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Using two- and three-dimensional NMR techniques, 'H and main-chain >N resonances of
the N-terminal half domain of yeast calmodulin (YCMO-N) in the presence of Mg?* and Ca2*
(Mg?*- and Ca?*-forms) were assigned. The secondary structures of YCMO0-N in both forms
were determined. The NOESY and '*N-edited NOESY spectra of YCMO-N in each form
indicate that there is a hydrophobic core and that two Ca**-binding loops are connected by
a short antiparallel g-sheet. There are four helices (A, B, C, and D named from the
N-terminus) for YCMO-N in the Mg®*-form. The B-helix is, however, not formed in the
Ca?**-form. The Ca**-binding of YCM0-N was monitored by ('H,'*N)-HSQC at various Ca®*
concentrations. The observed spectral changes as a function of Ca®*-concentration can not
readily be grouped into a small number of classes; each residue shows individual spectral
change. There is no apparent relationship between the spectral change and the type or
location of the amino acid concerned.

Key words: Ca**-induced conformational change, NMR, N-domain of yeast calmodulin,

secondary structure.

Calmodulin (CaM), a small Ca**-binding protein, is widely
distributed in eukaryotic cells. Amino acid sequences of
CaM from various sources are highly conservative. CaM
acts as a primary intracellular receptor of Ca** signaling.
CaM interacts with and activates targets in a Ca**-depen-
dent manner (see Ref. I and references cited therein).
X-Ray crystallographic studies have shown that Ca?*-
saturated CaM from several sources has a dumbbell-like
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Abbreviations: 1D, one-dimensional; 2D, two-dimensional; 3D,
three-dimensional; CaM, calmodulin; CD, circular dichroism; CSI,
chemical-shift index; DANTE, delays alternating with nutation for
tailored excitation; DQF-COSY, double quantum filtered correlation
spectroscopy; HMQC, hetero nuclear multiple quantum coherence
spectroscopy; HSQC, hetero nuclear single quantum coherence
spectroscopy; NMR, nuclear magnetic resonance; NOE, nuclear
Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy;
PFG, pulsed field gradient; SR1331, self-refocused 1331; TOCSY,
total correlation spectroscopy; TSP, 2,2,3,3-tetradeutero-3-(tri-
methylsilyl)propionic acid sodium salt; YCMO-N, N-terminal half
domain of yeast calmodulin; dyu(i—1,i), NOE cross-peak between
amide protons of residues i—1 and i; dy./d., ratio of two NOE
cross-peak intensities between amide and a proton of residue i [dx,.
(i, )] and between a proton of residue i—1 and amide proton of
residue i [de(i—1,i)]; d.(i—3,i), NOE cross-peak between «
proton of residue i—3 and amide proton of residue i; df(i—1,i),
NOE cross-peak between £ proton of residue i— 1 and amide proton
of residue i; yCaM, yeast calmodulin.

structure (2-4). Each of two globular domains (N- and
C-domains) connected by a long «-helix binds two Ca®**
ions. The four Ca?*-binding sites (numbered I to IV from
the N-terminus) consist of helix-loop-helix motives in the
“EF-hand” structure and six residues in the loop contribute
to Ca?*-binding (5). The eight helix regions of four EF-hand
motives in CaM are named A to H from the N-terminus (2).
A short antiparallel 8-sheet links the two Ca®*-binding
sites in each domain, which has a hydrophobic core on the
surface for target binding.

Recent NMR studies showed that apo-CaM is very
similar to Ca®*-saturated CaM in respect of secondary
structural elements (6-9). However, Ca?*-binding induces
a change in the disposition of secondary structural ele-
ments; the pairs of B- and C-helices and F- and G-helices in
each domain move away from the hydrophobic core in such
a way that the hydrophobic core in each domain is exposed
to the solvent and available for target binding.

It has been shown that CaM interacts with Mg** and
assumes a characteristic conformation (Mg**-form) which
is different from those of the apo- and Ca®*-saturated forms
(binding constant K, >10° M~'; 10-13). Concentrations of
CaM and Mg®* in cells are 3-20x107*M and more than
107* M, respectively. We reported that Mg?* suppresses
the formation of the active complex, 4Ca?*-CaM-target, at
lower Ca?* concentrations (14, 15). Therefore, CaM in the
Mg?*-form is thought to be in the inactive state.

Physicochemical properties of CaM isolated from the
yeast Saccharomyces cerevisiase (yCaM; 146 amino acid
residues) are mostly similar to those of other CaMs in
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respect of heat-stability, acidicity, and Ca®*-dependent
binding of hydrophobic molecules (16-22). However,
yCaM shares only 60% homology in amino acid sequence
with vertebrate CaMs (16).

The 61st residue in Ca**-binding site II of yCaM is His in
place of the highly conserved Gly. The 66th residue in
Ca’**-binding site II of yCaM is Ser; it is Pro in vertebrate
CaM. In the region corresponding to site IV of vertebrate
CaM, two residues are deleted and a Gln residue is sub-
stituted for the conserved Glu at the end of the loop in the
EF-hand. Site IV of yCaM does not bind Ca®*; as a result,
yCaM binds only three Ca?* ions.

The biological role of yCaM in yeast has not been clarified
yet. It is reported that yCaM activates targets of vertebrate
CaM such as phosphodiesterase (PDE) and myosin light-
chain kinase (MLCK), although the activity is not as high as
that of vertebrate CaM (18, 19).

A previous NMR study showed that two fragments of
yCaM, the 1st-77th and 75th-146th residues, retain the
conformation in intact yCaM (23). The results suggest that
yCaM is also in a dumbbell-like shape. The Ca**-binding
properties of yCaM have been studied through a few
separated signals in one-dimensional (1D) 'H-NMR spec-
tra. Far-UV CD studies indicated that the helix-content of
yCaM is decreased by Ca®*-binding, while that of verte-
brate CaM is increased. Details of the structure and
Ca**-induced conformational change of yCaM are not
known yet.

In this paper we describe the secondary structure of the
N-terminal half domain of yCaM (YCMO-N; 77 amino acid
residues) in the Mg?*- and Ca®*-forms as determined by
two-dimensional (2D) and three-dimensional (3D) NMR.
We present the results of Ca**-titration of the '*N-labeled
YCMO-N monitored by sensitivity enhanced 2D-('H,'*N)-
PFG-HSQC (24). We discuss the similarities and the
differences between the Mg®*- and Ca?*-forms. The Ca**-
form of YCMO-N is compared with that of vertebrate
CaMs, and the Ca®*.binding properties and Ca®*-induced
conformational change of YCMO-N are discussed.

MATERIALS AND METHODS

Sample Preparation—The N-terminal half domain of
yCaM (YCMO-N; Serl-Lys 77) was overexpressed in
Escherichia coli TG1 carrying plasmid pYCMO-N, which
was constructed from plasmid pYCMO (18, 19) by sub-
stituting a stop codon, TGA, for TCA encoding Ser78 of the
wild-type yCaM. Protein YCMO-N labeled uniformly with
*N was obtained by growing the cells in M10 minimal
medium with '*NH,CI (1 g/1 liter; Isotec) (25). YCMO-N
was purified by a slightly modified TCA precipitation
method as described previously (18, 19, 26). We used a
Sephadex G-25 gel column at the final step of purification in
order to obtain metal-free YCMO-N. One liter of culture
yielded about 12 mg of YCMO-N.

NMR Sample of Mg**-Form—Three NMR samples (a),
(b), and (c) were prepared under the following conditions:
(a) [YCMO-N] =3 mM, {Mg?*] =300 mM, and {KCl] =50
mM in D,0 at pH=6.5-7.0 with 0.03% NaN,, (b) [ YCMO-
N]=3 mM, [Mg®*] =300 mM, and [KC1] =50 mM in H,0
containing 10% D.0 at pH=6.5-7.0 with 0.03% NaN,, and
(c) ['"*N-YCMO-N]=3 mM, [Mg**] =300 mM, and [KCI]
=50 mM in H,O containing 10% D,0 at pH=6.5-7.0 with
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0.03% NaN;. Each sample was adjusted to a neutral pH
value by adding KOD and/or DCL.

NMR Sample of Ca**-Form—Three NMR samples (a),
(b), and (c) were prepared under the following conditions:
(a) [YCMO-N]=3mM, [Ca**]=9mM, and [KCl]=50
mM in D,0 pH=6.5-7.0 with 0.03% NaN,, (b) [YCMO-
N]=3mM, [Ca**]=9mM, and [KCl}=50mM in H,0
containing 10% D,0 at pH=6.5-7.0 with 0.03% NaN,, and
(c) ["*N-YCMO-N]=3 mM, [Ca?**]=9mM, and [KCl]=
50 mM in H,0 containing 10% D0 at pH=6.5-7.0 with
0.03% NaN;. Each sample was adjusted to a neutral pH
value by adding KOD and/or DCL.

NMR Experiments for Assignment—All NMR data were
recorded on JEOL JNM.A500 and A600 spectrometers at
'H frequencies of 500 and 600 MHz, respectively. Each
spectrometer is equipped with a 5 mm 'H{**C,'*N}-triple-
resonance probe-head with a z-axis gradient coil. Tempera-
ture was kept at 30+4-0.1°C throughout the experiments.

2D-NMR data of DQF-COSY (27), NOESY (mixing
time =100, 150, and 300 ms) (28, 29), and TOCSY (MLEV
time=75ms} (30, 31) were collected with 512x1,024
complex points in the &4 X ¢ time domain. Water peak
suppression was achieved by DANTE (32) for DQF-COSY
and TOCSY, and by 1-1 echo (33, 34) or SR1331 (35) for
NOESY.

3D-(*H, 'H, '*N)-PFG-NOESY-HSQC (mixing time=
150 ms; abbreviated as *N-edited 3D-NOESY) (24, 36)
data and 3D-(*H, 'H, '*N)-PFG-TOCSY-HSQC (MLEV
time =75 ms; abbreviated as !*N-edited 3D-TOCSY) (24,
37) data were recorded with 128 X 256 X 32 complex points
in the §('H) X (*H) X ;(**N) time domain using the 500
MHz spectrometer. Pulse widths of 90" for 'H and '*N were
7.85 and 27.5 us, respectively. Spectral widths of 'H and
*N resonances were 6,990 and 1,600 Hz, respectively.
Decoupling of '*N resonance over a frequency range of
2,400 Hz was achieved by the MPF6 sequence (38, 39).
Water peak suppression was performed by selective gaus-
sian pulse.

NMR Data Processing—NMR data were processed by
NMRPipe (40) and PIPP (41) programs running on an SGI
Indigo2. The 2D-NMR (DQF-COSY, NOESY, and TOCSY)
data were zero-filled to 2K X 2K complex data points. A
30%-shifted or non-shifted sine-bell window function was
applied to both dimensions. The 3D-NMR data were zero-
filled to 512X 1,024 X 64 ('"H x 'H X '*N) complex points. A
50%-shifted sine-bell window function was applied to the
two 'H dimensions and a 30%-shifted sine-square window
function to the '*N dimension. Chemical shifts of 'H and "N
resonances are reported from the internal standard TSP (0
ppm) and external standard acidic '**NH,Cl (24.93 ppm),
respectively.

Ca?* -Titration by HSQC—The sample used for Ca®*-
titration monitored by 2D-HSQC was prepared under the
following conditions: {'*N-YCMO-N]=3 mM, (Mg**]=
300 mM, and [KC1] =50 mM, in H,O containing 10% D,0
at pH=6.5-7.0. Sensitivity enhanced 2D-(*H,*N)-PFG-
HSQC spectra were observed at various concentrations of
Ca?* at a 'H frequency of 500 MHz. Temperature was kept
at 30+0.1°C. The selective gaussian pulse was used for
solvent suppression. Decoupling of N resonance was
achieved by the MPF6 sequence (38, 39). Collected data
points were 128 X512 in the ¢ X £, time domain.
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RESULTS

Sequential Assignments—The_sequence-specific-assign-
“ment was performed by the standard method using the 2D

and '*N-edited 3D NMR data (42, 43). Connectivities
between main-chain amide protons and « protons in
fingerprint regions of 2D-DQF-COSY, 2D-TOCSY, and
*N-edited 3D-TOCSY spectra were mostly identified. Spin
systems were classified on the basis of connectivities
between the main-chain and side-chain protons observed in
2D-TOCSY and '*N-edited 3D-TOCSY spectra. The NOE
connectivities, dun(i—1,i), da(i—1,7), and dm(i—1,i)
derived from NOESY and *N-edited 3D-NOESY spectra
were used to link spin systems sequentially.

Figure 1 shows strips of 2D-NOESY slice planes at
different N chemical shifts of !'"N-edited 3D-NOESY
spectra for Ca?*-form YCMO-N. In each strip, NOE peaks
between an amide proton and other protons are shown.
Assignment was performed based on the combination of
2D- and 3D-spectra. The sequential connectivity from
Glud5 to Leu5] is represented by lines [dyx(i—1,7)] and
dashed lines [d(i—1,i)]. The sequential connectivity
between Glu47 and Val48 is justified by NOE dyx(i—1,i)
and da(:—1,i), though an NOE dn(i—1,i) peak between
Glu47 and Val48 is not observed in this figure. The NOE
cross peak d.y (47, 48) is observed in 2D-NOESY spectra
(data not shown). Four NOE d.(i—3, ) cross peaks
(Glu45-Val48, Alad6-Asnd9, Glud7-Asp50, and Val48-
Leu51) are observed, as indicated by arrows. The chemical
shift values of YCMO-N in the Mg?*- and Ca?*-forms are
summarized in Table 1.

Strategy for Secondary Structure Determination—The
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secondary structure of YCMO-N was determined from the
following three data sets. The first is the successive NOE
connectivities da(i—3, i), which are indicative-of a-helix
(42, 43) . The second is CSI (chemical-shift index) (44, 45),
which is the chemical-shift deviation of the «'H resonance
from random-coil. Positive CSI suggests a-helix and
negative CSI, B-strand. The third is dy.(i 0)/dan(i—1,8)
ratio (46). A dn./d.y ratio greater than unity is indicative
of a-helix, and a ratio less than unity, of 8-strand.

Secondary Structure of YCMO-N in the Mg**-Form—
Figure 2A shows the data for determination of the secon-
dary structure of YCMO-N in the Mg?*-form. Serl to Leud
are not assignable. NOE d.x(i—3, t) connectivities are
successively observed from Glu6 to Phel9. For these
residues the dy./d. ratios are greater than unity, and the
CSI values are positive except for the CSI of Phel2. Thus,
we conclude that the region from Glu6 to Phel9 is in the
a-helix form, that is, A-helix (the nomenclature used for
vertebrate CaM). The CSI value of Phel2 is negative.
Negative CSI of Phe residue at the center of A-helix has
also been reported for troponin C, which is one of the
EF-hand proteins (46).

The next series of successive NOE d.x(i—3, i) con-
nectivities are observed from Ala33 to Leu39. The CSI
values are positive and the dy./d.y ratios are greater than
unity throughout this region, which corresponds to B-helix.
Because Ser29, Ser30, Glu31, and Leu32 are not assigned,
the N-terminal end of B-helix is not determined.

The third series of characteristic NOE dunx{(i—3, i)
connectivities are observed from Glu45 to Met52. The CSI
values are mostly positive and the dy./d.x ratios are mostly
greater than unity throughout this region. The residues
from Glud5 to Met52 form the C-helix.

15N (ppm) 126.05 125.27 122.44 126.05 122.44 124.50 126.82 Fig. 1. Strips of 2D-NOESY
1HN (ppm) 8.90 8.32 7.61 8.15 7.95 8.39 7.73 slice planes at different '*N
chemical shifts of 500 mHz

v to 15N-edited 3D-NOESY spectra

' N . at a mixing time of 150 ms at

"o -] a & - X < § 30°C for Ca™-form YCMO-N.

o “ Sample conditions are described

- JBB) NH?G BN & . ~. q: in *“MATERIALS AND METH-

o o A33(1) °7y - ‘. 2 ODS.” The "N chemical shift of

Q % % e P the slice plane and the 'HN

. - . ’ o - gp. / chemical shift of the strip are

. ofi) o) 4 r3 shown at the top. N(i) repre-

ali) al1) Dl b ' / e —_ sents the diagonal peak of amide
-14-"a ab s || Vg ! o i s & proton. N(i+1) and N(i—1)

o - B T o |l @ || "1 £  represent NOE peaks of amide
1 _& o ‘< || & afl) sakn | .ok T protons of the succeeding dyx(i,
a(i-1) o0 . . L5 i+1) and preceding duy(i—1, i)

v residues, respectively. a(i) re-

. ¢ ° . presents the NOE cross peaks

‘ . 6 between 'HN and a'H in the

. <. LV same residue [dwa(i, 0)]; @ (i~

4 4 v . L 1) between 'HN and a'H of the

aey | S ] oot - Ny || ND L preceding residue [da(i—1, §)].

) -] R ‘1 L N & -4 B(i) represents the NOE cross

N(i+1) “11° = Sl wots peak between 'HN and £'H in

@ iy o= -JN(I) /‘ =3 th i ] ;
Ni-1), - TN N(-1) N(i+1) N0 e same residue [dx,(i, 9)];
—1 5 —d ¢ N{-1) L. . L g B(i—1) between 'HN and 8'H of
NG NG-1) . . the preceding residue [dum(i—1,

i)]. Connectivities for sequen-

E45 A46 E47 V48 N9 D50  L51 e oo,

by lines [dux(i—1, i)] and dash-

ed lines (dex(i—1, §)]. The NOE du(i—3, i) cross peaks are indicated by arrows. Assigned amino acids are shown at the bottom.
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TABLE I. Chemical shifts of assigned NMR signals of YCMO-N Residue "N HN Ha Hp Other
at neutral pH and 30°C: (A) Mg**-form and (B) Ca’*-form. He1
A Q62 4.79
Residue "*N HN Ha Hp Other 163 125.18 9.40 4.93 2.00 y1.04
S1 E64 129.40 8.74 5.33 2.06, 2.47
s2 F65 127.06 8.79 3.47 2.46,2.78 6.59, £6.92,
N3 £7.46
L4 S66 116.97 9.00 3.75 3.89, 3.96
T5 117.62 8.83 4.47 y1.34 E67 127.37 6.97 417 2.03 72.40, v’ 2.53
E6 12445 8.98 3.94 2.06 v2.35, v’ 2.42 F68 125.85 8.24 4.07 3.04,3.21 d6.97, £7.48
E7 12356 861 4.05 2.05 ¥2.35 L69 122.88 8.38 3.31 1.28,1.31 y1.04, 60.77
Q8 12447 17.70 3.74 2.21,2.30 y1.38 A70 125.66 17.28 4.01 1.49
19 8.23 3.44 1.84 ¥0.96, y1.11, L71 124.11 7.89 3.92 1.66 ¥1.48
y' 1.77, 80.83 M72 7.68 4.27 1.24 y1.47, £€0.09
A10 124.96 7.90 4.15 1.52 8§73 117.91 8.16 4.10 3.96, 4.01
Ell 123.89 7.80 4.15 2.05,2.12  ¥2.30, y’ 2.45 R74 12291 17.36 4.22 1.94, 1.82 y1.69
F12 124.72 8.83 4.92 3.53,3.62 47.07, £7.18, Q76 7.88 4.16 2.03,2.20 ¥2.42, £7.23
£7.28 L76 124.57 7.62 4.36 1.70 y1.78, 80.95,
K13 12594 9.23 3.91 1.93 y1.01, y' 1.12, & 0.91
81.40, £2.70 K77 130.28 17.51 4.10 1.78,1.84 y1.48, ¢3.05
El14 123.06 7.90 4.08 2.19 y2.31, v’ 2.44
Al5 12546 7.88  4.34 1.73 B
F16 122.07 8.55 3.66 2.97,3.30 06.62, £7.23, Residue "N HN Ha Hp Other
£7.37 51
Al17 121.69 8.26 4.18 1.54 52
L18 7.56 3.89 1.41,1.68 ¢1.22, 80.74, N3
4 0.83 L4
F19 118.34 7.19 4.33 2.40, 3.05 47.48, £71.37 T6 118.07 8.79 4.50 2.37 v1.36
D20 126.09 7.49 5.26 1.95, 2.81 E6 124.76 9.04 4.00 2.07 y2.36, v’ 2.40
K21 127.17 7.82 4.00 1.89 y1.53 E7 12399 8.73 4.07 2.06,1.93 ¥2.28, ' 2.36
D22 Q8 124.76 17.76 3.86 2.28 72.35
N23 I9 12399 8.36 3.17 1.98 ¥1.13, 80.90
N24 8.09 4.36 2.71, 3.04 A10 12579 8.01 4.12 1.54
G25 118.49 10.80 3.80,4.45 E11 123.99 7.78 4.14 2.04,1.94 y2.42
S$26 117.34 17.84 5.80 3.57, 3.71 F12 124.76 8.60 5.09 3.52 87.22, £7.28,
127 9.13 2.12 y1.81, ' 0.29, ¢7.58
50.06 K13 128.11 9.20 4.02 1.92 v1.86, 41.26
$28 120.81 8.76 4.83 4.01, 4.37 E14 12450 7.74 4.13 1.90 y2.17, v’ 2.35
829 Al5 126.82 17.79 4.13 1.92
S30 F16 122.96 8.79 46.63, £7.05,
E31 ¢7.38
L32 Al7
A33 8.25 3.85 1.49 L18
T34 117.94 17.51 3.75 3.98 v1.03 F19
V35 8.31 3.25 y0.63, v’ 0.76 D20 120.64 7.73 4.53 2.58, 2.91
M36 K21 12991 7.54 4.03 1.94 y1.59
R37 123.19 8.51 3.78 1.97,2.10 ¢2.93 D22 11858 8.04 4.61 3.09, 2.56
S38 122.65 8.19 4.42 4.17, 4.23 N23 119.61 17.98 4.35 3.09,2.75 86.70, 8" 7.49
L39 125.09 7.37 4.57 1.85 ¥1.75, 40.97, N24 121.67 8.45 4.86 2.63,3.31 47.05, &' 7.83
&1.13 G25 119.35 10.81 4.39, 3.70
G40 11062 7.91 3.84, 4.32 826 11678 1.76 5.18 3.83, 3.87
L41 124.73 17.78 4.59 1.46,1.59 40.83 127 13171 9.78 5.18 1.98 v0.93, 40.31
842 8.68 4.59 S28 129.39 9.04 4.74 4.14
P43 4.58 2.05, 2.22 S29 120.64 9.34 4.75 3.98
S44 12239 8.81 4.69 4.05, 4.36 530 120.64 8.13 4.75 3.94, 4.32
E45 126.11 8.82 3.93 2.04 y2.27 E31 128.11 7.60 4.30 2.22 ¥2.49
A46 124.92 8.30 4.14 1.42 L32 127.33 9.06 2.08 y1.38, 40.92
E47 7.78 4.16 2.29 y2.45 A33
V48 8.19 3.51 2.15 ¥0.96 T34 125.27 7.69 4.55 1.65 ¥2.69
N49 8.06 4.47 2.80, 2.84 V35 119.61 17.77 4.03 1.93 y1.03, ' 1.25
D50 8.07 4.47 2.72, 2.80 M36 123.99 7.37 3.93 1.98
L51 8.15 4.09 1.89 »1.40 R37 13094 7.74 4.18 1.85,1.75 y1.42, 63.04
M52 120.33 8.36 4.10 2.15 ¥2.68, £1.40 538
N53 116.97 17.95 4.55 2.90,2.95 46.87, 8 7.76 L39 123.47 8.22 4.76 1.96
E54 G40 123.73 8.13 4.42, 4.26
155 L41 124.50 7.63 4.49 1.86 y1.50, 50.82
D56 S42 118.84 8.70 4.76 3.74, 3.86
V57 P43
D58 S44 126.05 8.90 4.75 4.59, 4.36
G59 112.51 17.89 3.92 E45 126.05 8.90 3.93 2.06 ¥2.34
N60 Ad6 12527 8.32 4.14 1.42
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TABLE I. (Continued)

Residue *N HN He Hp Other
B47 12244 761 _ 4.07__ 194 __ . 236 . . .
V48 126.05 8.15 3.563 2.20 71.04

N49 12244 17.95 4.36 2.86

D50 12450 8.39 4.46 2.70

L51 126.82 17.73 4.25 1.92 v1.67, 60.92
M52 12296 8.59 3.99 2.26 v2.37, €1.94
N53 11858 8.00 4.50 2.92, 2.87

E54 122,44 17.66 4.14 2.20,2.14 y2.40

165 128.36 17.70 4.54

D56 125.27 8.30 4.74 2.92, 2.50

V57 12991 8.12 3.96 2.23 v1l.11, ¥ 1.10
D58 120.90 8.27 4.64 2.98, 2.64

G569 112.66 17.56 3.89, 3.76

N60 12270 8.14 4.54 3.19, 2.63

H61 122.44 10.49 3.96 3.48 £8.565, 47.24
Q62 11729 17.52 1.71 v2.13, ¥y 2.27
163 12991 9.52 5.31 2.25 y1.16, 40.86
E64 133.77 8.72 4.89 2.33,2.13 y2.59

F65 128.36 9.39 4.77 86.76, £7.26,

£7.40

566 116.52 8.96 3.92 3.89, 3.74

E67 127.33 6.86 4.32 2.29 ¥2.75, y' 2.56
F68 127.33 8.47 3.98 3.43

L69 122,96 8.35 3.37 40.07

A70 126.06 17.15 4.01 1.563

L71 122.44 17.43 3.97 1.53 v1.46, 60.83,

4’ 0.57

M72

S73 118.07 17.93 4.25 4.00, 3.88

R74 12476 17.32 4.24 1.91,1.82 y1.70

Q75 121.67 17.83 4.31 2.25,2.03 y2.42, y' 2.34
L76

K77

The region from Ser66 to GIn75 is identified as the fourth
helix, D-helix. The CSI values and the dy,/d.x ratios of
Leu76 and Lys77 suggest that these two residues are in a
disordered conformation.

The dy,/day ratios of Ser26, I1e27, and Ser28 are smaller
than unity. Ser26 and Ile27 show negative CSI values. Ile63
and Glu64 have negative CSI values and the dy./d.y ratios
are smaller than unity. The results and the comparison with
vertebrate CaM suggest that Ser26-Ser28 and Gln62-
Glu64 are in a §-strand. Figure 3A shows the schematic
representation of NOE observed for the 8-strands. NOEs
between Ser26 and Glu64, and between 11e27 and Ile63 are
found. These NOEs suggest that the S-strands are hy-
drogen-bonded to each other. This region is identified as a
short antiparallel 8-sheet. An expected NOE cross peak
between Ser28 o'H and GIn62 «'H is difficult to observe in
the 2D-NOESY spectra because of the large water peak.

The present results indicate that YCMO-N in the
Mg?*-form has four helices (A, B, C, and D) and an
antiparalle]l §-sheet.

Secondary Structure of YCMO-N in the Ca**-Form—
Figure 2B shows the data for determination of the secon-
dary structure of YCMO-N in the Ca?*-form. The first
three residues in the N-terminus (Serl to Asn3) are not
assignable. The characteristic NOE dw(i—3, i) con-
nectivities are found from Glu6 to Phel6; the residues
constitute the A-helix. The NOE d.x (5, 8) is not observed
in the 2D-NOESY and the '*N-edited 3D-NOESY spectra,
although the NOE d.y (4, 7) is observed. The CSI values of
Leu4 and Thr5 are negative and the dy./d.x ratios are
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smaller than unity. Thus, the N-terminal end of A-helix is
identified as Glu6. Because Alal7, Leul8, and Phel9 are
-not assigned;-the C-terminal-end of A-helix isnot deter-
mined. A-helix spans from Glu6 to at least Phel6. Phel2 of
YCMO-N in the Ca**-form shows negative CSI, as in the
Mg?**-form.

Figure 4 shows strips of 2D-NOESY slice planes at
different N chemical shifts of the '°*N-edited 3D-NOESY
spectrum for the Ca?*-form YCMO-N. This figure shows the
amide signals of the residues in the B-helix region and their
NOE peaks. The NOE d.x(i—3, i) peak is not observed.
NMR data at different NOE mixing-times, temperatures,
pH values, and concentrations do not show any characteris-
tic NOE d.x(i—3, i) connectivity for residues in the B-helix
region, suggesting no formation of B-helix on the NMR time
scale.

YCMO-N in the Mg?*-form has B-helix as described in
the previous section. Vertebrate CaM in the Ca®*-form has
B-helix as reported previously (2-4). Therefore, the fact
that B-helix is not formed is a novel finding for yCaM in the
Ca?t-form.

The CSI values of Thr34-Arg37 are positive and the dxa/
d.y ratios are greater than unity, suggesting a possibility of
nascent helical conformation. This is supported by evidence
that NOE cross peaks between the side-chains of Thr34 and
of Arg37 are observed (data not shown).

The C-helix is well defined for residues from Glu45 to
Glu54. The characteristic NOE d.x(i—3, i) connectivities
are observed from Ser66 to Arg74, except for unassigned
Met72. For these residues, the CSI values are positive and
the dy./dw ratios are mostly greater than unity. This
region is, therefore, identified as D-helix. L.eu76 and Lys77
are not assigned.

Negative CSI values and dy,/d. ratios less than unity
are observed for Ser26 to Ser28 and for GIn62 to Glu64,
suggesting that these residues form g-strands. Some other
NOEs of £-strand regions are also observed, as shown in
Fig. 3B. The NOEs between Ser26 and Glu64 and between
Ile27 and Ile63 indicate that the 8-strands are connected
with each other. The results indicate that the two 8-strands
comprise a short antiparallel g-sheet. The NOE cross peak
between a'H’s of Ser28 and GIn62 is not identified because
the expected position of the cross peak is under the water
peak. The presence of 8-sheet for Ca**-saturated yCaM has
been reported by Klevit and co-workers (23).

Thus, three helices A, B, and D and an antiparallel
f-sheet are identified for YCMO-N in the Ca**-form.

Ca**-Titration by HSQC—We observed the sensitivity
enhanced 2D-(*H,'*N)-PFG-HSQC spectra at various Ca**
concentrations. A number of signals of YCMO-N in the
Mg?*-form (Fig. 5A) decrease in intensity with increasing
Ca®** concentration. The decrease continues until the
{Ca?*]/[YCMO-N] ratio reaches about 2. At the expense of
the signals of the Mg**-form, signals of the Ca**-form
appear at new positions, as shown in Fig. 5B, and increase
in intensity upon Ca?*-addition. The increase also continues
until the [Ca**]/[YCMO-N] ratio reaches about 2. The
spectral change with Ca’* addition reflects the equilibrium
between Mg**-form and Ca**-form.

Figure 6 shows the relative change of signal intensity
plotted against the {Ca®?*]/[YCMO-N] ratio. The relative
change i estimated as the ratio of peak heights in the
HSQC spectra. The change in intensity occurs until the
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residue number 'l(' . 10 20 '30
* - -

sequence SSNLTEEQIAEFKEAFALFDKDNNGSISSS
dNNU-L1.D) — HEENCEREENTEENTEE _ BEESER
dgNG-1.0) B
CsI _-I.l—..-.l_..ll..._.lm_
dNo/daN __.l.lll_..l-.l.l.l.l__l-__
dgNG-3.0) i Tui
sec siruct, I A-helix J ‘
residue number 31 40 50 60

- * whE & -
sequence ELATVMRSLGLSPSEAEVNDLMNEIDVDGN
ANNG-1.0) AR SEER0 COusswl mQ
daNi-1.) — HE BEE DuOnsesC mg
CslI %—
dNo/daN _..._.-_.I_.l_l...l—n._
dgNG-3.0) o= e ——
sec. struct. B-helix | | C-helix |
residue number 61 70

- *
sequence HQIEFSEFLALMSRQLK
ANNG-1LD
dgNG-1.0) —eeaaEus sRENE
csI _.f.-.-.l.ﬂ.-....
dNo/daN ﬁ.ll-l.l_l.l.l..
dgN(i-3.0) —-_——=a

T

sec. struct =)

Fig. 2. Schematic representation of secondary structure deter-
mination for YCMO-N in the presence of Mg** (A) and Ca** (B).
Experimental conditions are described in “MATERIALS AND
METHODS.” Filled squares represent observed NOE dux(i—1, i)
(NOE connectivity between two amide protons of residues i—1 and i),
and NOE dn(i—1, i) (NOE connectivity between £ proton of residue
i—1 and amide proton of residue ). CSI (the chemical-shift index for
a'H) is represented by upward and downward filled squares, which
indicate positive and negative values, respectively. dy,/do [the NOE

(Ca?*]/[YCMO-N] ratio reaches about 2, indicating that
YCMO-N binds two Ca?* ions. The results support the
previous 1D 'H-NMR findings (23).

The observed spectral changes induced by Ca?*-binding
are difficult to group into a small number of types. There is
no apparent relationship between the spectral change and
amino acid type and/or location.

The magnitude of chemical shift difference between the
two forms, |6Ca?* — 6Mg?**|, was estimated for '°N, 'HN,
and «'H resonances of each residue. These values were
normalized based on the maximum of each resonance. The
three normalized data of '*N, 'HN, and «'H were averaged
for each residue. The results are shown in Fig. 7. The
chemical shift differences are greater in the two Ca®*-
binding loops than in the helix regions. The region corre-
sponding to B-helix shows greater chemical shift difference
than the other helix parts. The results indicate that the
B-helix region is greatly modified by Ca?*-binding. This is
in accord with the above results indicating that B-helix is
not formed in the Ca**-form.

S. Ohki et al.
ressdue number 1 10 20 30
- W W w & W
sequence SSNLTEEQIAEFKEAFALFDKDNNGSISSS
ANN(-1,4)
dpNG- 1)
Csl __.'lli-l.lll—llllm
dNo/daN _.-nunmnnn_..l.l.l._rm
daN(i-34) TR T T e
sec. struct. [CARelix =)
residue number 31 40 50 &0
- *

sequence ELATVMRSLGLSPSEAEVNDLMNEIDVDGN
dNNG-1.) HN_= S =5 SENEEEEEEE SRRGN
dgNG-1.D —Eam___ = NESEEFaEENEE SN
CSl ._l.l.l_“..._.l.l.l.l.l.l.l.l.l.l..l'-
dNo/daN Irﬂﬂﬂ_ﬂlmﬂllﬂﬂﬂ_lﬂﬂ.lu
daNG-3.) E—_ﬁ:__
sec. st
residue number 61 70

- -
sequence HQIEFSEFLALMSRQLK
ANNG-1.D) I SEEEESER =N
dpNi-1.0) _HEE BERCNE =N
CS1 [ F F..- R
dNo/daN 0, SECY T n
dgNG-3.4) —_—___
sec. struet. =)

intensity ratio between dy,(i i) and de(i—1, i)] is also represented
by upward and downward filled squares, which indicate dxa/da>1
and dy./de <1, respectively. da(i—3, i) (NOE connectivity between
a'H,, and 'HN,) is represented by lines. Broken lines and open
squares indicate uncertain results due to signal overlapping or weak
intensity close to the noise level. Residues marked with * are not
assigned. Boxes with the helix name represent determined helix
regions. The box with one side open represents a helix of which the
edge is not determined. 8-Strand regions are represented by arrows.

DISCUSSION

Location of Secondary Structure Elements—Helix and
B-sheet regions of YCMO-N in the Mg?*- and Ca?*-forms
together with the data for the N-domain of Ca?*-loaded
Drosophila CaM (47) are summarized in Table II. The
location of secondary structure elements of YCMO-N are
mostly the same in both forms, except for the unformed
B-helix in the Ca?*-form. The Ca**-induced conformational
change in YCMO-N involves the destruction of B-helix and/
or a change of orientation of the secondary structure
elements.

The location of secondary structure elements of YCMO-N
in the Ca?*-form is mostly the same as that of the N-domain
of Ca®**-loaded Drosophila CaM, except for unformed
B-helix. The results are noteworthy, because the homology
in amino acid sequence between the two CaMs is only 60%.

B-Sheet—The amide resonances of Ile27 and Ile63 com-
prising the f-sheet appear at lower fields in the Ca?*-form

J. Biochem.
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A $26 127 s28
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I fl I

H O H
E64 163 Q62
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/N (F/C\N/C\C/N\C/C\
Il [

H‘_’ H H
£ 4—’}][
\C/C\N/C\$/N\C/C\T’
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O H—H O H
E64 163 Q62

Fig. 3. Schematic representation of the g-sheet region for
YCMO-N in the presence of Mg** (A) and Ca?* (B). The phenyl ring
of the Phel6 residue that is close to the 8-sheet is included in the
figure. Amino acid residues that participate in forming the #-sheet are
shown. Identified NOE connectivities are depicted by double-headed
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than in the Mg?*-form (shown in Table I and Fig. 5). Since
low-field shift of amide proton resonance is indicative of
stronger hydrogen-bonding (48), He27 and Tle63 form
stronger hydrogen-bonding in the Ca?*-form than in the
Mg?*-form. This implies that the £-sheet of the Ca®*-form
is more stable than that of the Mg®*-form.

Hydrophobic Core—Figure 8 shows an NOE contact map
of YCMO-N in the Mg®**- and Ca?*-forms. NOEs between
hydrophobic residues of Ile9, Phel2, Phel6, Phel9, Ile27,
Phe65, and Phe68 are observed in both forms, indicating
that these residues are located within 5 A of each other.
Side-chains of these residues in YCMO-N form a hydro-
phobic core, as in vertebrate CaM (2-9). yCaM binds a
hydrophobic molecule in a Ca®*-dependent manner (22).
The hydrophobic core in the N-domain of yCaM is suggest-
ed to be one of the binding sites for targets as in the case of
CaM.

B-Helix—The B-helix of site I in YCMO-N was identified
in the Mg**-form, but not in the Ca**-form. In HSQC
spectra of the Ca**-form YCMO-N, the amide signals of
Ser29 and Leu32 at the N-terminus of the B-helix region
are weak and signals of Ser30 and Glu31 are not observed
as shown in Fig. 5B. These results suggest that a confor-
mational exchange occurs for these residues of Ca**-form
YCMO-N. This is in accord with the finding that the B-helix
i8 not formed on the NMR time scale for Ca*'-form
YCMO-N. The fact that the B-helix is destroyed by
Ca®*-binding seems to support the previous CD result that
the helix content of intact yCaM is decreased by Ca®*-
binding (18, 22).

The difference of amino acid residues in the region of the

B-helix between yCaM and vertebrate CaM occurs only in
the N-terminal region. Thr29 and Lys30 in the N-terminal
region of the B-helix for vertebrate CaM are replaced with

Arrows. Ser29 and Ser30 for yCaM, respectively. The replacement
causes an alteration in the electrostatic environment.
15N (ppm) 12064 12064 12811 12733 12527 130.94
THN (ppm) 9.34 8.13 7.60 9.08 7.68 7.74
10
Q v .
M - o .i - 3 1
L -] . .-. -
. . - - ©. .
r 4 f U 2
>
3
» : °:a(0 ﬂﬂ‘;) . -uﬂ) - 4 §
p- N i/ N o] / \' °am I  Fig. 4. Strips of 2D-NOESY slice planes for
o) off) aft-1) \ 5 resonances corresponding to the B-helix region
at different SN chemical shifts in !*N-edited
6 3D-NOESY spectra of Ca?*-form YCMO-N (500
MHz, mixing time 150 ms, 30°C). Sample condi-
tions are described in “MATERIALS AND METH-
Ns1) ND. .. 7 ODS.” The '"*N chemical shift of the slice plane and
- .x:‘ Ij'. the "HN chemical shift of the strip are shown at the
Ng)",' L INQ) N 8 top of the figure. Symbols are the same asin Fig. 1.
. o . Assigned amino acids are shown at the bottom in
N N o the figure. The NOE d.(i—3, i) cross peaks do not
- NOY .= . appear at the expected positions indicated by
N(H1) ) 1 arrows. Signals of Ala33 and Ser38 are not identifi-
3 ed (see the caption of Fig. 2). Sequential connec-
S29 S30 E31 L32 T34 R37 tivities are represented by lines.
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Fig. 5. Sensitivity enhanced 2D-('H, '*N)-PFG-HSQC spectra of YCMO-N at 30°C observed at a 'H frequency of 500 MHz. Conditions:
(A) [YCMO0-N]=3 mM, [KCl]=50 mM, [Mg**]=300 mM, and pH=6.5-7.0; (B) [YCMO-N])=3 mM, [KCl)=50 mM, [Mg**]=300mM,
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Fig. 6. Plot of relative change in signal intensity of sensitivity
enhanced 2D-('H, '*N)-PFG-HSQC spectra against the (Ca®*}/
[YCMO-N] ratio. (A) Mg?*-form (@, Glu6; O, Glu7; O, GIn8; A,
Phel2; .t, Lysl3; <, Alalb; &, Phel6; ¥, Asp20; @, Lys21; O,
Ser26; », Ser28; v, Arg37; B, Leud9; ©, Leudl; x, Serd4; «, Gly59;
M, Ser66; ®, Glu67; +, Phe68; &, Leu69; 8, Ala70; @, Leu7l; 2,

Mutagenesis studies showed that the helix stability de-
pends on the amino acid type of the N-terminal end
residues of the helix (49-51). The sequence of Ser29-
Ser30 may cause differences in the conformation and
stability of the N-terminal side of the B-helix region
between YCMO-N and vertebrate CaM.

Signals of Thr34 and Arg37 are clearly observed in the
HSQC spectra of Ca®’*-form YCMO-N (Fig. 5B). The
nascent helical conformation in Thr34-Arg37 suggests that
the influence of amino acid replacement in the N-terminal
side of the B-helix is small in the C-terminal side of the
helix.

It is reported that for Ca?*-saturated vertebrate CaM not
only the solvent exposed hydrophobic core, but also the side
chains of Leu32, Val35, and Met36 in B-helix interact with
the target (52-55). It is known that yCaM activates

B
1 s . g B
PN |
o * 8
g * s g B
-S o+ ll'
‘E’OSW .. UES.
3 vped
(] ’OQHt
as°aﬁi—
B o,
0 6—0—0—0—o0—8 o y .
0 1 2 3

[Ca2+)/[YCMO-N]
Ser73; i1, Arg74; and ¢, Ser77), and (B) Ca?**-form (1, Glu6; O,
Phel2; ©, Lys13; A, Alalb; 1, Lys21; ¢, Asp22; &, Asn23; v,
Asn24; @ Ser26; ¥, [1e27; =, Arg37; >, Glud7; m, Leu51; ©, Asn53;
x, Val57; q, Asp58; O, 1le63; &, Glub4; +, Glu67; &, Phe68; B,
Ala70; and @, Leu71). The relative change is estimated as relative
peak height.

vertebrate targets, such as MLCK and PDE, less than
vertebrate CaM does. The poor activity of yCaM for
vertebrate targets may be related to be the instability of
the B-helix.

Ser29-Leu32 are not assigned in the Mg?*-form. This
region is probably disordered. Val35 and Met36 in the
B-helix region are close to the hydrophobic core in the
Mg?*-form, as shown in Fig. 8. The hydrophobic interaction
is presumably responsible for the stability of B-helix in the
Mg**-form.

Ca** -Binding Site I—It has been believed that the high
affinity for Ca?* is caused by the helix-loop-helix structure.
This leads to the question of whether site I of YCMO-N
serves as a Ca’*-binding site, because the second helix
(B-helix) of helix-loop-helix structure is not formed, as
mentioned above. However, Ca®*-titration monitored by
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TABLE II. Summary of helix and g-sheet regions of YCM0-N
(N-terminal half domain of yeast calmodulin) in the presence of

"7 Mg*and Ca* in comparison with the Ca**-16aded N-domain of

Drosophila CaM (calmodulin) (1, 47). Plus signs (4) before and
after residue number indicate the possibility that the helix extends
before and after the residue, respectively.

YCMO-N YCMO-N N-domain of Ca**-loaded
Mg**) (Ca*) Drosophila CaM
A-helix 6-19 6-15+ 6-18
B-helix +33-39 non 29-39
C-helix 45-52 45-54 45-55
D-helix 66-75 66-74 65-76
F-sheet 26-28, 62-64 26-28, 62-64 26-28, 62-64

)
tn

< normalized 18Ca-SMpl >

=]

21 31 41 51 61 77
residue number

Fig. 7. Magnitude of chemical shift difference as a function of

residue number. The value for each residue is an average of the

normalized chemical shift differences of «'H, 'HN, and !*N reso-

nances. Residues which do not have a bar are not assigned in the Mg+

and/or Ca**-form.

—
—
-

2D-HSQC indicates that YCMO-N does bind two Ca?* ions,
i.e., site I of the imperfect helix-loop-helix binds a Ca** ion.
The Ca**-binding constant of yCaM is reported to be of the
magnitude of 107 M (23), i.e., a normal Ca**-affinity of
EF-hand structure.

The ligands in site I of yCaM for Ca®**-binding are
expected to be Asp20, Asp22, Asn24, Ser26, Ser28, and
Glu31. The first three ligand residues which comprise the
Asx turn (5, 56) are well conserved. Glu at the end of the
loop is also conserved. In addition, the 8-sheet formed by
Ser26, Ile27, and Ser28 is conserved. The conservative
conformation of Asx turn and S-sheet probably contributes
to the Ca®*-affinity of site I in yCaM.

D-Helix—Figure 8 suggests that the D-helix is close to
the A-helix in both forms, suggesting that these two helices
are paired with each other. Such paired helices connecting
two EF-hand sites are reported for TnC and vertebrate
CaM (7, 57).

Ca?**-Titration by HSQC—Recently, Sykes and co-
workers reported similar results of Ca**-titration monitor-
ed by 2D-HMQC for the regulatory domain of troponin C
(NTnC), which has two Ca?*-binding sites (58). They
showed that there are three types of Ca**-induced spectral
change, and that the different types appear randomly along
the amino acid sequence.

However, the present results do not indicate that the
Ca?*-induced spectral change of YCMO-N can be classified
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Fig. 8. NOE contact map of YCMO-N in the Mg**- and Ca**-
forms. The upper left triangle indicates the results for the Mg**-
form, and the lower right triangle, for the Ca?*-form. Filled boxes
indicate NOE connectivity observed in 2D-NOESY or '®N-edited
3D-NOESY spectra (mixing time=150ms). NOE of side-chain
protons as well as main-chain protons is taken into account.

into two or three types (59). It seems that the local
conformational change and its dynamics occur differently
from residue to residue, presumably through multiple
intermediates. Further study is needed to explain the
Ca®*-titration results.

At present, the three-dimensional structure analysis is
obstructed by an insufficient number of NOE constraints.
Efforts to improve the quality of NMR NOE data (including
*C labeling) are in progress.
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