between 3.2 and 3.4 A are listed if the hydrogen-bond
angle is comparable to those with shorter distances.

Table 6. Amide groups hydrogen bonded to water

molecules
Water N--W C—N--W
No. NH of residue distance (A) angle ()
351 Met3 295 115
202 Serl5 279 121
221 Glul6 2.81 130
248 Ala3l 283 111
204 Ser38 291 114
240 Glyd3 285 110
234 Thra4 295 13
333 Glu67 293 104
334 Glu67 316 11
334 Asp68 289 118
268 Phe75 301 97
268 Glu76 328% 132
200 Glu8s 3.38* 95
170 llel15 291 121
195 His128 281 122
301 Vall29 296 113
174 Glul3l 293 123
191 Phel 5! 2.90 115
290 Phel S 327% 105
290 AsplS52 315 120

* Distances between 3.2 and 3.4 A are listed only when the corresponding
angle lies between 90 and 150".

chains of the D helix and C helix interact. The first
hydrophilic residue on the D helix, after emerging
from the hydrophobic core of the N-terminal
domain, Arg84, has a strong electrostatic interaction
with Glu64 of the C helix (OEl 64---NHI1 84,
2.90 A). GIn85 interacts with Asp89 of the D helix
(NE2 85--0OD1 89, 3.13 A) as well as with Glu57 of
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Table 7. Charge—charge (carboxyl-carboxylate and
salt-bridge) interactions in chicken TnC

Carboxyl-

carboxylate d(A) Salt bridges d(A)
Intramolecular

Glu57-Glugs 276 Argl1-Glu76 29
Asp66-Asp68 3.83 Argi1-Glulé 3.95
Glu97--Asp100 3.74 Argl1-Glu76 2.88
Aspl06-Aspl10 3.09 Lys23-Asp27 2.83
Aspl06-Glul1? 3.46 Arg84-Glubd 2.90
Aspl14-Glul 16 373 Lys91-Glu9S 346
Aspl14-Glu117 3.77 Argl03-Aspl100 3.63
Aspl42-Aspld46 3.00 Argl23-Glul3l 3.09
Aspl42 -Glu!53 3.54 Argl48-Aspl46 3.67
Asp150-Gluls3 364 Lys156-Asp152 397
Intermolecular

Giul6-Glul27 2.76 Argl1-Glul27 2.85
Glul17-Glu63 3.50 Argl23-Glué4 3.47
Glul7-Aspl33 374

Glu63-Aspl36 3.28

Glu63-Aspl40 273

Glu67-Glul 35 3.14

Glu132 Glul32 355

Glul32-Aspl36 279

the C helix (NE2 85---OE2 57, 3.27 A). Glu57 also
interacts with Glu88 in a carboxyl—carboxylate inter-
action (2.76 and 3.22 A). Asp89 interacts with GInS|
and AsnS52 of the C helix (OD2 89---NE2 51, 3.03,
OD?2 89--ODI 52, 2.97 A). The region between the C
and D helices is highly hydrated. The E helix at the
C-terminal end is well protected. Argl03 forms an
intramolecular salt bridge with Asp100 (3.63 A) and
Aspl00 is engaged in a carboxyl-carboxylate interac-
tion with Glu97 (3.73 A). Glu95 and Glu96 are
exposed to solvent and have weak electron densities;
Lys91 and Lys93 are not defined beyond the C”
atom. The hydroxyl group of Ser94 forms a
hydrogen bond to the carbonyl group of Lys9l
(OG 94--0 91, 2.85 A) thus shielding it from solvent.
The side chains Lys91, Lys93, Glu95 and Glu96 are
discretely ordered over two sites, but the Lys9]-
GIlu95 pair could still be involved in a weak salt
bridge.

Twelve of the 31 carbonyl groups of the long helix
are hydrogen bonded to water molecules. The central
third of the long helix (Arg84 to Gly92) is fully
exposed to solvent and seven out of nine carbonyl
groups in this region are hydrated (Fig. 6). The
carbonyl groups of the two protected ends of the
long helix are not so hydrated and the corresponding
C=0--N hydrogen-bond lengths are slightly shorter
(3.00 versus 3.08 A) and the hydrogen-bond angles,
C=0--N, are somewhat more linear (157.2 versus
154.6°). These trends are in agreement with previous
studies (Blundell et al., 1983; Sundaralingam & Sek-
harudu, 1989). The N-terminal region (Phe75 to
Val83) of the long helix is well protected by the
helices of the N-terminal domain (NT, 4, B and C)
and only the carbonyl groups of Glu76, Val80 and
Met81 are hydrogen bonded to water molecules. At
the C terminus of the long helix, the carbonyl groups

of Glu9S and GIlu96 are accessible to water mol-
ecules but only the carbonyl group of the former is
hydrated. It has been suggested that these two gluta-
mic residues together with Glu97 form part of the
recognition site for Tnl (Leavis & Gergely, 1984).

The long helix is amphiphilic at either end and
hydrophilic in the middle. The two amphiphilic ends
of the long helix have their hydrophobic surfaces out
of register (Fig. 7), i.e. not on the same side of the
long helix. The exposed portion of the central helix is
encircled by water molecules, hydrogen bonded to
the carbonyl groups. Thus, the long helix is not
significantly bent and the radius of curvature is large,
150.1 (2) A, unlike an amphiphilic helix, where only
the polar side is hydrogen bonded to water mol-
ecules, bending the helix towards the hydrophobic
side (Blundell et al., 1983).

Neighboring bulky side chains can shield the helix
carbonyl groups from hydration

Not all helix carbonyl groups are hydrated and
bulky side chains at residues i, i + 3, i + 4, can adopt
conformations that shield the ith carbonyl group
from hydrogen bonding to a water molecule. For
example, the bulky side chains Lys91 (i) and Glu9S (i
+ 4) shield the carbonyl of Lys91 and similarly, the
carbonyl of GIn8S is shielded by the hydrophilic side

Fig. 6. A stereo diagram of a portion of the long central helix,
spanning the residues 80-99, and the ten water molecules
directly hydrogen bonded (thick dashed lines) to the helix
backbone carbonyl groups without disrupting the Pauling
N—H--O=C helix hydrogen bonds (thin dashed lines). The
majority of the water molecules surround the exposed three
turns of the D/E linker region of the central helix.
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chains of GIn85, Glu88, and Asp89 (i, i + 3 and i +
4). The carbonyl of Lys9l (i) is shielded by the
formation of an intramolecular hydrogen bond with
the hydroxyl of Ser94 (i + 3).

The absence of calcium ions in the N-terminal sites
I and II results in ‘collapsed’ calcium-binding sites,
which are stabilized by several water molecules
hydrogen bonding to the metal-ligand sites. In par-
ticular, the three carbonyl O atoms at the beginning
and end of the two apo metal-binding loops are
hydrogen bonded to water molecules.

Water inserted B helix and the sulfate group

As highlighted earlier (Satyshur et al., 1988), a
unique feature of the B helix of the apo N-domain is
the insertion of two water molecules near the amino-
terminal end, between Thr39/Gly43 and Lys40/
Thrd4, disrupting the a-helix hydrogen bonds by
increasing the separation between the carbonyl and
amide groups to 4.9 and 5.4 A respectively (Fig. 1
and Table 8). The hydroxyl group of Thr44 is also
hydrogen bonded (2.87 A) to the second inserted

(a)

(b)

(c)

Fig. 7. Stereoviews of the Edmondson wheels of the long central
helix. (@) The N-terminal residues 76-83 with three waters, ()
middle of the helix, residues 84-96, with eight waters and (c)
C-terminal residues 97-105 with one water. Notice that the
hydrophobic residues line opposite faces of the long helix at the
two ends (a) and (c).

Table 8. Hydrogen-bonding scheme involving the
inserted waters and the sulfate group in the B helix

Distance
Residue/atom Residue/atom (&) Angle (")
Thr39 C=0 w240 304 C=0-Glyd43 N 140
w240 Glyd3 N 2.87 C=0W240 152
Thr39 C=0 Gly43 N 4.78 O W240--Glyd43 N 108
Lysd40 C=0 w234 2,67 C=0-Thrd4d N 112
w234 Thr44 N 295 C=0-W234 128
Lys40 C=0 Thr44 N 5.40 O--W234:-Thr44 N 149
w234 Thr44 OG1 2.69
w234 w240 3.44*
Sul225 Ol w254 2.57 S—O1--W254 106
Sul225 Ol Argd7 NH2 2.82 S—OI1--NH2 104
Sul225 02 w254 2.86 S—02--W254 92
Sul225 02 w230 3.06 S—02--W230 137
Sul225 O3 w234 2.9 S—03--W234 118
Sul225 03 Argd7 NH1 294 S—O03--NH1 121
Sul225 O3 Argd7 HNH2 292 S—O03---NH2 100
Sul225 O4 w240 109 S—O04--- w240 116
Sul225 04 W306 279 S—O04--- W306 132
Sul225 04 w325 312 S—04--W325 118

* Distance is greater than 3.2 A, but is listed to show the proximity of the
two inserted water molecules.

water molecule. This results in a kink in the B helix
of 39 and the changes its course. A sulfate group of
crystallization is now found to be locked in place,
forming hydrogen bonds to the two inserted water
molecules on one side, and to the amino groups of
the guanidinium moiety of Argd7 on the other.

Hydration differences in the mini B-sheets of the apo
and holo calcium-binding domains

The two EF-hand pairs in the amino and carboxyl
domain are connected by a short piece of anti-
parallel B-sheet through their loops, related by the
pseudo-twofold axis. In the apo domain, the B-sheet
is engaged in four direct hydrogen bonds (Fig. 8)
including the two central hydrogen bonds between
Ile37 O-1le73 N (2.85A) and Ile37 N-Ile73 O
(3.09 A), and the two flanking hydrogen bonds
Gly35 O-Phe75 N (3.20 A) and Thr39 N-Gly71 O
(3.04 A). In the holo domain, the B-sheet is less
twisted, and only the two central hydrogen bonds
between Ile113 O-Ile149 N (2.98 A) and Ile113 N-
llel49 O (2.87 A) are present. The other two
potential B-sheet hydrogen bonds are bridged by
water molecules: Glylll O-WI191-Phel51 N (2.81,
290 A) and Ilell5 N-WI170-Glyl47 O (291,
2.73 A). This crucial structural change upon calcium
binding may be functionally important in determin-
ing the nature of the interactions between TnC and
the troponin subunit Tnl, and the interaction of the
complex in turn, with the third components TnT
(troponin T) and the actomycin filament (Leavis &
Gergely, 1984).

Crystal packing as a model for TnC binding to target
peptides

The crystal packing is dominated by head-to-tail
interactions between the C-terminal domain of one
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molecule and the A4 helix of a neighboring molecule,
related by an internal 3, axis (Fig. 9). The A helix
forms several hydrophobic interactions between its
side chains and the ‘palm’ of the C-terminal domain.
The interhelix angle between the A helix and the long
helix is 99.3°. The angles between the 4 helix and
other helices of the C-domain are: 4A-F = 104.3, -G
=101.0 and A4-H=121.4°. The closest contact
between the SD atom of Met28 and the S” of Cys101
is a hydrogen bond (2.97 A) (Fig. 10) and the sulf-
hydryl group in the alternate conformation is at a
distance of 4.76 A. Other interactions include Ala24
with the hydrophobic residues of the E and F helices,
Lys23 to the backbone of the F helix, and Glu2l to
the G and H helices. The ‘head-to-tail’ interaction
between the A helix of one molecule and the C-
terminal cleft of a 3,-related molecule forms an
interlocked chain of TnC molecules spiraling around
the 3, axis, a left-handed helical ‘polymer’ with three
TnC molecules per turn and a rise of 20.3 A. Two
TnC molecules may also associate in a similar fas-
hion to form a head-to-tail dimer, observed at low
pH in solution (Wang, Lebowitz & Cheung, 1989).

Two models for the binding of target peptides to
calmodulin have been developed based on this inter-
action in the TnC crystals (Strynadka & James, 1990;
Sekharudu & Sundaralingam, 1993a), where the two
palms of the N- and C-terminal domain bind to the
same target peptide. These two models differ by 100°
in the azimuthal angle of the target peptide helix.
The latter model is similar to the binding of MLCK
peptide to calmodulin (Meador, Means & Quiocho,
1992). A similar mode of interaction, perhaps involv-
ing only one palm, may be envisaged between TnC
and a peptide segment of Tnl in the troponin
complex.

Fig. 8. The two mini anti-parallel B-sheets, dark bonds for the holo
C-terminal domain and open bonds for the apo N-terminal
domain. The side-chain atoms have been omitted and the
residues in the C-terminal domain are numbered. The two
sheets were superposed using the backbone atoms of the two
central residues (r.m.s. = 0.25 A). Notice how the water bridges
at either end in the holo C-terminal domain change the twist of
the sheet.

Summary

The high-resolution structure of TnC reveals more
clearly the details of the geometry and conformation
of the main chain and side chains compared to our
2 A study. The high-resolution refinement has addi-
tionally revealed the discrete twofold ordering of a
few side chains and more than twice the number of
water molecules that solvate the protein. Also, the
stereochemistry of the model has been improved and
the mean positional error in the atomic coordinates
reduced. A unique feature of the structure is the
difference in the mini B-sheet structure in the

Fig. 9. The dominant theme in the crystal packing is the ‘head-to-
tail’ locking of the TnC molecules around the 3, axis that run
through the entire crystal. C* traces for three such molecules are
shown in stereo, viewed down the 3, screw axis. The filled balls
represent the Ca’* jons. The A helix of the molecule in the
middle gets into the palm-shaped cavity of the Ca-bound C
domain of the molecule above, while its C domain engages in
the same interaction with the A helix of the molecule below.

Cys101 Cys101
(N e,
0. 0.

Fig. 10. Stereo diagram of the intermolecular interaction between
Cysl101, with its side chain discretely ordered over two sites (one
shown as solid bond and the other as broken), and residues
24-28 of the A helix of the molecule related by a 3, axis (open
bonds). The water molecule 281 interacts with both S” sites of
Cys101 (2.50, 3.05 A), the carbonyl O atom of Ala24 (3.35 A)
and water 363 (2.64 A). One site of S” (broken bond) forms a
hydrogen bond with SD of Met28 (2.97 A).
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calcium-bound C-terminal domain and the calcium-
free N-terminal domain, where the water molecules
play an important role in changing the twists in the
two B-sheets. Upon calcium uptake, one can visual-
ize not only the loops and the adjacent helices in the
‘EF-hands’ of the N-terminal domain undergoing
conformational rearrangement, ejecting the two
inserted water molecules in the B helix, but also the
B-sheet between the loops reducing its twist and
capturing two water molecules to bridge the terminal
hydrogen-bonding sites. The interruption of the
B-sheet by water molecules at either end provides an
insight into probable pathways for the formation
and disruption of pB-sheets by water molecules.
(Sekharudu & Sundaralingam, 199354).
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